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(57) ABSTRACT

The present disclosure describes a method for forming
metallization layers that include a ruthenium metal liner and
a cobalt metal fill. The method includes depositing a first
dielectric on a substrate having a gate structure and source/
drain (S/D) structures, forming an opening in the first
dielectric to expose the S/D structures, and depositing a
ruthenium metal on bottom and sidewall surfaces of the
opening. The method further includes depositing a cobalt
metal on the ruthenium metal to fill the opening, reflowing
the cobalt metal, and planarizing the cobalt and ruthenium
metals to form S/D conductive structures with a top surface
coplanar with a top surface of the first dielectric.
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HYBRID CONDUCTIVE STRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application is a continuation of U.S.
Non-provisional patent application Ser. No. 17/320,553,
filed on May 14, 2021, titled “Hybrid Conductive Struc-
tures”, the contents of which are incorporated by reference
herein in its entirety.

BACKGROUND

[0002] In integrated circuits, conductive structures (e.g.,
metal contacts, vias, and lines) are electrically coupled to
transistor regions, such as a gate electrode and source/drain
terminals, to propagate electrical signals from and to the
transistors. The conductive structures, depending on the
complexity of the integrated circuit, can form multiple
layers of metal wiring.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Aspects of the present disclosure are best under-
stood from the following detailed description when read
with the accompanying figures.

[0004] FIGS. 1 and 2 are cross-sectional views of metal-
lization layers with hybrid conductive structures, in accor-
dance with some embodiments.

[0005] FIGS. 3A and 3B are flowcharts of a method for
forming a metallization layer with hybrid conductive struc-
tures, in accordance with some embodiments.

[0006] FIGS. 4-6 are cross-sectional views of intermediate
structures during various fabrication operations for forming
hybrid conductive structures, in accordance with some
embodiments.

[0007] FIGS. 7A, 7B, and 7C are cross-sectional views of
a ruthenium liner bottom coverage for different bottom
opening widths, in accordance with some embodiments.
[0008] FIGS. 8-13 are cross-sectional views of interme-
diate structures during various fabrication operations for
forming a metallization layer with hybrid conductive struc-
tures, in accordance with some embodiments.

[0009] FIG. 14 is a cross-sectional view of an intermediate
structure during a fabrication operation for the formation a
metallization layer with hybrid conductive structures and
ruthenium filled conductive structures, in accordance with
some embodiments.

DETAILED DESCRIPTION

[0010] The following disclosure provides many different
embodiments, or examples, for implementing different fea-
tures of the provided subject matter. Specific examples of
components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. For example,
the formation of a first feature on a second feature in the
description that follows may include embodiments in which
the first and second features are formed in direct contact, and
may also include embodiments in which additional features
are disposed between the first and second features, such that
the first and second features are not in direct contact. In
addition, the present disclosure may repeat reference numer-
als and/or letters in the various examples. This repetition
does not in itself dictate a relationship between the various
embodiments and/or configurations discussed.
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[0011] Further, 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 to another element(s) or feature(s)
as illustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device in
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

[0012] In some embodiments, the terms “about” and “sub-
stantially” can indicate a value of a given quantity that varies
within 5% of the value (e.g., 1%, £2%, 3%, +4%, £5% of
the value). These values are merely examples and are not
intended to be limiting. It is to be understood that the terms
“about” and “substantially” can refer to a percentage of the
values as interpreted by those skilled in relevant art(s) in
light of the teachings herein.

[0013] Active and passive devices in an integrated circuit
(IC) are connected at a local level (e.g., within the same area
of the IC) and at a global level (e.g., between different areas
of the IC) through a number of conductive structures, such
as metal contacts, metal vias, and metal lines. These con-
ductive structures—which can include different conductive
materials (e.g., a different metal fill)—are formed in verti-
cally stacked metallization (or interconnect) layers. Design
considerations are taken into account when metallization
layers with different conductive materials are stacked on top
of each other to avoid performance degradation due to
unwanted interaction between the conductive materials.
[0014] Conductive structures without barrier or liner lay-
ers (also referred to as “liner-free conductive structures™ or
“barrier-free conductive structures”) can have a lower elec-
trical resistance compared to conductive structures with
barrier or liner layers. This is because liner or barrier
layers—which can be more resistive than the metal fill layer
in the conductive structures—consume valuable space
within the conductive structure. Therefore, by eliminating
the liner or barrier layers in the conductive structures, the
lower resistance metal fill can occupy an increased volume
of the conductive structure and reduce the overall contact
resistance of the conductive structure.

[0015] In the absence of liner or barrier layers, liner-free
or barrier-free conductive structures formed in contact with
conductive structures filled with a different metal may be
unable to prevent out-diffusion of the underlying metal
under certain conditions. For example, ruthenium filled
liner-free or barrier-free conductive structures overlying a
cobalt conductive structure may not be able to prevent cobalt
out-diffusion through the ruthenium metal grain boundaries
when both structures are annealed. Excessive cobalt out-
diffusion can result in voids within the cobalt conductive
structure, which is undesirable. The aforementioned behav-
ior poses limitations to the implementation of ruthenium
filled liner-free or barrier-free conductive structures and
makes the ruthenium filled liner-free or barrier-free conduc-
tive structures challenging to integrate with cobalt conduc-
tive structures. In addition, ruthenium filled liner-free or
barrier-free conductive structures can be challenging to
polish with a chemical mechanical planarization process
(CMP) due to the hardness of the ruthenium metal.

[0016] To address the aforementioned challenges, the
embodiments described herein are directed to metallization
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layers with a cobalt metal fill core surrounded by a ruthe-
nium metal liner shell (also referred to herein as a “hybrid
conductive structure”). In some embodiments, the cobalt
metal fill assists with the polishing process, while the
ruthenium liner offers a lower resistance and functions as a
“diffusion reservoir” for cobalt atoms. In some embodi-
ments, the metallization (or interconnect) layers described
herein include a combination of conductive structures filled
with ruthenium metal and hybrid conductive structures. In
some embodiments, the ruthenium liner in the hybrid con-
ductive structures and the ruthenium filled conductive struc-
tures act as layers in which cobalt atoms can diffuse into. In
some embodiments, cobalt atoms diffuse into the grain
boundaries, vacancies, and voids of the surrounding ruthe-
nium metal without the formation of an alloy. The resulting
hybrid conductive structures can improve polishing proper-
ties compared to ruthenium filled conductive structures and
have lower resistance compared to cobalt filled conductive
structures with metal nitride liner materials.

[0017] According to some embodiments, FIG. 1 is a
partial cross-sectional view of a metallization or intercon-
nect layer (also referred to herein as a “metallization layer”)
in an integrated circuit. The metallization layer includes
hybrid conductive structures—such as source/drain (S/D)
conductive structures 100, gate conductive structure 105a,
shared conductive structure 110a, and upper conductive
structure 115a. S/D conductive structures 100 are formed on
S/D structures 120, gate conductive structure 105a is formed
on a gate structure 125, shared conductive structure 110q is
formed partially on gate structure 125 and partially on S/D
conductive structure 100, and upper conductive structure
1154 is formed on S/D conductive structure 100. According
to some embodiments, conductive structures such as S/D
conductive structures 100 are trench structures having a
length along the y-direction and a width along the x-direc-
tion. Conductive structures, such as gate conductive struc-
ture 105a, shared conductive structure 110a, and upper
conductive structure 1154, are circular or oval-shaped con-
tacts. In some embodiments, S/D conductive structures 100
have a larger volume than gate conductive structure 105a,
shared conductive structure 110a, and upper conductive
structure 115a.

[0018] The layout of the aforementioned conductive struc-
tures is exemplary and not limiting. Other layouts of the
aforementioned conductive structures are possible and
within the spirit and the scope of this disclosure.

[0019] Insome embodiments, the hybrid conductive struc-
tures shown in FIG. 1 include a ruthenium liner 130 sur-
rounding sidewall and bottom surfaces of a cobalt fill 135.
As shown in FIG. 1, ruthenium liner 130 occupies a lower
and sidewall portions of each hybrid conductive structure
and cobalt fill 135 occupies a middle portion of each
conductive structure. By way of example and not limitation,
arrows 140 indicate possible diffusion paths for cobalt atoms
from cobalt fill 135 towards ruthenium liner 130 during an
annealing process and/or during other fabrication operations
which include thermal processing.

[0020] In FIG. 1, S/D conductive structures 100, gate
conductive structure 105a, shared conductive structure
110a, and upper conductive structure 115a are surrounded
by first etch stop layer (ESL) 145, first dielectric 150, second
ESL 155, and second dielectric 160, respectively. By way of
example and not limitation, first and second dielectrics 150
and 160 can be interlayer dielectrics in which the aforemen-
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tioned conductive structures are formed. In some embodi-
ments, first and second dielectrics 150 and 160 include one
or more silicon oxide based dielectrics deposited, for
example, with a high-density chemical vapor deposition
(HDCVD) process, a plasma-enhanced chemical vapor
deposition process (PECVD), a plasma-enhanced atomic
layer deposition process (PEALD), or any another suitable
deposition process. By way of example and not limitation,
first and second dielectrics 150 and 160 can be deposited at
a thickness between about 10 nm and about 20 nm. The
aforementioned deposition thickness ranges, deposition
methods, and materials are exemplary and not limiting.
Different materials, thickness ranges, or deposition methods
can be used to form first and second dielectrics 150 and 160.
These materials, thickness ranges, or deposition methods are
within the spirit and the scope of this disclosure.

[0021] In some embodiments, first and second ESL 145/
155 facilitate the formation of openings for the conductive
structures in first and second dielectrics 150 and 160. The
material selection for first and second ESL 145/155 can be
made from silicon nitride (SiNXx), silicon oxide (SiOx),
silicon oxynitride (SiON), silicon carbide (SiC), silicon
carbo-nitride (SiCN), boron nitride (BN), silicon boron
nitride (SiBN), silicon-carbon-boron-nitride (SiCBN), metal
oxides, or combinations thereof. By way of example and not
limitation, first and second ESL 145/155 can be deposited
with low-pressure chemical vapor deposition (LPCVD),
plasma-enhanced chemical vapor deposition (PECVD),
chemical vapor deposition (CVD), or any other suitable
deposition process. In some embodiments, first and second
ESL 145/155 have a thickness in a range from about 3 nm
to about 30 nm.

[0022] As shown in FIG. 1, a silicide layer 165 is inter-
posed between S/D structures 120 and S/D conductive
structures 100 to provide a low resistance path between
ruthenium liner 130 and S/D structures 120. By way of
example and not limitation, silicide layer 165 can include
nickel platinum silicide (NiPtSi), nickel silicide (NiSi),
titanium silicide (TiSi), cobalt silicide (CoSi), tungsten
silicide (Wsi), or any suitable silicide at a thickness between
about 4 nm and about 10 nm.

[0023] S/D structures 120 are formed in top portions of an
active region 170. In some embodiments, active region 170
includes crystalline silicon (Si), germanium (Ge), a com-
pound semiconductor (e.g., silicon carbide, gallium arsenide
(GaAs), gallium phosphide (GaP), indium phosphide (InP),
indium arsenide (InAs), indium antimonide (InSb)), an alloy
semiconductor (e.g., SiGe, gallium arsenide phosphide
(GaAsP), aluminum indium arsenide (AllnAs), aluminum
gallium arsenide (AlGaAs), gallium indium arsenide (Gal-
nAs), gallium indium phosphide (GalnP), or gallium indium
arsenide phosphide (GalnAsP)), or combinations thereof. In
some embodiments, active region 170 is a fin structure
associated, for example, with a fin field effect transistor
(finFET).

[0024] An isolation structure 175 separates adjacent active
regions 170. For example, isolation structure 175 can be a
shallow trench isolation (STI) structure. In some embodi-
ments, portions of gate structures 125 can be formed on
isolation structure 175 and active regions 170 as shown in
FIG. 1. Isolation structure 175 and active region 170 are
formed on a substrate 180, which can include Si. Alterna-
tively, substrate 180 can include Ge; a compound semicon-
ductor, such as silicon carbide, GaAs, GaP, InP, InAs, InShb;
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an alloy semiconductor, such as SiGe, GaAsP, AllnAs,
AlGaAs, GalnAs, GalnP, GalnAsP; or combinations
thereof. In some embodiments, active region 170 is grown
on substrate 180 or formed by etching substrate 180.
[0025] As shown in FIG. 1, lower portions of S/D con-
ductive structures 100 and gate structures 125 are sur-
rounded by a bottom dielectric 185, which is in turn dis-
posed on isolation structure 175 and active region 170
according to some embodiments.

[0026] In some embodiments, FIG. 2 is a partial cross-
sectional view of a metallization layer with a layout similar
to the metallization layer shown in FIG. 1. Unlike the
metallization layer shown in FIG. 1, the metallization layer
in FIG. 2 includes a gate conductive structure 1055, a shared
conductive structure 1105, and an upper conductive struc-
ture 1155 filled with a ruthenium fill 200. In both metalli-
zation layers of FIGS. 1 and 2, S/D conductive structures
100 are hybrid conductive structures with ruthenium liner
130 and cobalt fill 135.

[0027] As shown by arrows 140, which indicate possible
diffusion paths for cobalt atoms, the metallization layer
shown in FIG. 2 can provide a different cobalt diffusion path
compared to that in FIG. 1 due to the absence of a cobalt fill
in gate conductive structure 1055, shared conductive struc-
ture 1105, and upper conductive structure 1155.

[0028] In some embodiments, FIGS. 3A and 3B are flow-
charts of a method 300 for the formation of the hybrid
conductive structures shown in FIG. 1. Other fabrication
operations may be performed between the various opera-
tions of method 300 and may be omitted merely for clarity
and ease of description. These various operations are within
the spirit and the scope of this disclosure. Additionally, not
all operations may be required to perform the disclosure
provided herein. Some of the operations may be performed
simultaneously, or in a different order than those shown in
FIGS. 3A and 3B. In some embodiments, one or more other
operations may be performed in addition to or in place of the
presently described operations.

[0029] In some embodiments, as described below, method
300 can be modified to form the conductive structures
shown in FIG. 2. Method 300 is not limited to the metalli-
zation layout shown in FIG. 1 and can be used for the
fabrication of any metallization layout having hybrid con-
ductive structures.

[0030] In some embodiments, FIG. 4 is an intermediate
structure for method 300. In FIG. 4, active region 170,
isolation structure 175, gate structures 125, S/D structures
120, bottom dielectric 185, first ESL 145, and first dielectric
150 have been previously formed with operations not shown
in method 300. In some embodiments, FIG. 4 shows the
structure of FIG. 1 after the formation of first dielectric layer
150. At the fabrication stage shown in FIG. 4, top surfaces
of S/D structures 120 are capped with a capping layer 400.
In some embodiments, capping layer 400 protects S/D
structures 120 during a subsequent etching process
described below with respect to operation 305.

[0031] In referring to FIG. 3A, method 300 begins with
operation 305 and the process of forming openings in first
dielectric layer 150 to expose underlying S/D structures 120
disposed on substrate 180. FIG. 5 shows the structures of
FIG. 4 after the formation of openings 500 in first dielectric
150 according to operation 305 of method 300. In some
embodiments, openings 500 traverse through first ESL 145
and bottom dielectric 185 and expose the top surfaces of S/D
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structures 120. Further, capping layer 400 is removed during
the formation of openings 500. By way of example and not
limitation, openings 500 can be formed by a combination of
photolithography and etching operations. The etching opera-
tion can include multiple etching sub-operations during
which different layers are successively removed, such as first
ESL 145, bottom dielectric 185, and capping layer 400. In
some embodiments, the etching operations include aniso-
tropic etching processes, such as dry etching processes. In
some embodiments, openings 500 are trenches with a width
along the x-direction and a length along the y-direction. In
some embodiments, the length of opening 500 is larger than
the width of opening 500. In some embodiments, the length
of'opening 500 along the y-direction is substantially equal to
the length of S/D structure 120 along the same direction.
Similarly, the width of opening 500 along the x-direction is
substantially equal to the width of S/D structure 120 along
the same direction.

[0032] According to some embodiments, after the forma-
tion of openings 500, silicide layer 165 is selectively formed
on each S/D structure 120. By way of example and not
limitation, each silicide layer 165 can be formed by depos-
iting a metal (e.g., Ni, W, Co, Ti) in openings 500, followed
by one or more annealing operations during which the
deposited metal reacts with silicon atoms in S/D structure
120 to form silicide layer 165. Unreacted metal can be
subsequently removed from openings 500 with a wet clean-
ing process selective towards the metal. In some embodi-
ments, the silicidation process consumes a portion of S/D
structure 120 to form silicide layer 165. In some embodi-
ments, silicide layer 165 has a thickness between about 4 nm
and about 10 nm.

[0033] Inreferring to FIG. 3A, method 300 continues with
operation 310 and the process of depositing a ruthenium
liner (e.g., ruthenium liner 130) on sidewall and bottom
surfaces of openings 500. By way of example and not
limitation, the ruthenium liner can be deposited with a
thermal CVD process at a temperature below about 200° C.
(e.g., between about 120° C. and about 200° C.) using a
precursor chemistry, such as triruthenium dodecacarbonyl
(Ru;(CO),,). FIG. 6 shows the structure of FIG. 5 after the
deposition of ruthenium liner 130 in openings 500 according
to operation 310 of method 300.

[0034] As shown in FIG. 5, openings 500 have a top width
Wt and a bottom width Wb. In some embodiments, a ratio
between the top width and the bottom width (Wt/Wb) is
between about 1 and about 1.5 (e.g., IsWt/Wb=1.5) to allow
ruthenium liner 130 to substantially cover the bottom por-
tion of opening 500 as shown in FIGS. 1, 2, and 6. In some
embodiments, ratios greater than about 1.5 increase the risk
of an electrical short between densely formed contacts. On
the other hand, ratios less than about 1 can adversely impact
the gap fill of ruthenium liner 130. For example, openings
with ratios less than about 1 have a re-entrant profile that
prematurely seals and prevents the ruthenium metal from
getting deposited in the opening.

[0035] For a fixed ratio Wt/Wb, the bottom coverage of
ruthenium liner 130 (e.g., thickness 1307) is inversely pro-
portional to bottom width Wb of opening 500. For example,
ruthenium liner 130 has a lower bottom coverage (e.g., a
lower thickness 1307) in an opening with a large bottom
width Wb as compared to an opening with a smaller bottom
width Wb—even if the as-deposited thickness of ruthenium
liner 130 is the same in both openings. This is illustrated in
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FIGS. 7A, 7B, and 7C, which are partial cross-sectional
views of bottom portions of S/D structures 120 with different
bottom widths. Bottom widths Wb,, Wb,, Wb, of S/D
structures 120  progressively become wider (e.g.,
Wb, <Wb,<Wb,) while bottom thicknesses 1307, 130z,
130z, of ruthenium liner 130 progressively become thinner
(e.g., 130¢,>1307,>130z;). Consequently, the amount or vol-
ume of cobalt that can be deposited in each of the openings
shown in FIGS. 7A, 7B, and 7C will be different based on
the relative dimensions of bottom widths Wb,, Wb,, and
Wh,. For example, the amount or volume of cobalt in the
structure of FIG. 7C will be the largest, and the amount or
volume of cobalt in the structure of FIG. 7A will be the
smallest. Based on the above, the volume of cobalt in an
opening, like opening 500, is proportional to bottom width
Wb (e.g., Wb,, Wb,, Wb,) of the opening and inversely
proportional to bottom thickness 1307 (e.g., 1307, 130z,,
130¢z;) of ruthenium liner 130. As a result and due to the
deposition characteristics of the ruthenium liner process
discussed above, wider conductive structures include a
larger amount or volume of cobalt metal fill compared to
narrow conductive structures.

[0036] In some embodiments, a metallization layout can
include openings 500 with different sizes (e.g., bottom
widths Wb). Therefore, it is possible a metallization layout
to have hybrid conductive structures with different bottom
coverages for ruthenium liner 130 and different amounts of
cobalt fill 135 across the hybrid structures as shown in FIG.
1

[0037] In some embodiments, the bottom coverage of
ruthenium liner 130 (e.g., thickness 130¢) is greater than its
sidewall thickness (e.g., sidewall coverage) as shown in
FIG. 6 because of a ruthenium nucleation delay that occurs
on dielectric surfaces, such as the surfaces of first dielectric
150. In contrast, there is no ruthenium nucleation delay on
metallic surfaces, such as the surfaces of silicide layer 165.
In some embodiments, the bottom coverage of ruthenium
liner 130 (e.g., bottom thickness 130¢) is between about 3
nm and about 15 nm while its sidewall thickness is between
about 1.5 nm and about 7.5 nm. As discussed above, the
bottom coverage of ruthenium liner 130 (e.g., thickness
130¢) depends on the dimensions of openings 500. In some
embodiments, thickness 130¢ depends on the quality of the
top surface of S/D structures 120 and the nucleation char-
acteristics of ruthenium liner 130 on these top surfaces. In
some embodiments, the as-deposited ruthenium liner 130
extends outside openings 500 after operation 310. For
example, ruthenium liner 130 can extend over first dielectric
150.

[0038] Inreferring to FIG. 3A, method 300 continues with
operation 315 and the process of depositing a cobalt metal
(e.g., cobalt fill 135) on ruthenium liner 130 to fill openings
500. By way of example and not limitation, the cobalt metal
can be blanket deposited directly on ruthenium liner 130
(e.g., without intervening layers) with a CVD process, an
electroplating process, or any other suitable process. FIG. 8
shows the structure of FIG. 6 after the deposition of cobalt
fill 135. By way of example and not limitation, cobalt fill
135 can be deposited at a thickness of about 100 nm.
Alternatively, cobalt fill 135 can be deposited at a thickness
sufficient to fill openings 500 and any other desired features
not shown in FIG. 8.

[0039] Inreferring to FIG. 3A, method 300 continues with
operation 320 and the process of reflowing the deposited
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cobalt metal. In some embodiments, the reflow process
includes an annealing process during which cobalt fill 135
reflows to fill any remaining voids (e.g., seams) within the
hybrid conductive structures. In some embodiments, during
the aforementioned reflow process, cobalt atoms from cobalt
fill 135 diffuse to ruthenium liner 130 to fill atomic scale
vacancies and micro-voids within ruthenium liner 130.
Cobalt atoms can also diffuse along the grain boundaries of
ruthenium liner 130. In some embodiments, the reflow
process is performed at a temperature between about 250° C.
and about 500° C. The reflow process can have a duration
between about 1 min and about 5 hours depending on the
dimensions of the conductive structures. For example, larger
conductive structures may require higher temperatures and
shorter annealing times compared to smaller conductive
structures, which may require lower temperatures and longer
annealing times. In some embodiments, annealing tempera-
tures below about 250° C. require longer annealing times
(e.g., longer than 5 hours) and can therefore increase the
fabrication cost. On the other hand, temperatures above 500°
C. can be detrimental to gate structures 125. For example,
elevated temperatures (e.g., above about 500° C.) can re-
crystallize the high-k gate dielectric in gate structures 125
and compromise its dielectric properties.

[0040] In some embodiments, cobalt fill 135 outside the
conductive structure functions as a reservoir of cobalt atoms
during the aforementioned reflow/diffusion process and pre-
vents the formation of voids within the conductive structure.
[0041] In some embodiments, ruthenium liner 130 under-
goes microstructural changes during the reflow process of
operation 350 (described below). For example, the grains of
ruthenium liner 130 increase in size in response to the
annealing process. Consequently, the resistivity of ruthe-
nium liner 130 is reduced.

[0042] Inreferring to FIG. 3A, method 300 continues with
operation 325 and the process of planarizing the deposited
cobalt metal (e.g., cobalt fill 135) and ruthenium liner 130 to
form S/D conductive structures 100. FIG. 9 shows the
structure of FIG. 8 after the aforementioned planarization
process of operation 325. In some embodiments, the pla-
narization process removes ruthenium liner 130 and cobalt
fill 135 from top surfaces of first dielectric 150. In some
embodiments, the planarization process is a chemical
mechanical planarization (CMP) process that provides a
planar top surface topography. As shown in FIG. 9, top
surfaces of S/D conductive structures 100 are coplanar with
top surfaces of first dielectric 150. As discussed above, S/D
structures 100 are hybrid conductive structures with ruthe-
nium liner 130 surrounding sidewall and bottom surfaces of
cobalt fill 135. In some embodiments, cobalt fill 135 is not
in physical contact with silicide layers 165. However, cobalt
fill 135 is electrically coupled to silicide layers 165 through
ruthenium liner 130.

[0043] In some embodiments, cobalt fill 135 assists with
the planarization process of operation 325. This is because
cobalt is easier to polish compared to ruthenium. Therefore,
by adding cobalt in the conductive structures, the volume of
ruthenium to be polished (e.g., to be removed) by the
planarization process reduces. Further, the resistivity of the
hybrid conductive structures is lower than that of cobalt
filled conductive structures because ruthenium has a lower
resistivity than cobalt.

[0044] In referring to FIG. 3B, method 300 continues with
operation 330 and the process of depositing second dielec-
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tric 160 on first dielectric 150. In some embodiments,
operation 330 includes the deposition of second ESL 155
prior to the deposition of second dielectric 160. By way of
example and not limitation, second ESL 155 can be blanket
deposited on first dielectric 150 and conductive structures
100 as shown in FIG. 10. In some embodiments, second ESL
155 (like first ESL 145) facilitates the formation of openings
for conductive structures 100. By way of example and not
limitation, second ESL 155 (like first ESL 145) can include
SiNx, SiOx, SiON, SiC, SiCN, BN, SiBN, SiCBN, metal
oxides, or a combination thereof. Further, second ESL 155
(like first ESL. 145) can be deposited at a thickness between
about 3 nm and about 30 nm. In some embodiments, first and
second ESL 145/155 can have similar or different thickness
and can include similar or different layers.

[0045] Second dielectric 160 can be deposited on second
ESL 155 as shown in FIG. 10 according to operation 330. By
way of example and not limitation, second dielectric 160,
like first dielectric 150, can include a carbon-doped silicon
oxide containing hydrogen and nitrogen. In some embodi-
ments, second dielectric 160 can include a low-k dielectric
material with a dielectric constant lower than about 3.9. In
some embodiments, second dielectric 160 can be deposited
at a thickness between about 100 nm and about 200 nm
depending on the desired height of the conductive structures
formed therein.

[0046] In referring to FIG. 3B, method 300 continues with
operation 335 and the process of forming openings in second
dielectric 160 to expose underlying gate structures 125 and
S/D conductive structures 100. In some embodiments,
operation 335 forms openings traversing through second
dielectric 160, second ESL 155, first dielectric 150, and first
ESL 145 to form openings for gate conductive structures
105a/b, upper conductive structures 115a/b, and shared
conductive structures 110a/b shown respectively in FIGS. 1
and 2. In some embodiments, operation 335, like operation
305, forms multiple openings across substrate 180. FIG. 11
shows gate conductive structure opening 1100, upper con-
ductive structure opening 1105, and shared conductive struc-
ture opening 1110 (collectively referred to as “openings™)
formed during operation 335. In some embodiments, the
formation of gate conductive structure opening 1100, upper
conductive structure opening 1105, and shared conductive
structure opening 1110 may require more than one photoli-
thography and etching operations. For example, portions of
gate conductive structure opening 1100 and portions of
shared conductive structure opening 1110 over gate structure
125 may be formed first, followed by the formation of upper
conductive structure opening 1105 and the remainder of gate
conductive structure opening 1100 and shared conductive
structure opening 1110. In some embodiments, gate conduc-
tive structure opening 1100, upper conductive structure
opening 1105, and shared conductive structure opening 1110
are circular or elliptical-shaped contact openings with their
width and lengths along the x and y directions being
comparable. In some embodiments, the top width to bottom
width ratios (Wt/Wb) of openings 1100, 1105, and 1110 as
shown in FIG. 11 range between about 1 and about 1.5. In
some embodiments, ratios less than about 1 can be detri-
mental to the metal gap fill while ratios greater than about
1.5 increase the risk of an electrical short between densely
formed contacts.

[0047] In referring to FIG. 3B, method 300 continues with
operation 340 and the process of depositing a ruthenium
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liner on sidewall and bottom surfaces of the openings as
shown in FIG. 12, where ruthenium liner 130 is deposited in
gate conductive structure opening 1100, upper conductive
structure opening 1105, and shared conductive structure
opening 1110. In some embodiments, aspects of operation
340 are similar to those described above with respect to
operation 310. For example, ruthenium liner 130 can be
deposited with a thermal CVD process at a temperature
below about 200° C. (e.g., between about 120° C. and about
200° C.) using a precursor chemistry, such as Ru,;(CO),,.
[0048] In some embodiments, aspects of operation 340
with respect to the nucleation characteristics and the bottom
coverage of ruthenium liner 130 are similar to those of
operation 310 discussed above. For example, the bottom
coverage of ruthenium liner 130 (e.g., its bottom thickness)
is inversely proportional to bottom width Wb of each
opening. For example, bottom width Wb of the upper
portion of opening 1110 over first dielectric 150 is wider
than that of openings 1100 and 1105 (including the width of
the bottom portion of opening 1110 over gate structure 125).
Therefore, ruthenium liner 130 will grow thinner at the
bottom upper portion of opening 1110 as indicated by
dashed circle 1200 in FIG. 12. As discussed above, a
nucleation delay occurs when ruthenium grows on dielectric
surfaces as opposed to metallic surfaces. For this reason, the
thickness of ruthenium liner layer 130 varies within the
dashed circle 1200. For example, ruthenium liner 130 grows
thicker on the underlying S/D conductive structure 100 (no
nucleation delay on cobalt/ruthenium surfaces) and thinner
on portions of first dielectric 150 (nucleation delay on
dielectric surfaces). However, the thickness of ruthenium
liner 130 within the dashed circle 1200 is less than the
bottom coverage of ruthenium liner 130 within openings
1100 and 1105 (and the bottom portion of opening 1110). For
the same reason, ruthenium liner 130 has a larger bottom
coverage than a sidewall coverage in these openings.
[0049] In some embodiments, the bottom coverage of
ruthenium liner 130 (e.g., bottom thickness 130¢) is between
about 3 nm and about 15 nm while its sidewall thickness is
between about 1.5 nm and about 7.5 nm depending on the
dimensions of the openings as discussed above.

[0050] In referring to FIG. 3B, method 300 continues with
operation 345 and the process of depositing cobalt metal on
ruthenium liner 130 to fill the openings (e.g., gate conduc-
tive structure opening 1100, upper conductive structure
opening 1105, and shared conductive structure opening
1110). FIG. 13 shows the structure of FIG. 12 after the
deposition of cobalt fill 135 according to operation 345. In
some embodiments, aspects of operation 345 are similar to
those described above with respect to operation 315. For
example, the cobalt metal can be blanket deposited directly
on ruthenium liner 130 (e.g., without the presence of inter-
vening layers) with a CVD process, an electroplating pro-
cess, or any other suitable process. By way of example and
not limitation, cobalt fill 135 can be deposited at a thickness
of about 100 nm. Alternatively, cobalt fill 135 can be
deposited at a thickness sufficient to fill openings 1100,
1105, 1110, and any other desired features not shown in FIG.
13.

[0051] Further, similar principles apply with respect to the
volume of cobalt fill 135 included in the hybrid conductive
structures for operations 340 and 310. For example, the
volume of cobalt fill in the hybrid conductive structures
increases as the size of the conductive structure opening
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increases. In the example of FIGS. 11-13, opening 1110 will
receive the largest amount of cobalt fill 135 among openings
1100 and 1105. In some embodiments, a metallization layout
can include openings with different sizes (e.g., bottom
widths Wb). Therefore, a metallization layout can include
hybrid conductive structures with different bottom cover-
ages for ruthenium liner 130 and different amounts of cobalt
fill 135 across the hybrid structures as shown in FIG. 13.

[0052] In referring to FIG. 3B, method 300 continues with
operation 350 and the process of reflowing the deposited
cobalt metal. In some embodiments, aspects of operation
350 are similar to those described above with respect to
operation 320. For example, the reflow process includes an
annealing operation during which cobalt fill 135 reflows to
fill any remaining voids (e.g., seams) within the hybrid
conductive structures. In some embodiments, during the
aforementioned reflow process, cobalt atoms from cobalt fill
135 diffuse to ruthenium liner 130 to fill atomic scale
vacancies and micro-voids within ruthenium liner 130.
Cobalt atoms can also diffuse along the grain boundaries of
ruthenium liner 130. In some embodiments, the reflow
process is performed at a temperature between about 250° C.
and about 500° C. The reflow process can have a duration
between about 1 min and about 5 hours depending on the
dimensions of the conductive structures. For example, larger
conductive structures may require higher temperatures and
shorter annealing times compared to smaller conductive
structures, which may require lower temperatures and longer
annealing times. In some embodiments, annealing tempera-
tures below about 250° C. require longer annealing times
(e.g., longer than 5 hours) and therefore increase the fabri-
cation cost. On the other hand, temperatures above 500° C.
can be detrimental to gate structures 125. For example,
elevated temperatures (e.g., above about 500° C.) can re-
crystallize the high-k gate dielectric in gate structures 125
and compromise its dielectric properties.

[0053] In some embodiments, cobalt fill 135 outside the
conductive structure functions as a reservoir of cobalt atoms
during the aforementioned reflow/diffusion process and pre-
vents the formation of voids within the conductive structure.
Further, the grains of ruthenium liner 130 grow in size
during the reflow process of operation 350, thus decreasing
the resistivity of ruthenium liner 130.

[0054] In referring to FIG. 3B, method 300 continues with
operation 355 and the process of planarizing the deposited
cobalt metal (e.g., cobalt fill 135) and the ruthenium liner to
form conductive structures, such as gate conductive struc-
ture 105a, upper conductive structure 115a, and shared
conductive structure 110a shown in FIG. 1. In some embodi-
ments, aspects of operation 355 are similar to those
described above with respect to operation 325. For example,
the planarization process removes ruthenium liner 130 and
cobalt fill 135 from top surfaces of second dielectric 160. In
some embodiments, the planarization process is a CMP
process that provides a planar top surface topography. As
shown in FIG. 1, top surfaces of gate conductive structure
105a, upper conductive structure 115a, and shared conduc-
tive structure 110a are coplanar with top surfaces of second
dielectric 160. In some embodiments, gate conductive struc-
ture 105a, upper conductive structure 115a, and shared
conductive structure 110a are hybrid conductive structures
with ruthenium liner 130 surrounding sidewall and bottom
surfaces of cobalt fill 135.
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[0055] In some embodiments, cobalt fill 135 assists with
the planarization process of operation 355. This is because
cobalt is easier to polish compared to ruthenium. Therefore,
by adding cobalt in the conductive structures, the volume of
ruthenium to be polished (e.g., to be removed) by the
planarization process is reduced. Further, the resistivity of
the hybrid conductive structures are lower than that of cobalt
filled conductive structures.

[0056] In some embodiments, the metallization layout
shown in FIG. 2 can be achieved if operations of method 300
are modified. For example, operation 340 can be modified so
that the ruthenium liner fills openings 1100, 1105, and 1110
shown in FIG. 11. For example, ruthenium fill 200 can be
deposited at a thickness of about 100 nm (or sufficiently
thick) to fill openings 1100, 1105, and 1110 as shown in FIG.
14. Subsequently, operations 345 and 350 are omitted, and
operation 355 is adjusted to planarize ruthenium fill 200 and
result in gate conductive structure 1055, upper conductive
structure 11554, and shared conductive structure 1105 shown
in FIG. 2.

[0057] According to some embodiments, gate conductive
structure 10556, upper conductive structure 1155, and shared
conductive structure 1106 shown in FIG. 2 are not hybrid
structures like S/D conductive structures 100, gate conduc-
tive structure 105a, upper conductive structure 115a, and
shared conductive structure 110a shown in FIG. 1. This is
because gate conductive structure 1055, upper conductive
structure 11554, and shared conductive structure 11056 do not
include a cobalt fill core.

[0058] By way of example and not limitation, additional
metallization layers (not shown in FIGS. 1 and 2) can be
formed over gate conductive structures 105a/b, upper con-
ductive structures 115a/b, and shared conductive structures
110a/b. For example, these additional metallization layers
can be back-end-of-line (BEOL) metallization layers or
interconnect layers having conductive structures (vias and
lines) filled with copper.

[0059] Various embodiments described herein are directed
to metallization layers having hybrid conductive structures.
In some embodiments, the hybrid conductive structures
include a ruthenium metal liner and a cobalt metal fill. In
some embodiments, the metallization layers include a com-
bination of hybrid conductive structures and ruthenium filed
conductive structures. In some embodiments, the cobalt fill
assists with the polishing process (e.g., the planarization
process) while the ruthenium liner reduces the contact
resistance and functions as a layer in which cobalt atoms can
diffuse into. In some embodiments, cobalt atoms diffuse into
the grain boundaries, atomic vacancies, and micro-voids of
the surrounding ruthenium metal. The resulting conductive
structures have improved polishing properties compared to
ruthenium filled conductive structures and lower resistance
compared to cobalt filled conductive structures that use
metallic liner materials, such as metal nitrides.

[0060] In some embodiments, structure includes a sub-
strate with a gate structure and a S/D structure disposed
thereon, a first dielectric on the gate and S/D structures, and
a second dielectric on the first dielectric. The structure
further includes a conductive structure in the first dielectric
disposed on the S/D structure, where the conductive struc-
ture includes a ruthenium liner on a bottom surface and
sidewall surfaces of the conductive structure and a cobalt
metal in contact with the ruthenium liner.
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[0061] In some embodiments, a structure includes a sub-
strate with gate structures and S/D structures disposed
thereon, first conductive structures disposed on the S/D
structures; and second conductive structures on the gate
structures. The structure further includes a third conductive
structure on a first conductive structure of the first conduc-
tive structures, where each of the first conductive structures,
the second conductive structures, and the third conductive
structure include a ruthenium liner and a cobalt metal in
contact with the ruthenium liner.

[0062] In some embodiments, a method includes deposit-
ing a first dielectric on a substrate having a gate structure and
S/D structures, forming an opening in the first dielectric to
expose the S/D structures and depositing a ruthenium metal
on bottom and sidewall surfaces of the opening. The method
further includes depositing a cobalt metal on the ruthenium
metal to fill the opening, reflowing the cobalt metal, and
planarizing the cobalt and ruthenium metals to form S/D
conductive structures with a top surface coplanar with a top
surface of the first dielectric.

[0063] Itis to be appreciated that the Detailed Description
section, and not the Abstract of the Disclosure, is intended
to be used to interpret the claims. The Abstract of the
Disclosure section may set forth one or more but not all
exemplary embodiments contemplated and thus, are not
intended to be limiting to the subjoined claims.

[0064] The foregoing disclosure outlines features of sev-
eral embodiments so that those skilled in the art may better
understand the aspects of the present disclosure. Those
skilled in the art will appreciate that they may readily use the
present disclosure as a basis for designing or modifying
other processes and structures for carrying out the same
purposes and/or achieving the same advantages of the
embodiments introduced herein. Those skilled in the art will
also realize that such equivalent constructions do not depart
from the spirit and scope of the present disclosure, and that
they may make various changes, substitutions, and altera-
tions herein without departing from the spirit and scope of
the subjoined claims.

What is claimed is:

1. A method, comprising:

depositing a dielectric on gate structures and source/drain

(S/D) structures;

forming an opening in the dielectric to expose the S/D

structures;

forming a silicide on the S/D structures;

depositing ruthenium on a bottom surface and sidewall

surfaces of the opening;

depositing cobalt on the ruthenium to fill the opening;

reflowing the cobalt; and

planarizing the cobalt and the ruthenium to form S/D

conductive structures so that a top surface of the S/D
conductive structures are coplanar with a top surface of
the dielectric.

2. The method of claim 1, wherein depositing the ruthe-
nium comprises depositing the ruthenium so that a first
thickness of the ruthenium on the bottom surface of the
opening is different from a second thickness of the ruthe-
nium on the sidewall surfaces.

3. The method of claim 1, wherein reflowing the cobalt
comprises annealing the ruthenium and the cobalt at a
temperature between about 250° C. and about 500° C.

4. The method of claim 1, wherein reflowing the cobalt
comprises reducing a resistivity of the ruthenium.
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5. The method of claim 1, wherein reflowing the cobalt
comprises diffusing cobalt atoms from the cobalt in the
ruthenium.

6. The method of claim 1, further comprising:

depositing another dielectric on the dielectric;

forming another opening in the dielectric and the other

dielectric to expose the gate structures;

depositing ruthenium on a bottom surface and sidewall

surfaces of the other opening;

depositing cobalt on the ruthenium to fill the other open-

ing;

reflowing the cobalt in the other opening; and

planarizing the cobalt and ruthenium to form a gate

conductive structure with a top surface coplanar with a

top surface of the other dielectric.

7. A method, comprising:

forming a gate structure and source/drain (S/D) structure

on a substrate;

forming a bottom dielectric surrounding a lower portion

of the gate structure and the S/D structure;

forming an etch stop layer on the bottom dielectric;

forming a first dielectric on the gate structure and S/D

structure;

forming a second dielectric on the first dielectric; and

forming a shared conductive structure in the first dielec-

tric contacting the gate structure and the S/D structure,
wherein the shared conductive structure comprises:

a ruthenium liner on a bottom surface and sidewall
surfaces of the shared conductive structure and con-
tacting the first dielectric and the etch stop layer,
wherein a first thickness of the ruthenium liner on the
bottom surface contacting the S/D structure is greater
than a second thickness of the ruthenium liner on the
bottom surface contacting the first dielectric between
the S/D structure and the gate structure; and

a cobalt metal layer in contact with the ruthenium liner.

8. The method of claim 7, further comprising forming
another conductive structure traversing through the first
dielectric and the etch stop layer and disposed on the S/D
structure.

9. The method of claim 8, further comprising forming the
other conductive structure in contact with the shared con-
ductive structure.

10. The method of claim 7, further comprising forming
another conductive structure traversing through the bottom
dielectric and the second dielectric and disposed on the S/D
structure.

11. The method of claim 10, further comprising:

forming another ruthenium liner on a bottom surface and

sidewall surfaces of the other conductive structure and
contacting the first dielectric.

12. The method of claim 11, further comprising forming
another cobalt metal layer in contact with the other ruthe-
nium liner.

13. The method of claim 10, wherein forming the ruthe-
nium liner comprises forming the ruthenium liner thicker on
a bottom surface of the shared conductive structure than
sidewall surfaces of the shared conductive structure.

14. A method, comprising:

forming a gate structure and a source/drain (S/D) structure

on a substrate;

forming a first conductive structure on the S/D structure

and extending through a first dielectric layer;
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forming a second conductive structure on the gate struc-
ture and extending through the first dielectric layer and
a second dielectric layer; and
forming a third conductive structure on the first conduc-
tive structure, wherein each of the first conductive
structure, the second conductive structure, and the third
conductive structure comprises:
a ruthenium liner in contact with one or more of the first
dielectric layer and the second dielectric layer; and
a cobalt metal in contact with the ruthenium liner.
15. The method of claim 14, further comprising forming
a ruthenium liner on a bottom surface and sidewall surfaces
of each of the first conductive structure, the second conduc-
tive structure, and the third conductive structure.
16. The method of claim 15, wherein forming the ruthe-
nium liner comprises forming a ruthenium liner with a
cobalt concentration.
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17. The method of claim 14, further comprising forming
a width of a top surface of the first conductive structure
greater than a width of a bottom surface of the first conduc-
tive structure.

18. The method of claim 14, further comprising forming
the second conductive structure taller than the first conduc-
tive structure and the third conductive structure.

19. The method of claim 14, further comprising forming
the second conductive structure in contact with the first
conductive structure.

20. The method of claim 14, further comprising forming
a first thickness of the ruthenium liner on a bottom surface
contacting the gate structure greater than a second thickness
of the ruthenium liner on the bottom surface contacting the
first dielectric between the S/D structure and the gate
structure.



