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SELECTIVE SELF-ASSEMBLED MONOLAYER (SAM) REMOVAL

TECHNICAL FIELD

{0001} Embodiments of the disclosure generally relate (o methods of forming a
metal liner for interconnect structures.  More parlicularly, embodiments of the
disclogsure are directed to methods of seleclively removing a self-assembled
manolayer (SAM) tor controlling barrier and liner deposition.

BACKGROUND

{00021 Muliiple chalienges impede power and performance improvements when
scaling transistors and interconnects 1o the 3 nm node, 2 nm node, 1.4 nm node, and
bevond. Interconnects include metal lines that transter current within the same device
layer and metal vias thal transfer current between layers. Piich reduction narrows the
width of both and increases resistance, and also increases the voliage drop across a
circuit, throttling circuit speed and increasing power dissipation.

{00037 While transistor performance improves with scaling, the same cannot be said
for interconnect metals. As dimensions shrink, inferconnect via resislance can
increase by a factor of 10. An increase in interconnect via resistance may result in
resistive-capacitive (RC) delays that reduce perlformance and increases power
consumption. A conventional copper inlerconnect structure includes a barnier layer
and/or a metal liner deposited on the sidewalls of gap thal provide a via the sidewalls
made of a diglectiic material, providing good adhesion, and preventing the copper
from diffusing info the dielectric laver. Barrier layers can typically be the largest
coniribuior o via resistance due to high resistivity. Past approaches have focused on
reducing the thickness of barrier lavers or finding barrier layers with lower resistivity 1o
decrease via resistance. Increased via resistance remains an issue, especially in
smaller features when barrier layers on sidewalls form an increasing percentage of the
via volume.

{0004] The use of selective liners and 1-layer barrier-liners provides great potential
for barrier/liner thinning down and Re improvement. Copper {Cu) gap-fill has been
facing challenges over narrower and narrower structures with high aspect ratios as the

Cu interconnect nodes advances towards 2 nm, 1.4 nm, and beyond. Tungsten
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carbide (WC) hard masks prevent proper barrier and liner deposition and impact Cu
reflow. Accordingly, there is a need for methods for depositing material layers that
improve performance of inferconnects, for example, reducing via resistance and

improving deposilion selectivily.

SUMMARY

{0005 Embodiments of the disclosure gre directed to methods of forming a
microelecironic device. In one or more embodimenis, the method comprises: forming
a dislectric layer on a subsirale, the disleclric layer comprising at least one feature
defining a gap including sidewalis and a botlom; forming a hardmask on the dielectiic
layer; selectively deposiling a self-assembied monolayer (SAM) on the botlom of the
gap and on the hardmask; freating the microelectronic device with a plasma o remove
the seif-assembled monolayer (SAM) from the hardmask; forming a barrier layer on
the dislectric layer and on the hardmask; selectively depositing a metal liner on the
barrier layer on the sidewall; and performing a gap fill process on the metal liner.
[0006] Further embodiments of the disclosure are directed to methods of forming a
micraelectronic device. In one or more embodiments, the method comprises: forming
a dislectric layer on a subsirale, the disleclric layer comprising at least one feature
defining a gap including sidewalis and a botiom; forming a hardmask on the dielectric
layer; selectively depositing a self-assembied monolayer (SAM) on the botlom of the
gap and on the hardmask; freating the microelectronic device with a hydrogen (Hz)
plasma in depletion mode to remove the self-assembled monolayer (SAM} from the
hardmask; forming a barrier layer on the dielectric layer and on ithe hardmask;
removing the SAM from the bottom of the gap; selectively depositing a metal liner on
the barier layer on the sidewall; and performing a gap fill process on the metal liner.

BRIEF DESCRIPTION OF THE DRAWINGS

{00071 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 disclosure,
briefly summarized above, may be had by reference to embodiments, some of which
are illustrated in the appended drawings. It is fo be noted, however, that the
appended drawings illustrate only typical embodiments of this disclosure and are
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therefore not to be considered limiling of ifs scope, for the disclosure may admit o
other equaily effective embodiments.

{0008] FIG. 1 iHusirales a process flow diagram of a method of manufacturing a
microelectronic device in accordance with one or more embodiments of the
disclosurs;

{0009] FIG. 2A illustrales a cross-sectional view of portion of a microelectronic
device during a stage of manufaciure in accordance with one or more embodimenis of
the disclosure;

{0010] FIG. 2B ilustrates a cross-sectional view of portion of a microelectronic
device during a stage of manufacture in accordance with one or more embodiments of
the disclosure;

{00111 FIG. 20 illustrates a cross-sectional view of portion of a microslectronic
device during a stage of manufacture in accordance with ong or more embodiments of
the disclosure;

[0012]  FIG. 2D illustrates a cross-sectional view of portion of a microelecironic
device during a stage of manufaciure in accordance with one or more embodimenis of
the disclosure;

{0013] FIG. 2& ilustratles a cross-sectional view of portion of a microslectronic
device during a stage of manufacture in accordance with one or more embodiments of
the disclosure;

[0014] FiG. 2F Hustrates a cross-sectional view of a portion of a micreosiectronic
device during a stage of manufacture in accordance with ong or more embodiments of
the disclosure; and

{0015] FIG. 26 llustrates a cross-sectional view of a portion of a microslectronic
device during a stage of manufacture in accordance with one or more embodiments of

the disclosure.

DETALLED DESCRIPTION

[0018] Before describing several exemplary embodiments of the disclosure, it is o
be understood that the disclosure is not limited o the details of consiruction or
process steps set forth in the following description. The disclosure is capable of other
embodiments and of being pracliced or being carried out in various ways.
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{00171  As used in this specification and the appended claims, the term "substrate”
and "wafer” are used interchangeably, both referring to a surface, or portion of a
surface, upon which a process acts. It will also be understood by those skilled in the
art that reference 10 a substrate can also refer {o only a portion of the subsirate unless
the context clearly indicates otherwise. Additionally, reference to depositing on a
substrate can mean boih a bare substrate and a substrate with one or more Hims or
features depuosited or formed thereon.

[0018] A "subsirale” as used herein, refers o any subsirate or malerial surface
formed on a substrate upon which film processing is performed during a fabrication
process. For example, a substrate surface on which processing can be performed
include materiais such as silicon, silicon oxide, slrained silicon, silicon on insulator
(80, carbon doped silicon oxides, silicon nitride, doped silicon, germanium, gallium
arsenide, glass, sapphire, and any other materials such as metals, metal nitrides,
metal alloys, and other conduchive malerials, depending on the application.
Substrales include, without limitation, semiconducior wafers.  Subsirates may be
exposed to a prefreatment process o palish, efch, reduce, oxidize, hydroxyiate {or
otherwise generate or graft target chemical moleties to impart chemical funclionality},
anneal and/or bake the substrale surface. In addition to Bim processing directly on the
surfgce of the subsirate itsel, in the present disciosure, any of the film processing
steps disclosed may also be performed on an underlayer formed on the subsirate as
disclosed in more detaill below, and the term "substirate surface” is intended to include
such underiayer as the contexi indicates. Thus, for example, where a film/layer or
partial film/ayer has been deposited onto a substrate suriace, the exposed surface of
the newly deposited film/layer becomes the substrate surface. What a given substrate
surface comprises will depend on what films are o be deposited, as well as the
particular chemisiry used.

{00191 As used in this specification and the appended claimsg, the terms "reactive
gas", "precursor”, "reactant”, and the like, are used interchangeably 10 mean a gas
that includes a species which is reactive with a substrate surface. For example, a first
“regctive gas” may simply adsorb onto the surface of a subsirate and be available for

further chemical reaction with g second reactive gas.
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[&3}

{00207 Some embodiments of the disclosure provide methods for improving
performance of interconnects. Interconnects comprise metal lines that transfer current
within the same device layer, and metal vias that transfer current between layers.
These lines and vias are formed with conductive metal such as copper or coball in
gaps formed within the device. in one or more embodiments, a dielectric layer
comprises at least one feature defining a gap including sidewalls and a botiom.  In
one or more embodiments, the gap comprises the metal lines and the metal vias. In
one or more embodiments, the metal lines have a sidewall and a botiom. In one or
more embodiments, the metal vias have a sidewall and a bottom. As used in this
specification and the appended claims, unless specified otherwise, reference o the
“bottom of the gap” is intended o mean the botiom of the metal via, which is nearest
the substrale,

[0021] Embodiments of the disclosure provide methods of forming interconnect
structures in the manufaciure of micreelectronic devices.  In one or more
embodimenis, microglectronic devices described herein comprise al [east one iop
interconnect structure that is interconnected io at least one botlom interconnect
structure. Embodiments of the disclosure provide microelectronic devices and
methods of manufaciuring microelectronic devices thal improve performance of
inferconnects, for example, reducing via resistance. In one or more embodiments, the
method advantageously includes selectively remaoving a self-assembled monolayer
{SAM) from the top surface of a hardmask layer and not from the botiom of the
gap/feature. Because of the selective removal of the SAM, a barrier layer/liner can be
formed on the microelecironic device advaniageously without degradation in the
barrier layer liner thickness, and thus maintaining reflow capability to fill the
gap/eature. In embodiments where selective removal of the SAM is not performed, a
thin liner forms on the hardmask and reflow is challenging.

{00221 FIG. 1 is a process flow diagram of an exemplary method of manufacturing a
microelectronic device. Methods of forming microelectronic devices are described
herein with reference to FIG. 1 and FIGS. 2A-20. In FIGS. 2A-2D, a portion of a
microelectronic device 100 is shown during stages of manufacture.

{00231 FIG. 1 MHustrates a process flow diagram of a method 10 for forming a
micraslectronic device.  FIG. 1 iHlustrates a method of forming any of the
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microelectronic devices of one or more embodiments shown in FIGE., 2A-2F.
Relerring to FIG. 1, the method 10 comprises, at operation 12, optionally forming a
diglectric layer on a substrate. The dielectric layver comprises at least one feature
defining a gap including sidewalls and a bottom. Al operation 14, the method 10
optionally includes forming a hardmask on the dielectric layer. Al operation 18, the
method 10 optionally includes precleaning the microelecironic device. At operation 18,
the method 10 comprises seleclively depositing a self-assembled monolayer (SAM;
on the bottom of the gap and on the hardmask. Al gperation 20, the method 10
comprises treating the device with a plasma to selectively remove the SAM from the
hardmask. At operation 22, the method includes forming a barrier layer on the
diglectric laver and on hardmask. Al operation 24, the method 10 comprises
selectively depositing a metal liner on the barrier layer on the sidewall. Al operation
26, the method 10 optionally includes performing a gap fill process on the metal liner.
The gap fill process can include forming one or more of a via and a line o form an
interconnect in the microelectronic device.

{00241 In FIG. 24, the microelectronic device 100 comprises a substrate 102, a
metal layer 104 on the substrate, a conductive filled gap 114, an elch stop layer 1086,
and a disleclric layer 108 on the eich stop layer 106, The dielectic laver 108
comprises al least one fealure defining a gap 146 including sidewalls 148 and a
bottom 148, in some embodiments, the microelectronic device 100 comprises a metal
laver 101 on the boltom 148 of the gap 146, In some embodiments, the metal layer
101 comprises metlal contaminanis from the provided substrate 1020 In some
embodiments, the metal layer 101 comprises one or more of a metal oxide or a melal
nitride. Stated differently, in embodiments where the metal layer 101 comprises one or
more of a metal oxide or a metal nitride, the metal layer 101 comprises metal oxide
and/or metal nitride contaminants. In some embaodiments, the melal layer 101 and the
metal layer 104 form a metal interface.

[0025] In one or more embodiments, the substrate 102 is a wafer, for example a
semiconductor substrate. In one or more embodiments, the substrate 102 is an etch
siop ayer on a wafer. In one or more embodimenis, the substraie 102 is an aluminum

oxide eich stop layer on g waler.
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[0026] In one or more embodiments, the metal layer 104 comprises one or more of
ruthenium (Ru), cobalt {coball), molybdenum (Mo), or tantalum {Ta). In one or more
embodiments, the metal layer 104 comprises one or more of a single layer of
ruthenium (Ru) or a single layer of cobait {Co). In one or more embaodiments, a portion
of the metal layer 104 is siched.

{00277  In one or more embodiments, a silicon oxide layer 110 Is formed on the
dielectric layer. In one or more embodiments, a hardmask layer 112 is formed on the
dielectric layer 108. The hardmask layer 112 may comprise any suitable material
known to the skilled arlisan. In one or more embodiments, the hardmask layer 112
comprises one or more of titanivm nitride (TIN), oxides, nitrides, tungsten carbide
(WC) and the like.

{00281 In one or more embodiments, the conductive filled gap 114 comprises one or
more of molybdenum (Mo}, tungsten (W), copper (Cu), or cobalt (Co). It will be
appreciated that in one or more embodiments, the conduclive filled gap 114 forms a
metal line that transfers current within the same device layer. In one or more
embodiments, the etch siop layer 106 comprises one or more of aluminum oxide,
silicon nitride, and aluminum nitrida.

{00297  In one or more embodiments, the dislectric layer 108 is a low-k diglectric
layer. In cerlain embodiments, the diglectric layer 108 comprises silicon oxide {Si0«).
in one or more embodiments, the dielectric layer 108 comprises SIOx«Hy(CHz). Further
embodiments provide that the dielectric laver 108 comprises porous or carbon-doped
SiCx. In some embodiments, the dislectric layer 108 is a porous or carbon-doped
SiOx layer with a k value tess than about 5. In other embodiments, the dieleclric layer
108 is a mullilayer structure. For example, in one or more embodimenis, the dielectric
layer 108 comprises a multilayer structure having one or more of a dielectric layer, an
eich stop layer, and a hard mask layer.

{00301 In one or more embodiments, the dielectric layer 108 comprises at least one
feature defining a gap 146 including sidewalls 148 and a botiom 148, The Figures
show subsirates having a single feature for illustrative purposes; however, Hhose
skilled in the art will understand that there can be more than one feature. The shape
of the feature can be any suilable shape including, but not limited {o, trenches,

cylindrical vias that, when filled with metal, fransfer current between layers, and lines
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that transfer current within the same device layer. in some embodimenis, the fealure
defines a gap 146 in the dielectric layer 108, As used hergin, the term "feature”
means any intentional surface irregularity. Suitable examples of features include but
are not limited to trenches which have 3 top, two sidewalis and a botlom, peaks which
have a top and two sidewalls. Features can have any suilable aspect ratio {ratic of
the depth of the fealure to the width of the fealure). In some embodiments, the
aspect ralio is greater than or squal to about 511, 1011, 151, 20:1, 2511, 30:1, 351 or
40:1.

{0031] FIG. 2B illustrates removal of the metal laver 101 formed in FIG. 2A. In some
smbodiments, the metal contaminants of the metal layer 101 are removed from the
metal interface. In some embodiments, the metal oxide and/or metal nitride
contaminants of the metal layver 101 are removed from the metal interface. The metal
laver 101 may be removed by any suilable process known 1o the skilled artisan. In
some ermbodimenis, he metal layer 101 is removed by a pre-clean process. As used
herein, the lerms "preciean” and "pre-clean” may be used inierchangeably. The pre-
Clean process may include any suitable pre-clean process Known {o the skilled artisan.
In some embodiments, the pre-clean process comprises degassing the substrate 101
with or without hydrogen, an argon spulter with or without hydrogen, waler vapor
cleaning, or vapor phase cleaning such as automated process control (APC) cleans,
e-APC cleans, and the like.

[0032] In some embodiments, the pre-clean process includes siching the metlal
layer 101 with dilute hydrofiuoric acid (dilute HF), including greater than 100:1, such
a5 130:1 dilute HF, o remove the metal layer 101, In some embodimenis, the pre-
clean process may include a conventional plasma eich, or a remote plasma-assisied
dry etch process. In a elch process, the device is exposed fo Hz, NFs, and/or NHs
plasma species, e.g., plasma-exciied hydrogen and fluorine species. For example, in
some embodiments, the device may undergo simuliansous exposure io He, NFz, and
NHs plasma. The etch process may be parformed in any suitable chamber, which may
be integrated into one of a variety of multi-processing platforms.

{00331 The wet etch process may include a hydrofluoric (HF) acid last process, ie.,
the so-called "HF last” process, in which HF eiching of surface is performed that
leaves surface hydrogen-terminated. Allemnatively, any other liguid-based pre-



10

20

25

36

WO 2024/258765 PCT/US2024/033195

epitaxial pre-clean process may be emploved. The eich process can be plasma or
thermally based. The plasma processes can be any suilable plasma {e.q.,
conductively coupled plasma, inductively coupled plasma, microwave plasma).  In
some embodiments, removal of the metal layer 101 resulls in exposure of a top
surface of the metal layer 104.

{0034} FiIG. 2B illustrates a self-assembled monoclayer (SAM) 116 selschively
deposiied on the botiom 149 of the gap and on the top surface of the hardmask layer
112, In one or more embodiments, the SAM 116 is formed on the metal layer 104, In
one or more embodiments, the SAM 116 is deposited by exposing the botiom 148 of
the gap and the top of the hardmask layer 112 {0 a hydrocarbon carried in argon (Ar)
gas. In one or more embodiments, the SAM 116 comprises an unsaturated
hydrocarbon,

{0035] In one or more embodiments, the use of an unsaturated hydrocarbon SAM
116 improved interconnect via resistance by minimizing via botiorn metal liner growth
with seleclive deposition of g metal liner on via sidewsli rather than via botiom.
Embodiments of the disclosure provide methods o seleclively grow a metal liner, such
as a Ru liner, on via sidewall versus the via bolfom with high seleciivity (e.g., the ratio
of the sidewall liner thickness 1o bottorn iiner thickness is greater than 3, greater than
4, greater than 5, grealer than 8, greater than 7, greater than 8, grealer than 9 or
greater than 10). Selection of SAM chemistry and a process enables metal (e.g., Ru}
nucleation and growth only at via sidewall, not on the via botiom. Thinner or no metal
{e.g., Ruy growth on via botiom reduces via resistance and Cu corrosion. Other liner
materials include cobalt (Co), molybdenum (Mo}, and tantalum (Ta). In specific
embodiments, a SAM chemistry/process which can suppress metal liner growth at the
via bottom {for example, less than 10 Angstroms, less than 5 Angstroms, less than 4
Angstroms, less than 3 Angsiroms, less than 2 Angsitroms or fess than 1 Angsirom)
and maintain metal liner growth at via sidewall {for example, 5 Angsiroms or grealer or
10 Angstroms or greater). The SAM chemistry facilitates achievement of selectivity on
vig bottom {e.g., Cu, Co, W) versus the via sidewall {e.g., TaN}.

[0036] In some embodiments, the pressure of the processing chamber is controlied.
The pressure of the processing chamber may be any suitable pressure for forming the
SAM 116, In some embodiments, the pressure of the processing chamber is
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maintained at less than or egual io about 80 Torr, less than or egual to about 70 Torr,
less than or egual 1o about 60 Torr, less than or eqgual 10 about 50 Torr, less than or
equal to about 40 Torr, less than or equal to about 30 Torr, less than or egual to about
20 Torr, less than or equal to about 15 Torr, less than or equal 10 about 10 Torr, or
less than or squal 1o about 5 Torr. In some embodiments, the pressure of the
processing chamber is maintained at about 10 Tomr, about 20 Torr, about 30 Taor,
agboui 40 Torr, or about 5C Torr.

{00371  In one or more embodiments, a flow of argon (A1) gas is configured 1o carry
the unsaturated hydrocarbon from a confainer o the processing chamber. In some
smbodiments, the flow rale of the argon {Ar} gas that is configured o camry the
unsaturated hydrocarbon into the processing chamber is controiled. The flow rale of
the argon {Ar) gas may be any suitable flow rate for forming the passivation layer. In
some embodiments, the flow rate of the argon (Ar} gas is in a range of about 50 scem
o about 100 scom, or in a range of about 75 scom to about 100 scem. In one or more
embodiments, the flow rate of the argon (Ar) gas is about 600 scem. in some
embodiments, the flow rale of the argon (Ar) gas is less than or equal to about 600
scem, less than or equal to about 500 scem, less than or equal 1o about 400 scem,
less than or equal o about 300 scom, less than or equal to about 250 scem, less than
or equal to about 200 scom, less than or equal to about 150 scem, less than or equal
to about 100 scem, less than or egual fo about 75 scom, or less than or egual 1o about
50 scom.

[0038] In some embodiments, the soak pericd, during which the unsaturated
hydrocarbon is exposed io the subsirate, is controfled. The soak period may be any
suitable periced for forming the SAM 116, in some embodiments, the soak period is
from 1 to 200s, for example from 1 o 10s, greater than or equal to about 10 s, greater
than or equal to about 20 s, greater than or equal to about 30 s, greater than or equal
to about 45 s, greater than or equal 1o about 80 s, greater than or equal to about 80 s,
greater than or equal {0 about 120 s, greater than or equal to about 150 g, or greater
than or equal to about 200 5. In some embodiments, the soak period is about 60 s. In
some embodiments, the soak period is about 200 s.

{00391 In one or more embodiments, the unsaturated hydrocarbon is in a liguid

phase when the unsaturated hydrocarbon is in a comtainer, such as an ampoule or a
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cylinder, from which the unsaturated hydrocarbon is delivered o the chamber in a
carrier gas. In some embodiments, the unsaturated hydrocarbon is in a saturated
vapor phase in the container when the container has a pressure of about 0.1 torr. In
one or more embodiments, a temperature of the container is lower than the
temperature in the processing chamber. in one or more embodiments, a carrier gas
such as argon {(Ar) gas carries the salurated vapor phase unsaturated hydrocarbon
from the container to the processing chamber. In some embodiments, a temperalure
of the processing chamber is controlled during exposure o the unsaturaied
hydrocarbon. The temperature of the processing chamber may also be referred o as
the operating temperature. In some embodiments, the temperature of the processing
chamber is in a range of about 150 °C 1o about 400 °C, for example, 200 °C to about
300 *C. In some embodiments, the temperature of the processing chamber is less
than or equal to about 300 °C, less than or equal 1o about 275 °C, less than or equal
to about 250 °C, less than or equal to about 225 °C, or less than or egual 1o about 200
°C.

{00401 With reference o FIG. 20, the SAM 116 is selectively removed from the top
surface of the hardmask layer 112 but remains on the boliom of the gap 149 on the
conductive material 114, In some embodiments, the plasma treatment process
comprises treating the microelectronic device 100 with a plasma in depletion mode. In
some embodiments, the plasma comprises hydrogen (H2). In some embodiments, the
plasma is a remote plasma. In some embodiments, the plasma is a capacitively
coupled plasma with a pulsed hydrogen (H2) supply. In some embodiments, the
depletion mode comprises a low pressure and a short time freatment.

{0041] The plasma source can be an inductively coupled plasma (ICP} with gases
hydrogen {H2), helium {He) and/or argon {Ar). The plasma can be remole or direct
plasma 10 the semiconductor subsirate 102, The wafer processing conditions may be
any suitable processing condition known 10 the skilled artisan. The wafer temperature
may be in a range of from room temperature to 350 “C. In some embodiments, the
pressure is in a range of from 0.2 mTorr to 100 mTorr. In some embodiments, the
process time is in a range of from & seconds 0 60 seconds. Typically, one process
condition, for example, can be ICP remote plasma by He and Ar under 50 mTorr for 30
seconds.
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{00421 The plasma source can be a capacitively coupled plasma (CCP) with gases
hydrogen (Ha), helium {He) and/or argon {Ar). The plasma can be remote or direct
plasma o the semiconductor subsirate 102. The wafer lemperalure may be in a range
of from room temperaiure to 350 °C. In some embodiments, the pressure is in a range
of from 100 mTor to 20,000 mTor. In some embodiments, the process time is in a
range of from § seconds to 60 seconds. In some embodiments, for example, the
process may include gas injection or gas pulsing process for depletion mode
applications. Typically, one process condition can be CCP direct plasma by He and Ar
under 1000 mTorr for 30 s with Hz gas puising injection {e.q., 1 second per cycle).
{0043] The plasma source can be a remote plasma source {(RPS) unit with gases
hydrogen (Hz), helium (He) and/or argon {Ar). The waler temperature may be in g
range of from room temperature to 350 °C. In some embodiments, the pressure isin a
range of from C.2 mTorr 1o 2,000 mtor. In some embodiments, the process fime is in
a range of from 5 seconds 1o 80 seconds. Typically, one process condition can be
RPS remote plasma by Hz and He under 300 mTorr for 30 seconds.

{00441 Referring to FIG. 2D, a barrier layer 118 is shown deposited over the
sidewalls 148 and not on the SAM 116, In one or more embodiments, the barrier layer
118 does not form on the bottom 149 of the gap 146, In one or more unillusirated
embodiments, when the SAM 116 is nol present, the deposition of the barrier layer
118 is substantially conformal. In one or more uniliustraled embodimenis where the
SAM 118 is not present, the barrier layer 118 forms on the sidewalls 148, and the
bottom 140 of the gap 148, As used herein, a layer which is "substantiaily conformai”
refers o a layer where the thickness is about the same throughouwt (e.g., on the top,
middle and bottom of sidewalis 148 and on the botiom 148 of the gap 1486). A laver
which is substantially conformal varies in thickness by less than or equal 1o about 5%,
2%, 1% or 0.5%. In one or more embodiments, the barrier layer 118 is selectively
deposited on at least a portion of the sidewails 148, In one or more unillusirated
embodiments, the barrier layer 118 is seleclively deposited on at least a portion of the
bottom 148, In one or more embodiments, the barrier layer 118 may cover ihe
entirety of the sidewalls 148,

[0045] In one or more embodiments, the barrier layer 118 is seleclively deposited
by atomnic layer deposition (ALD), and has a thickness in a range of from about 2 A to
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about 10 A. In some embodiments, the barrier layer 118 is deposited in a single ALD
cycle. In other embodiments, the barrier layer 118 is deposited in from 1 1o 20 ALD
cycles. in one or more embodimenis, gach cycle of the 1 1o 20 ALD cycles is
configured o deposit a thickness of about 0.5 A of the barrier layer 118.

{00461 In one or more embodiments, when the barrier layer 118 formed on the
bottom 148 and the sidewalls 148, there is a ratio of the thickness of the barrier layer
118 thickness on the sidewalis 148 1o the thickness of the barrier layer 118 thickness
on the bottom 149, the ratio being greater than 8. In one or more, the ralio is greater
than 5, greater than 4, greater than 3, greater than 2, or greater than 1. In one or
more embodiments, when the SAM 116 is present, the barrier layer 118 has a
thickness in & range of from 5 Angstroms {0 20 Angsiroms on the sidewalls 148. In
one or more embodiments, the barrier layer 118 has a thickness of less than or equal
to § Angstroms on the bottom 142, In one or more embodiments, the barier layer 118
has a thickness of less than or equal to 4 Angstroms, less than or equal fo 3
Angstroms, less than or equal to 2 Angsiroms, or less than or egual o 1 Angstrom on
the bottom 149, In one or more embodiments, the barrier layer 118 does not form on
the bolfom 148,

{0047] FIG. 2E ilustrates removal of the SAM 118, In one or more embodiments,
removing the SAM 116 comprises a plasma treatment process comprising flowing one
or more of hydrogen (Hz) or argon {Ar). In one or more embodiments, the plasma
treatment process comprises increasing a density of the barrier layer 118, In some
embodiments, the plasma trealment process comprises treating the microelechonic
device 100 with a plasma in depletion mode. In some embodiments, the plasma
comprises hydrogen {Hz). In some embodiments, the plasma is a remote plasma. In
some embodiments, the plasma is a capacitively coupled plasma with a pulsed
hydrogen (Hz2) supply. In some embodiments, the depletion mode comprises & low
pressure and a short fime treaiment.

{00481 The plasma source can be an inductively coupled plasma (ICP) with gases
hydrogen {Hz), helium (He) and/or argon {Ar). The plasma can be remote or direct
plasma fo the semiconductor subsirale 102. The waler processing conditions may be
any suitable processing condition known {o the skilled ariisan. The wafer temperalure
may be in a range of from room temperature to 350 °C. In some embodiments, the
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pressure is in a range of from 0.2 mTorr to 100 mTor. In some embodiments, the
process time is in a range of from 5 seconds o 80 seconds. Typically, one process
condition, for example, can be ICP remote plasma by Hz and Ar under 50 mTorr for 30
seconds.

{00481 The plasma source can be a capacitively coupled plasma (CCP) with gases
hydrogen {Hz), helium (He) and/or argon {Ar). The plasma can be remote or direct
plasma to the semiconducior substraie 102, The waler temperature may be in a range
of from room temperature 1o 350 *C. In some embodiments, the pressure is in a range
of from 100 mTorr to 20,000 mTorr. In some embodiments, the process time is in a
range of from 5 seconds to 80 seconds. In some embodiments, for example, the
process may include gas injection or gas pulsing process for depietion mode
applications. Typically, one process condition can be CCP direct plasma by Hz and Ar
under 1000 mTorr for 30 s with Ha gas pulsing injection (2.g., 1 second per cycle).
{00580] The plasma source can be a remote plasma source (RPS) unit with gases
hydrogen {(Ho), helium (He) and/or argon (Ar). The wafer lemperalure may be in a
range of from room temperature to 350 °C. In some embodiments, the pressure is in a
range of from 0.2 mTor 1o 2,000 mTorr. In some embodiments, the process time is in
a range of from 5 seconds {0 60 seconds. Typically, one process condition can be
RPS remote plasma by Hz and He under 300 mTorr for 30 seconds.

{00511 FIG. 2F Hlustrates a metal liner 120 selectively deposited on the barrier layer
118 on the sidewalis 148 of the dielectric layer 108 and on the hardmask 112. In some
embodiments, the metal liner 120 is conformally deposited on the barrier layer 118. In
some embodiments, the metal liner 120 is deposited al a thickness on the sidewalls
148 that is less than a thickness of the metal liner 120 deposited on the bottom 142, In
some embodiments, the metal liner 120 is deposited at a thickness on the sidewalls
148 and is not deposited on the botlom 149,

{00521 The metal liner 120 comprises one or more of ruthenium (Ru}, coball
{cobalt), molybdenum (Mo), and tantalum (Ta). In some embodiments, the metal liner
120 comprises a single layer of ruthenium (Rul.

[0053] In ong or more embodiments, selectively removing the self-gssembled
monolayer (SAM) 116 from the top surface of a hardmask layer 112 and not from the
bottom of the gap/feature 148 advantageously forms a barrier layer 118/iner 120 on
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the microelecironic device withoul degradation in the barrer layver 118/diner 120
thickness. Thus, reflow capability is maintained to fill the gap/feature 146.

{0054] Embodiments of the disclosure advaniagecusly provide methods of forming
microelectronic devices having reduced via resistance and reduced Cu corrosion.
Some of the disclosure advantageously provide methods of forming microslectronic
devices having improved copper (Cu) reflow capabilities. Embodiments of the
disclosure advantageously provide methods of forming microelecironic devices which
reduce a resistance of a via by al least 20% as compared 1o a resistance of aviain a
microelectronic device where a metal liner is not selectively deposited. In one or more
embodiments, the resistance of the vias of microglectronic devices described herein is
reduced by al least 15%, at least 10% or al least 5% as compared o a resislance of a
via in a microelectronic device where a metal liner is not seleclively deposited.

{00551 In one or more embodiments, the bamier laver 118 and/or metal liner 120
may be deposited via ALD. In a typical ALD process, alternating pulses or flows of "A”
precursor and "B" precursor can be used o deposit a film. The allernating exposurs
of the surface fo reactanis "A" and "B" is continued untll the desired thickness film is
reached. However, instead of pulsing the reactants, the gases can flow
simultansously from one or more gas delivery head or nozzle and the subsirate and/or
gas delivery head can be moved such that the subsirate is seguentially exposed 1o
each of the reactive gases. Of course, the aforementioned ALD cycles are merely
exemplary of a wide variety of ALD process cycies in which a deposited layer is
formed by alternating layers of precursors and co-reactanis.

[0056] In one or more embodiments, the co-reaclanis are in vapor or gas form. The
reactamts may be delivered with a carrier gas. A carrier gas, a purge gas, a deposition
gas, or gther process gas may contain nitrogen, hydrogen, argon, ngon, helium, or
combingtions ihereol. The various plasmas described herein, such as the nitrogen
plasma or the inert gas plasma, may be ignited from and/or contain a plasma co-
reactant gas.

{00577  In one or more embodiments, the varicus gases for the process may be
puised into an inlet, through a gas channel, from various holes or outlets, and info a
central channel.  In one or more embodiments, the deposilion gases may be

sequentially pulsed to and through a showerhead. Allematively, as described above,
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the gases can flow simultanecusly through gas supply nozzle or head and the
subsirate and/or the gas supply head can be moved so thal the subsirale s
sequentially exposed o the gases.

{00581 In one or more embodiments, the barrier layer 118 material and liner 120 film
are deposited using a mulli-chamber process with separation of the barrier layer 118
material {e.q., antalum nitride (TaN)) and the metal liner 120 film.  In other
embodimenis, a single chamber approach is used, with all processes occurring within
one chamber and the different layers/films separaied in processing by gas purges.
{00891 Some embodiments of the disclosure are directed to barrier applications,
e.g., copper barrier applications. The Dbarrier layer 118 formed by one or more
embodiments may be used as a copper barrier.  Suilable barrier layers for copper
barrier applications include, but are not limited to, TaN and MnN. For copper barrier
applications, suitable dopants include, but are not limited to, Bu, Cu, Co, Mn, Al Ta,
Mo, Nb, V, or combinations thereof. A plasma treatment can be used after doping 1o
promote the intermetallic compound formation between the malrix and dopant, as well
as removing film impurities and improving the density of the barier layer. In other
embodiments, post treatment can include, but is not limited io, physical vapor
deposition {(PVD)} trealment, thermal anneal, chemical enhancement, or the ke, In
some copper barrier applications, a high frequency plasma {defined as greater than
about 14 MHz or about 40 MHz or greater) can be used with any inert gas, inciuding,
but not limited 1o, one or mare of neon (Ne), hydrogen (Hz), and argon (Ar} gas. In
one or more embodiments, to prevent low-k damage, a higher plasma frequency can
be ysed (higher than 13.56 MHz). In some embodiments, the barrier layer is a copper
barrier and comprises TaN doped with RHu.

{00601 Suitable precursors for depositing a liner layer, such as metal liner 120,
include  melai-coniaining  precursors  such  as  carbonyl-condaining and
cyclopentadiene-containing precursors. In a non-limiting example, if the liner layer is
RuCo, the Ru-containing precursor may be triruthenium dodecacarbonyt Rus{COhez
and the Co-containing precursor may be dicobalt hexacarbonyl tertbutylacetylens
(COTBAY.  §f the liner layer is TaRu, the Ta-containing precursor may be
pentakis{dimethlamino} tantalum (PDMAT). Other suitable precursors are known {0
those skilled in the art. Organic species in organic-containing precursors for liner
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layers may get pariially incorporated into the underlying layer {such as a barrier or
diglectric layer}, which may increase the adhesion at the liner layer-underlying laver
interface.

{00611 As used herein, "chemical vapor deposition” refers to a process in which a
subsirate surface is exposed to precursors and/or co-reagents simultanesus or
substantially simultansously.  As used herein, "substantially simultanecusly” refers 1o
either co-flow or where there is overlap for a majority of exposurses of the precursors.
{00621 The metal liner film can be formed by depositing alternating layer two metlals
or co-reacting two metal precursors by CVD, PVD or ALD. Depending on the liner
metals used, a co-reactant or co-precursor may be used o deposit the liner 120 film.
in one or more embodiments, ion implaniation may be used for incorporating a second
metal info a liner film comprised of a first metal. In other embodiments, physical vapor
deposition (PVD) co-freatment may be used it add a second metal into the doped
finer film formed over the barrier layer. In lurther embodiments, the liner film may be
annealed inside an aimosphere comprising the second metal to thermally diffuse the
second metal into the liner film of the first meial to form a liner film over the barrier
layer.

{00637 In some embodiments, instead of or in addition to using a co-reactant, a
posi-plasma irealment step may be used after exposing the liner film comprising the
first metal {0 the optional second metal precursor.  According 10 one or more
embodiments, the plasma comprises any suitable inert gas known to the skilled
artisan. In one or more embodiments, the plasma comprises one or more of helium
{He), argon (Ar), ammonia (NHz), hydrogen (Hz), and nitrogen (Nz). in some
embodiments, the plasma may comprise a midure of Ar and Hg, such as a mixiure
having an ArHz molar ratio in the range from 1:1 o 1:15. The plasma power may be
in the range from about 200 to about 1000 Watls., The plasma frequency may be in
the range from 350 KHz i0 40 MHz. The plasma treatment time may vary from 5
second 1o 60 seconds, such as in the range from 10 seconds 1o 30 seconds. insoms
embodiments, the pressure during plasma treatment may be in the range from 0.5 10
50 Torr, such as from 1 10 10 Torr. In some embodimenis, the waler spacing may be
in the range from 100 mils {o 600 mils.
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{0064] In one or more embodiments, the liner 120 film comprising the first metal
may be exposed to the second metal precursor during deposition, Le., the second
metal precursor may be used sequentiglly in an ALD cycle to provide a liner film
comprised of two melals on the barrier layer. In various embodiments, the duration of
the exposure 1o the second metal-containing precursor may range from 1 o 60
seconds, such as in the range from 3 to 30 seconds or from § 10 10 seconds.

{0065] Referring 1o FIG. 2G, in one or more embodiments, a gap fill process
comprises filling the gap 146 with a gap fill metal material 130. The gap fill meial
material 130 may comprise any suilable material known 1o the skilled artisan. In one
or more embodiments, the gap fill metal material 130 comprises one or more of
copper (Cu) or coball (Co). In one or more embodiments, the gap 146 is filled by
reflow.

{00661 In one or more embodiments, the methods described herein comprise an
optional post-processing operation. The oplional post-processing operation can be, for
exampls, a process to modify film properties (e.g., annealing) or a further film
deposition process {e.g., additional ALD or CVD processes) to grow additional films.
In some embodiments, the optional post-processing operation can be a process that
modifies a property of the deposited film. In some embodiments, the oplional post-
processing  operation comprises annealing the as-deposited  film. n some
embodiments, annealing is done at temperatures in the range of about 300 °C, 400
8, 500 °C, 600 °C, 700 ®C, 800 °C, 800 °C or 1000 *C. The annealing environment of
some embodiments comprises one or more of an inert gas {(e.g., molecuiar nitrogen
{Nz), argon (A} or a reducing gas (e.¢g., molecular hydrogen {Hz) or ammonia (NHz3))
or an oxidant, such as, but not limited to, oxygen {Oz), ozone (O3}, or peroxides.
Annealing can be performed for any suitable length of time. In some embodiments,
the film is annealed for a predelermined time in the range of about 15 seconds o
about S0 minutes, or in the range of aboul 1 minute to about 80 minutes. In some
embodiments, annealing the as-deposited film increases the densily, decreases the
resistivity and/or increases the purity of the metal liner layers.

{00671  In some embodiments, the subsirate is moved from a first chamber 1o a
separate, next chamber for further processing. The substrate can be moved direclly
from the first chamber 1o the separate processing chamber, or the substrate can be
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moved from the first chamber {0 one or more transfer chambers, and then moved o
the separate processing chamber.  In some embodiments, the deposition of the
barrier layer and the dopant film can be done in a single chamber, and then the post-
processing can be performed in a separaie chamber.  Accordingly, the processing
apparatus may comprise multiple chambers in communication with a transfer station.
An apparatus of this sort may be referred to as a "clusier tool” or "clustersed system”,
and the like.

{0068] Cenerally, a cluster tool is a modular system comprising multiple chambers
which perform various funclions including substrate center-finding and orientation,
degassing, annealing, deposition and/or eiching.  According to one or more
embodiments, a cluster ool includes at least a first chamber and a central iransfer
chamber. The central transfer chamber may house a robot that can shuttle substrates
between and among processing chambers and load lock chambers. The fransfer
chamber is typically mainiained at a vacuum condition and provides an intermediate
stage for shuitling subsirates from one chamber o ancother and/or 10 a lvad lock
chamber positioned at g front end of the cluster fool. However, the exact arrangement
and combination of chambers may be altered for purposes of performing speciiic
steps of a process as described herein. Other processing chambers which may be
used include, but are not limited to, cychic deposition including a deposition step, and
an annealing or irealment step, atomic layer deposition {ALD), chemical vapor
deposition {TVD), physical vapor deposition (PVD), etch, pre-clean, chemical clean,
plasma nitridation, degas, orientation, hydroxylation, and other substrale processes.
By carrying oul processes in a chamber on a cluster tool, surface contamination of the
substrate with atmospheric impurities can be avoided without oxidation prior fo
depositing a subsequent film.

{00697 According 1o one or more embodiments, the substrate is continuously under
vacuum or "load lock” conditions and is not exposed {0 ambient air when being moved
from one chamber 1o the next. The fransfer chambers are thus under vacuum and are
wumped down” under vacuum pressure.  Inerl gases may be present in ihe
processing chambers or the fransfer chambers. In some embodiments, an inert gas is
used as a purge gas o remove some or all of the reactants {e.g., reactant). According
to one or more embodiments, a purge gas is injected at the exit of the deposition
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chamber to prevent reactanis {e.g., reaclant) from moving from the deposition
chamber 1o the transier chamber and/or additional processing chamber. Thus, the
flow of inert gas forms g curtain al the exil of the chamber.

{00707 The substrale can be processed in single subsirate deposition chambers,
where a single substrate is loaded, processed, and unioaded betore another subsirate
is processed. The substrate can also be processed in a continuous manner, similar {0
a conveyer system, in which mulliple subsirates are individually loaded into the first
part of the chamber, move through the chamber, and are unloaded from g second part
of the chamber. The shape of the chamber and associated conveyer system can form
a shaight path or curved path.  Additionally, the processing chamber may be a
carousel in which mulliple subsirates are moved about a central axis and are exposed
to depaosition, etch, annealing, cleaning, elc. processes throughout the carousel path.
{00711  During processing, the substrate can be heated or cooled. Such heating or
cooling can be accomplished by any suilable means including, bul not limited to,
changing the temperature of the subsirate support, and flowing healed or cooled
gases to the substrate surface. In some embodiments, the subsirate support includes
a heater/cooler which can be confrolled to change the substrate temperalure
conductively. in one or more embodiments, the gases {(either reaclive gases or inert
gases) being emploved are heated or cooled to locally change the subsirate
temperature. in some embodimenis, a heater/cooler i3 positioned within the chamber
adjacent the substrate surface o convectively change the substrate temperature.
{00721 The subsirate can also be stationary or rotated during processing. A rofating
substrale can be rotated {aboutl the subsirate axis} conlinuously or in discrete steps.
For example, a substrate may be rolated throughout the entire process, or the
substrate can be rotated by a small amount between exposures o different reactive or
purge gases. Rotating the substrate during processing (either comtinuously or in
steps) may help produce a more uniform deposition or efch by minimizing the effect
of, for example, local variability in gas flow geometries.

{00731 Another aspect of the disclosure perfains o a non-transiiory computer
regdable medium including instructions, that, when executed by a controller of a
processing sysiem, causes the processing system o perform operalions of the
methods described herein.  In one embodiment, a non-transitory computer readable
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medium including instructions, that, when execuied by a controlier of a processing
system, causes the processing system o perform operations of the methods
described herein with respect to FIGS. 1 and 2A-2C.

[0074] Reference throughout this specification io "one embodiment,” "certain
embodiments,” "one or more embodiments” or "an embodiment” means that a
particular feature, structure, material, or characteristic described in connection with the
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 certain
embodiments,” "in one embodiment™ or "in an embodiment” in various places
throughout this specification are not necessarily referring 1o the same embodiment of
the disclosure. Furthermore, the particular features, siructures, materials, or
characteristics may be combined in any suitable manner in ong or more embodiments.
[0075] Although the disclosure herein has been described with reference o
particular embodiments, #t is 0 be understood that these embodiments are merely
iHlusirative of the principles and applications of the present disclosure. it will be
apparent to those skilled in the art that varicus modifications and variations can be
made o the method and apparatus of the present disclosure without departing from
the spirit and scope of the disclosure. Thus, it is inlended that the present disclosure
include modifications and variations thal are within the scope of the appended claims

and their equivalentis.
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What is claimed is:

23]

o

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

forming a dielectric layer on a subsirale, the dielectric fayer comprising
at least one feature defining a gap including sidewalls and a bottom;

forming a hardmask on the dielectric layer;

selectively depositing a seif-assembled monolayer (SAM) on the boltom
of the gap and on the hardmask;

freating the microslectronic device with a plasma o remove the self-
assembled monolayer (SAM) from the hardmask;

forming a barrier layer on the dielectric layer and on the hardmask;

selectively depositing a metal liner on the barrier layer on the sidewall;
and

performing a gap fill process on the metal iner.

The method of claim 1, wherein the meilal liner is deposited at a thickness on
the sidewalls that is greater than a thickness of the metal liner deposited on the
bottom.

The method of claim 1, wherein the metal liner is deposited on the sidewalls
and not on the botiom.

The method of claim 1, wherein seleclively depositing the SAM comprises
exposing the bottom of the gap and the hardmask 1o a hydrocarbon carried in

argon {Ar gas.

The method of claim 1, further comprising removing the SAM from the botiom
of the gap after forming the barrier layer on the dielectric layer and the

hardmask.

The method of claim 1, wherein the hardmask comprises one or more of
tungsten carbide (WQ), titanium nitride (TiN)}, oxides, nitrides, and the like.



10

20

25

36

WO 2024/258765 PCT/US2024/033195

10.

1.

12.

13.

14.

23

The method of claim 1, wherein the metal liner comprises one or more of

ruthenium (Ru)}, coball (coball), molybdenum (Mo), and tantalum (Ta).

The method of claim 7, wherein the metal liner comprises a single layer of

ruthenium (Ru).

The method of claim 7, wherein the selective ruthenium (Ru) deposition on the
sidewall comprises a cyclic deposition process using a ruthenium (Bu)
precursor carried by an argon {Ar) gas to form a deposited ruthenium layer.

The method of claim 9, wherein the cyclic deposition process further comprises
annealing the deposited ruthenium layver while flowing hydrogen (H: and
annealing the deposited ruthenium layer.

The method of claim 10, wherein the cyclic deposition process is performed in
a subsirate processing chamber at a first pressure to form the deposited
ruthenium layer, and annealing the deposited ruthenium layer is performed
while the substrate processing chamber is al a second pregsure thal is greater
than the firsi pressure.

The method of claim 1, wherein removing the SAM comprises a plasma
treatment process comprising flowing one or more of hydrogen (Hz) or argon
{Ar} and the plasma treatment process comprises increasing a densily of the

barrier layer.

The method of claim 1, wherein the gap fill process comprises filling the gap
with one or more of copper (Cu) or cobalt (Co).

The method of claim 1, wherein the plasma treatment comprises treating the

microelecironic device with a plasma in deplstion mode.
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The method of claim 14, herein the plasma comprises hydrogen {Ha).

The method of claim 14, wherein the plasma is a remote plasma.

The method of claim 14, wherein the plasma is a capacitively coupled plasma
with a pulsed hydrogen (Hz) supply.

The method of claim 14, wherein depletion mode comprises a low pressure and

an abbreviated fime trealment.

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

forming a dielectric layer on a subsirale, the dielectric fayer comprising
at least one feature defining a gap including sidewalls and a bottom;

forming a hardmask on the dielectric layer;

seleclively depositing a self-assembled monolayer (SAM) on the bottom
of the gap and on the hardmask;

freating the microelectronic device with a hydrogen {Hz) plasma in
depletion mode to remove the self-assembled monolayer (SAM) from the
hardmask;

forming a barrier layer on the dielectric layer and on the hardmask;

removing the SAM from the bottom of the gap;

selechvely depositing a melal liner on the barrier layer on the sidewall;
and

performing a gap fill process on the metal liner.

The method of claim 20, wherein depletion mode comprises a low pressure and

a short ime treatment.
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