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METHODS FOR SILICIDE DEPOSITION
BACKGROUND

Field
[0001] Embodiments of the present disclosure generally relate to deposition

processes, and in particular to processes for depositing silicide materials.

Description of the Related Art
[0002] Nickel or titanium silicides (e.g., NiSi or TiSi;) are typically used in

source/drain (S/D) contact area for contact resistivity (Rc) reduction in nMOS and
pMOS. During subsequent high temperature annealing (e.g., about 700°C or higher),
the nickel or titanium silicide films suffer agglomeration in which silicide poly grains tend
to spheroidize between grain boundaries which causes film discontinuity and higher Rc.
Several methods have been proposed to reduce or suppress agglomeration of silicide
films in order to achieve better thermal stability. These methods include the deposition
of a protective layer (e.g., silicon nitride) and ion implantation (e.g., nitrogen) into the
silicide film. However, these approaches negatively impact the resistivity of the silicide

film and often do not alleviate the agglomeration issue.

[0003] Thus, there is a need for improved methods for depositing metal silicides that
are more thermally stable and have a reduced or suppressed agglomeration compared

to traditional silicides.

SUMMARY OF THE INVENTION

[0004] In one or more embodiments, a method for depositing a metal silicide (e.g.,
titanium silicide phosphide) is provided and includes heating a substrate having a
silicon-containing surface to a deposition temperature, and exposing the substrate to a
deposition gas to deposit a silicide film on the silicon-containing surface during a
chemical vapor deposition (CVD) process, where the deposition gas contains a silicon

precursor, a titanium precursor, and a phosphorus precursor.

[0005] In some embodiments, a method for depositing a metal silicide is provided
and includes heating a substrate having a silicon-containing surface to a deposition

temperature in a range from about 400°C to about 750°C, where the silicon-containing



WO 2020/009753 PCT/US2019/033854

surface is an upper surface of a source-drain, and exposing the substrate to a
deposition gas to deposit a silicide film on the silicon-containing surface during a CVD
process. The deposition gas contains a silicon precursor, a titanium precursor, and a
non-metal precursor. The method also includes depositing a dielectric layer (e.g.,
silicon nitride) or a metal-containing barrier (e.g., titanium nitride) on the silicide film, and
annealing the substrate containing the silicide film to a temperature of about 600°C or

greater.

[0006] In other embodiments, a method for depositing a metal silicide is provided
and includes heating a substrate having a silicon-containing surface to a deposition
temperature, and exposing the substrate to a deposition gas to deposit a silicide film on
the silicon-containing surface during a CVD process. The deposition gas contains a
silicon precursor, a metal precursor, and a dopant precursor. The metal precursor can
be or include a titanium precursor, a cobalt precursor, a molybdenum precursor, a nickel
precursor, or any combination thereof. The dopant precursor can be or include a
phosphorus precursor, a boron precursor, an arsenic precursor, a carbon precursor, a

nitrogen precursor, or any combination thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] 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 to be noted, however, that the appended
drawings illustrate only exemplary embodiments and are therefore not to be considered
limiting of its scope, as the disclosure may admit to other equally effective
embodiments.

[0008] Figure 1 depicts a metal silicide film deposited on an upper surface of a
source-drain device during a silicidation process, as described and discussed in one or

more embodiments herein.

[0009] Figure 2 depicts a schematic of a process system that can be used to deposit

metal silicide films, as described and discussed in one or more embodiments herein.

[0010] To facilitate understanding, identical reference numerals have been used,

where possible, to designate identical elements that are common to the figures. It is
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contemplated that elements and features of one embodiment may be beneficially

incorporated in other embodiments without further recitation.

DETAILED DESCRIPTION

[0011] Embodiments described and discussed herein provide methods for depositing
metal silicides (e.g., TiSiP or TiSiB) on a surface of a substrate. In one or more
embodiments, a method for depositing a metal silicide includes heating a substrate
having a silicon-containing surface to a deposition temperature and exposing the
substrate to a deposition gas to deposit a silicide film on the silicon-containing surface
during a chemical vapor deposition (CVD) process. The silicon-containing surface can
be or include an upper surface of a source-drain region or other surfaces on the
substrate or a feature disposed thereon. In some examples, the method includes
depositing a dielectric layer (e.g., silicon nitride or high-k dielectric material) and/or a
metal-containing barrier layer (e.g., titanium nitride) on the silicide film, and annealing

the substrate containing the silicide film.

[0012] In one or more embodiments, silicide films containing metal silicides are
deposited or otherwise formed by a silicide process. These silicide films can be
deposited anywhere on a substrate or device that can benefit the properties of the metal
silicide. In several examples, the silicide process can be an early silicide process or a
late silicide process in which the silicide film is deposited on an upper surface of a
source-drain region or extension formed within a metal-oxide-semiconductor field-effect
transistor (MOSFET). In the early silicide process, the silicide film is deposited prior to
the gate formation, while in the late silicide process, the silicide film is deposited within

contact opening after the gate formation.

[0013] For example, during an early silicide process, the silicide film is selectively
deposited on top of the source-drain region (e.g., the source-drain epitaxial film) and
subsequently, the dielectric layer is deposited over the source-drain region/dummy gate
region as a hardmask protects the source-drain epitaxial film and the silicide film during
a subsequent gate formation integration process (e.q., high-k metal gate). After the
gate formation, the dielectric layer, as the hardmask, on source-drain contact region is
etched to expose the silicide film at the bottom, and one or more barrier layers are
deposited within the contact opening, along the sidewalls of the contact opening and the

bottom exposed silicide film. Thereafter, a metal contact is deposited to fill the contact
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opening. During the late silicide process, there is no silicide film deposition on source-
drain region before the gate formation. The dielectric layer, as the hardmask, is
deposited over the source-drain region/dummy gate region to protect the source-drain
epitaxial film during a subsequent gate formation integration process (e.g., high-k metal
gate). After the gate formation, the dielectric layer or hardmask on the source-drain
contact region is etched away to expose the source-drain region at the bottom.
Thereafter, the silicide film is selectively deposited on the exposed source-drain region,

and subsequently, the barrier layer and the metal contact are formed.

[0014] In one or more embodiments, the early silicide process is performed on the
substrate to deposit the metal silicide film thereon. Source-drains can be selectively
epitaxially grown on the substrate, or alternatively, a silicon surface of the substrate or
wafer can be doped to form the source-drain. A silicide film containing a metal silicide is
selectively deposited on the source-drain while not depositing on the exposed dielectric
layers between the source-drains. The substrate can be exposed to a millisecond
anneal process, such as a dynamic surface anneal (DSA) or a laser spike anneal (LSA),
to activate the dopants in the source-drain regions. For example, the millisecond
anneal process includes heating the substrate to a temperature of about 800°C to about
1,300°C, about 1,000°C to about 1,300°C, about 1,100°C to about 1,250°C, or about
1,150°C to about 1,200°C for a period of about 0.05 milliseconds to about 5
milliseconds, about 0.1 milliseconds to about 2 milliseconds, about 0.2 millisecond to

about 1 millisecond, or about 0.5 millisecond to about 1 millisecond.

[0015] In early silicide process, a hardmask, such as a silicon nitride layer, can be
deposited on the silicide film over the source-drain. Gate devices (e.g., high-K dielectric
layer and metal gates) are formed bridging pairs of source-drain regions. A dielectric
layer is deposited over the gate devices and any of the hardmask and/or the silicide film
which may be exposed. A spike anneal is used to stabilize the dielectric layer. The
substrate containing the silicide film and the dielectric layer can be heated to a
temperature in a range from about 600°C to about 1,200°C, about 600°C to about
1,000°C, about 700°C to about 1,100°C, about 800°C to about 1,000°C, or about 850°C
to about 950°C, for a period of about 0.2 seconds to about 5 seconds, such as about
0.5 seconds to about 3 seconds or about 1 second to about 2 seconds, during the spike
anneal process. The dielectric layer is etched or otherwise opened above the source-

drain region to expose the silicide film therebelow. One or more barrier layers (e.g.,
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metal-containing barrier layers) can be deposited on the sidewalls of the contact
opening, as well as across the exposed silicide film within the contact opening. The
barrier layer is exposed to a contact spike anneal. The substrate containing the silicide
film, the dielectric layer, and the barrier layer can be heated to a temperature in a range
from about 500°C to about 800°C, such as about 550°C to about 650°C, for a period of
about 10 seconds to about 2 minutes, such as about 30 seconds to about 1 minute,
during the spike anneal process. Thereafter, one or more contact metals can be formed

on the barrier layer within the contact opening.

[0016] In other embodiments, the late silicide process is performed on the substrate
to deposit a metal silicide film thereon. Source-drains can be selectively epitaxially
grown on the substrate, or alternatively, a silicon surface of the substrate or wafer can
be doped to form the source-drain. A hardmask, such as a silicon nitride layer, can be
deposited on the source-drain regions. Gate devices (e.g., metal gates) are formed
bridging pairs of source-drain regions. A dielectric layer is deposited over the gate
devices. The dielectric layer is etched or otherwise opened above the source-drain
region to form contact opening and expose the source-drain layers below. A silicide film
containing a metal silicide can be selectively deposited on the source-drain layers while
not depositing on the exposed sidewalls of the contact openings. One or more barrier
layers (e.g., metal-containing barrier layers) can be deposited on the sidewalls of the
contact opening, as well as across the exposed silicide film within the contact opening.
The substrate containing the silicide film, the dielectric layer, and the barrier layer can
be heated to a temperature in a range from about 500°C to about 800°C, such as about
550°C to about 650°C, for a period of about 10 seconds to about 2 minutes, such as
about 30 seconds to about 1 minute, during the spike anneal process. One or more

contact metals can be formed on the barrier layer within the contact opening.

[0017] In other embodiments, the substrate containing at least the silicide film is
exposed to an annealing process, such as a soak anneal process, in an early or late
silicide process. The substrate can be heated to a temperature in a range from about
500°C to about 800°C, about 500°C to about 700°C, about 550°C to about 750°C, or
about 600°C to about 700°C for a period of about 10 seconds to about 5 minutes, about
15 seconds to about 4 minutes, about 20 seconds to about 3 minutes, or about 30

seconds to about 2 minutes during the soak anneal process. For example, the
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temperature can be in a range from about 500°C to about 700°C for a period of about

10 seconds to about 1 minute during the soak anneal process.

[0018] In one or more embodiments, the silicide film is deposited on a silicon-
containing surface of the substrate, such as an upper surface of a source-drain region
or extension formed within a MOSFET, during a silicide deposition process. The silicide
deposition process can be the early silicide process (e.g., prior to forming the gate and
the dielectric high-k layer and exposed by the contact opening), as depicted in Figure 1,
or the late silicide process (e.g., deposited within contact opening), not shown, as
described and discussed herein. The same film stack (e.g., source-drain layer/silicide
film/barrier layer/contact) at the source-drain can be produced by both early and late
silicide processes. In one or more examples, the silicide film can be or include titanium
silicide phosphide or another metal silicide phosphide that is deposited on an nMOS
region of the source-drain. In other examples, the silicide film can be or include a
titanium silicide boride or another metal silicide boride that is deposited on a pMOS

region of the source-drain.

[0019] Figure 1 depicts a substrate 100 containing a source/drain layer 112 that can
be selectively grown or deposited onto the surface of a wafer 110. In other examples,
the source/drain layer 112 can be formed by implanting dopant ions into the surface of
the wafer 110. The source/drain layer 112 is a silicon-containing layer. The segments
of source/drain layer 112 are bridged by a gate device 114 disposed therebetween and
on the wafer 110. Although not shown, the gate device 114 (e.g., metal gate) can
include a gate layer formed on a gate oxide layer disposed on the wafer 110 and also

include off-set layers deposited on the sides of the gate.

[0020] A silicide film 120 containing a metal silicide, as described and discussed
herein, is deposited or otherwise formed on the source/drain layer 112. A dielectric
layer 130 is deposited or otherwise over the gate device 114 and the silicide film 120.
The dielectric layer 130 can contain silicon oxide, silicon nitride, silicon oxynitride, or
any combination thereof. A contact opening is formed through the dielectric layer 130 to
expose the silicide film 120. Thereafter, one or more barrier layers 140 can be
deposited on the sidewalls of the contact opening, as well as across the exposed
silicide film 120 within the contact opening. The barrier layer 140 can be or include one,

two, or more of titanium, titanium nitride, tantalum, tantalum nitride, tungsten nitride,
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alloys thereof, or any combination thereof. A contact 142 can be formed on the barrier
layer 140 to fill the contact opening. Contacts 142 can be or include one or more
metals, such as tungsten, cobalt, copper, aluminum, alloys thereof, or any combination

thereof.

[0021] The metal silicide films, such as the silicide film 120, deposited by the
methods described and discussed herein, are more thermally stable and have a
reduced or suppressed agglomeration compared to traditional silicides when exposed to
a variety annealing processes, such as the millisecond anneal process, the spike

anneal process, the soak anneal process, and/or other anneal processes.

[0022] The silicide film containing the metal silicide metal silicide is deposited or
otherwise formed by a CVD process. A substrate having a silicon-containing surface
(e.q., source-drain layers or regions) is heated to a deposition temperature and exposed
to a deposition gas while depositing the silicide film on the silicon-containing surface. In
one or more embodiments, the deposition gas contains a silicon precursor, a titanium or
another metal precursor, and a non-metal precursor. In some examples, instead of the
titanium precursor, other metal precursors, such as a cobalt precursor, a molybdenum
precursor, a nickel precursor, or any combination thereof, are used during the CVD
process. The non-metal precursor can be or include one or more phosphorus
precursors, boron precursors, arsenic precursors, carbon precursors, nitrogen
precursors, or any combination thereof. The silicon precursor can be or include silane,
disilane, trisilane, tetrasilane, dichlorosilane, trichlorosilane, hexachlorodisilane, or any
combination thereof. The titanium precursor can be or include titanium tetrachloride,
tetrakis(dimethylamido) titanium, tetrakis(diethylamido) titanium, or any combination
thereof. The phosphorus precursor can be or include phosphine, phosphorus

trichloride, or any combination thereof.

[0023] During the CVD process, the precursors can have a variety of flow rates
depending on process conditions (e.g., process temperature, process pressure, vapor
pressure of precursor) and desired growth rate. One or more carrier gases can
accompany or be combined with any of the precursors. Exemplary carrier gases can be
or include, but are not limited to, nitrogen, hydrogen, argon, helium, or any combination
thereof. In one or more examples, the titanium or other metal precursor can have a flow

rate of about 0.1 sccm, about 1 sccm, about 2 sccm, about 5 scecm, about 10 sccm,



WO 2020/009753 PCT/US2019/033854

about 20 sccm, about 50 sccm, or about 100 sccm to about 150 scem, about 200 sccm,
about 300 sccm, about 400 sccm, about 500 sccm, about 1,000 sccm, or greater. In
other examples, the titanium or other metal precursor can have a flow rate of about 0.5
mg/min, about 1 mg/min, about 5 mg/min, about 10 mg/min or about 20 mg/min to about
25 mg/min, about 30 mg/min, about 50 mg/min, about 65 mg/min, about 80 mg/min,
about 100 mg/min, or greater. The phosphorus or other non-metal precursor can have
a flow rate of about 0.1 sccm, about 1 sccm, about 3 sccm, or about 5 scecm to about 8
sccm, about 10 scecm, about 15 scem, about 20 scem, about 25 sccm, about 50 sccm,
about 100 sccm, or greater. The silicon precursor can have a flow rate of about 0.1
sccm, about 1 sccm, about 10 sccm, about 30 sccm, or about 50 sccm to about 80
sccm, about 100 sccm, about 150 sccm, about 200 sccm, about 250 sccm, about 300
sccm, about 500 sccm, or greater. In one or more examples, the titanium or other metal
precursor has a flow rate in a range from about 1 sccm to about 10 sccm, the
phosphorus or other non-metal precursor has a flow rate in a range from about 1 sccm
to about 30 sccm, and the silicon precursor has a flow rate in a range from about 1

sccm to about 300 scem.

[0024] The silicide films contains one or more metal silicides that can be or include,
but are not limited to, titanium silicide phosphide, titanium silicide boride, titanium
silicide arsenide, titanium silicide carbide, titanium silicide nitride, cobalt silicide
phosphide, cobalt silicide boride, cobalt silicide arsenide, cobalt silicide carbide, cobalt
silicide nitride, molybdenum silicide phosphide, molybdenum silicide boride,
molybdenum silicide arsenide, molybdenum silicide carbide, molybdenum silicide
nitride, nickel silicide phosphide, nickel silicide boride, nickel silicide arsenide, nickel
silicide carbide, nickel silicide nitride, alloys thereof, dopants thereof, or any combination

thereof.

[0025] During the CVD process, the substrate is heated to the deposition
temperature and exposed to the deposition gas while forming, depositing, or otherwise
producing the silicide film. The deposition temperature can be from about 350°C, about
375°C, about 400°C, about 450°C, or about 500°C to about 550°C, about 600°C, about
650°C, about 700°C, about 750°C, or about 800°C. For example, the deposition
temperature can be from about 350°C to about 800°C, about 375°C to about 800°C,
about 400°C to about 800°C, about 400°C to about 750°C, about 400°C to about 700°C,
about 400°C to about 650°C, about 400°C to about 600°C, about 400°C to about 650°C,
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about 450°C to about 800°C, about 450°C to about 750°C, about 450°C to about 700°C,
about 450°C to about 600°C, about 450°C to about 650°C, about 500°C to about 800°C,
about 500°C to about 750°C, about 500°C to about 700°C, about 500°C to about 600°C,
or about 500°C to about 650°C.

[0026] In one or more embodiments, the silicide film contains one or more metal
silicide non-metal (MSINM) materials, where M is one or more metal elements and NM
is one or more non-metal elements. In one or more examples, the MSiINM materials
have a metal:silicon (M:Si) atomic ratio from about 2:1 to about 15:1 and a non-
metal:silicon (NM:Si) atomic ratio about 2:1 to about 12:1. In some examples, the
silicide film and/or the MSINM material has an M:Si atomic ratio from about 4:1 to about
12:1 and a NM:Si atomic ratio about 4:1 to about 10:1. In other examples, the silicide
film and/or the MSINM material has an M:Si atomic ratio from about 6:1 to about 10:1
and a NM:Si atomic ratio about 6:1 to about 10:1. For example, the silicide film and/or
the MSINM material can have an M:NM:Si atomic ratio of 10:10:1. In some examples,
the silicide film containing titanium silicide phosphide has a Ti:Si atomic ratio from about
2:1 to about 15:1 and a P:Si atomic ratio about 2:1 to about 12:1. In some examples,
the silicide film containing titanium silicide phosphide has a Ti:Si atomic ratio from about
4:1 to about 12:1 and a P:Si atomic ratio about 4:1 to about 10:1. In other examples,
the silicide film containing titanium silicide phosphide has a Ti:Si atomic ratio from about
6:1 to about 10:1 and a P:Si atomic ratio about 6:1 to about 10:1. For example, the

silicide film can have a Ti:P:Si atomic ratio of 10:10:1.

[0027] The silicide film can have a concentration of titanium or other metal (e.g., Co,
Mo, Ni) of about 40 atomic percent (at%), about 45 at%, about 50 at%, or about 52 at%
to about 55 at%, about 58 at%, about 60 at%, about 65 at%, or about 70 at%. For
example, the silicide film can have a concentration of titanium or other metal of about 40
at% to about 70 at%, about 40 at% to about 65 at%, about 40 at% to about 60 at%,
about 40 at% to about 55 at%, about 45 at% to about 70 at%, about 45 at% to about 65
at%, about 45 at% to about 60 at%, about 45 at% to about 55 at%, about 50 at% to
about 70 at%, about 50 at% to about 65 at%, about 50 at% to about 60 at%, about 50
at% to about 55 at%, about 55 at% to about 70 at%, about 55 at% to about 65 at%, or
about 55 at% to about 60 at%.
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[0028] The silicide film can have a concentration of phosphorus or other non-metal
(e.g., B, As, C, N) of about 1 at%, about 5 at%, about 10 at%, about 15 at%, about 20
at%, about 25 at%, about 30 at%, or about 32 at% to about 35 at%, about 38 at%,
about 40 at%, about 45 at%, or about 50 at%. For example, the silicide film can have a
concentration of phosphorus or other non-metal of about 1 at% to about 30 at%, about 1
at% to about 25 at%, about 1 at% to about 20 at%, about 1 at% to about 15 at%, about
1 at% to about 10 at%, about 1 at% to about 5 at%, about 1 at% to about 3 at%, about 5
at% to about 30 at%, about 5 at% to about 25 at%, about 5 at% to about 20 at%, about
5 at% to about 15 at%, about 5 at% to about 10 at%, about 5 at% to about 8 at%, about
10 at% to about 30 at%, about 10 at% to about 25 at%, about 10 at% to about 20 at%,
about 10 at% to about 15 at%, about 10 at% to about 12 at%, about 20 at% to about 50
at%, about 20 at% to about 45 at%, about 20 at% to about 40 at%, about 20 at% to
about 35 at%, about 25 at% to about 50 at%, about 25 at% to about 45 at%, about 25
at% to about 40 at%, about 25 at% to about 35 at%, about 30 at% to about 50 at%,
about 30 at% to about 45 at%, about 30 at% to about 40 at%, about 30 at% to about 35
at%, about 35 at% to about 50 at%, about 35 at% to about 45 at%, or about 35 at% to
about 40 at%.

[0029] The silicide film can have a concentration of silicon of about 1 at%, about 2
at%, about 3 at%, about 4 at%, about 5 at%, about 7 at%, about 10 at%, about 12 at%,
or about 15 at% to about 16 at%, about 18 at%, about 20 at%, about 23 at%, about 25
at%, about 28 at%, or about 30 at%. For example, the silicide film can have a
concentration of silicon of about 1 at% to about 50 at%, about 1 at% to about 40 at%,
about 1 at% to about 30 at%, about 1 at% to about 25 at%, about 1 at% to about 20
at%, about 1 at% to about 15 at%, about 2 at% to about 30 at%, about 2 at% to about
25 at%, about 2 at% to about 20 at%, about 2 at% to about 15 at%, about 5 at% to
about 30 at%, about 5 at% to about 25 at%, about 5 at% to about 20 at%, about 5 at%
to about 15 at%, about 10 at% to about 30 at%, about 10 at% to about 25 at%, about 10
at% to about 20 at%, about 10 at% to about 15 at%, about 15 at% to about 30 at%,
about 15 at% to about 25 at%, about 15 at% to about 20 at%, or about 15 at% to about
18 at%.

[0030] In one or more examples, the silicide film can include about 40 at% to about
70 at% of titanium, about 20 at% to about 50 at% of phosphorus, and about 1 at% to

about 25 at% of silicon. In some examples, the silicide film can include about 45 at% to

10
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about 65 at% of titanium, about 20 at% to about 45 at% of phosphorus, and about 2 at%
to about 20 at% of silicon. In other examples, the silicide film can include about 50 at%
to about 60 at% of titanium, about 25 at% to about 45 at% of phosphorus, and about 2
at% to about 15 at% of silicon.

[0031] The silicide film can be deposited to any desirable thickness, depending on
where and how the silicide film is used on the substrate or device. The silicide film can
have a thickness of about 5 nm, about 10 nm, about 15 nm, about 20 nm, or about 25
nm to about 30 nm, about 40 nm, about 50 nm, about 60 nm, about 80 nm, about 100
nm, about 120 nm, about 150 nm, about 200 nm, or thicker. For example, the silicide
film can have a thickness of about 5 nm to about 150 nm, about 5 nm to about 120 nm,
about 5 nm to about 100 nm, about 5 nm to about 80 nm, about 5 nm to about 50 nm,
about 5 nm to about 40 nm, about 10 nm to about 150 nm, about 10 nm to about 120
nm, about 10 nm to about 100 nm, about 10 nm to about 80 nm, about 10 nm to about
50 nm, about 10 nm to about 40 nm, about 15 nm to about 150 nm, about 15 nm to
about 120 nm, about 15 nm to about 100 nm, about 15 nm to about 80 nm, about 15 nm

to about 50 nm, about 15 nm to about 40 nm, or about 15 nm to about 30 nm.

[0032] The silicide film can have a resistivity of about 100 pQ-cm, about 125 pQ-cm,
about 150 uQ-cm, about 175 pQ-cm, or about 200 uQ-cm to about 225 pQ-cm, about
250 uQ-cm, about 275 pQ-cm, about 300 uQ-cm, about 325 pQ-cm, or about 350 pQ-
cm. For example, the silicide film can have a resistivity of about 100 uQ-cm to about
350 pQ-cm, about 125 pQ-cm to about 300 pQ-cm, about 150 pQ-cm to about 300 pQ-
cm, about 175 uQ-cm to about 300 uQ-cm, about 200 uQ-cm to about 300 pQ-cm,
about 250 uQ-cm to about 300 uQ-cm, about 125 uQ-cm to about 250 pQ-cm, about
150 pQ-cm to about 250 pQ-cm, about 175 uQ-cm to about 250 uQ-cm, or about 200
MQ-cm to about 250 uQ-cm.

[0033] In deposition processes described and discussed herein, silicide films
containing a metal silicide and/or other silicon-containing materials are deposited or
otherwise formed by CVD processes, where CVD processes can be or include atomic
layer deposition (ALD) processes and/or atomic layer epitaxy (ALE) processes.
Chemical vapor deposition includes the use of many techniques, such as thermal CVD,
plasma-assisted CVD (PA-CVD), atomic layer CVD (ALCVD), organometallic or
metalorganic CVD (OMCVD or MOCVD), laser-assisted CVD (LA-CVD), ultraviolet CVD
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(UV-CVD), hot-wire (HWCVD), reduced-pressure CVD (RP-CVD), ultra-high vacuum
CVD (UHV-CVD) and others. In one or more embodiments, thermal CVD is used to
epitaxially grow, form, or otherwise deposit silicide films, as described and discussed

herein.

[0034] Figure 2 depicts a schematic of a process system 200 that can be used to
deposit silicide films containing metal silicide. The process system 200 can be or
include one or more CVD, ALD, or ALE chambers and/or systems. The process system
200 includes a deposition or process chamber 202 having an interior volume or process
region 204, a substrate support 206, and a gas distribution system 208 (e.qg.,
showerhead). A substrate 210 can be disposed on the substrate support 206 and
processed by methods described and discussed herein. Sources 222, 224, 226, 228
are coupled to the process chamber 202 and in fluid communication with the process
region 204 via the gas distribution system 208. Sources 222, 224, 226, 228 can contain
precursors, reagents, carrier or purge gas, and other types of chemical components
used during processing. In one or more examples, the source 222 is a silicon precursor
source and contains a silicon precursor, the source 224 is a titanium or other metal
precursor source and contains a titanium or other metal precursor, the source 226 is a
phosphorus or other non-metal precursor source and contains a phosphorus or non-
metal precursor, and the source 228 is carrier or purge gas source and contains one or

more carrier gases or purge gases (e.g., N2, Hz, Ar, He, or combinations thereof).

[0035] The deposition processes for depositing the silicide films containing metal
silicide can be performed in a CVD, ALD, ALE, and other process or deposition
chambers and systems. The process or deposition chamber brings the sources into
contact with a heated substrate on which the silicide films containing a metal silicide are
deposited. The processes can be conducted at a pressure in a range from about 0.1
Torr to about 500 Torr, about 1 Torr to about 400 Torr, or about 5 Torr to about 300
Torr. The process or deposition chambers and systems that can be used to deposit the
silicide films can be or include the Epi Centura® system and the Poly Gen® system, both

available from Applied Materials, Inc., located in Santa Clara, California.

[0036] Embodiments of the present disclosure further relate to any one or more of

the following paragraphs:
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[0037] 1. A method for depositing a metal silicide, comprising: heating a substrate
having a silicon-containing surface to a deposition temperature; and exposing the
substrate to a deposition gas to deposit a silicide film on the silicon-containing surface
during a chemical vapor deposition process, wherein the deposition gas comprises a

silicon precursor, a titanium precursor, and a phosphorus precursor.

[0038] 2. A method for depositing a metal silicide, comprising: heating a substrate
having a silicon-containing surface to a deposition temperature; and exposing the
substrate to a deposition gas to deposit a silicide film on the silicon-containing surface
during a chemical vapor deposition process, wherein the deposition gas comprises a
silicon precursor, a metal precursor, and a dopant precursor, wherein the metal
precursor comprises a titanium precursor, a cobalt precursor, a molybdenum precursor,
a nickel precursor, or any combination thereof and the dopant precursor comprises a
phosphorus precursor, a boron precursor, an arsenic precursor, a carbon precursor, a

nitrogen precursor, or any combination thereof.

[0039] 3. A method for depositing a metal silicide, comprising: heating a substrate
having a silicon-containing surface to a deposition temperature in a range from about
400°C to about 750°C, wherein the silicon-containing surface is an upper surface of a
source-drain; exposing the substrate to a deposition gas to deposit a silicide film on the
silicon-containing surface during a chemical vapor deposition process, wherein the
deposition gas comprises a silicon precursor, a titanium precursor, and a non-metal
precursor; depositing a dielectric layer or a metal-containing barrier on the silicide film;
and annealing the substrate containing the silicide film to a temperature of about 600°C

or greater.

[0040] 4. The method of paragraph 3, wherein the non-metal precursor comprises a
phosphorus precursor, a boron precursor, an arsenic precursor, a carbon precursor, a

nitrogen precursor, or any combination thereof.

[0041] 5. The method according to any one of paragraphs 1-4, wherein the silicide
film comprises a titanium silicide boride and is deposited on a pMOS region of the

source-drain.

13



WO 2020/009753 PCT/US2019/033854

[0042] 6. The method according to any one of paragraphs 1-4, wherein the silicide
film comprises a titanium silicide phosphide and is deposited on an nMOS region of the

source-drain.

[0043] 7. The method according to any one of paragraphs 1-6, wherein the

deposition temperature is in a range from about 400°C to about 750°C.

[0044] 8. The method according to any one of paragraphs 1-7, wherein the silicide
film has a Ti:Si atomic ratio from about 2:1 to about 15:1 and a P:Si atomic ratio about
2:1 to about 12:1.

[0045] 9. The method according to any one of paragraphs 1-8, wherein the silicide
film comprises about 40 atomic percent (at%) to about 70 at% of titanium, about 1 at%

to about 50 at% of phosphorus, and about 1 at% to about 25 at% of silicon.

[0046] 10. The method according to any one of paragraphs 1-9, wherein the silicide
film comprises about 50 at% to about 60 at% of titanium, about 25 at% to about 45 at%

of phosphorus, and about 2 at% to about 15 at% of silicon.

[0047] 11. The method according to any one of paragraphs 1-10, wherein the

silicide film has a resistivity of about 150 uQ-cm to about 300 uQ-cm.

[0048] 12. The method according to any one of paragraphs 1-11, wherein the

silicide film has a resistivity of about 200 uQ-cm to about 250 uQ-cm.

[0049] 13. The method according to any one of paragraphs 1-12, wherein the
silicide film has a thickness of about 10 nm to about 50 nm.

[0060] 14. The method according to any one of paragraphs 1-13, wherein the
silicide film has a thickness of about 15 nm to about 50 nm.

[0061] 15. The method according to any one of paragraphs 1-14, wherein the
silicide film has a thickness of about 15 nm to about 30 nm.

[0062] 16. The method according to any one of paragraphs 1-15, wherein the silicon
precursor comprises silane, disilane, trisilane, tetrasilane, dichlorosilane, trichlorosilane,

hexachlorodisilane, or any combination thereof.
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[0063] 17. The method according to any one of paragraphs 1-16, wherein the
titanium precursor comprises titanium tetrachloride, tetrakis(dimethylamido) titanium,

tetrakis(diethylamido) titanium, or any combination thereof.

[0064] 18. The method according to any one of paragraphs 1-17, wherein the
phosphorus precursor comprises phosphine, phosphorus trichloride, or any combination

thereof.

[0065] 19. The method according to any one of paragraphs 1-18, wherein during the
chemical vapor deposition process, the titanium precursor has a flow rate in a range
from about 1 sccm to about 10 sccm, the phosphorous precursor has a flow rate in a
range from about 1 sccm to about 30 sccm, and the silicon precursor has a flow rate in

a range from about 1 sccm to about 300 sccm.

[0066] 20. The method according to any one of paragraphs 1-19, wherein the
silicon-containing surface is an upper surface of a source-drain, and wherein the silicide

film is deposited thereon.

[0067] 21. The method according to any one of paragraphs 1-20, further comprising

depositing a dielectric layer or a metal-containing barrier on the silicide film.

[0068] 22. The method according to any one of paragraphs 1-21, further comprising
heating the substrate containing the silicide film to a temperature in a range from about
800°C to about 1,300°C for a period of about 0.1 milliseconds to about 2 milliseconds

during a millisecond anneal process.

[0069] 23. The method according to any one of paragraphs 1-22, further comprising
heating the substrate containing the silicide film to a temperature in a range from about
600°C to about 1,000°C for a period of about 0.5 seconds to about 3 seconds during a

spike anneal process.

[0060] 24. The method according to any one of paragraphs 1-23, further comprising
heating the substrate containing the silicide film to a temperature in a range from about
500°C to about 700°C for a period of about 10 seconds to about 1 minute during a soak

anneal process.
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[0061] 25. A process system for performing the method according to any one of
paragraphs 1-24, comprising: a process chamber having a process region containing
the substrate during the chemical vapor deposition process; a silicon precursor source
in fluid communication with the process region and containing the silicon precursor; a
titanium precursor source in fluid communication with the process region and containing
the titanium precursor; and a non-metal precursor source in fluid communication with

the process region and containing the non-metal precursor.

[0062] 26. The process system of paragraph 25, wherein the non-metal precursor
comprises a phosphorus precursor, a boron precursor, an arsenic precursor, a carbon

precursor, a nitrogen precursor, or any combination thereof.

[0063] 27. A process system for performing the method according to any one of
paragraphs 1-24, comprising: a process chamber having a process region containing
the substrate during the chemical vapor deposition process; a silicon precursor source
in fluid communication with the process region and containing the silicon precursor; a
titanium precursor source in fluid communication with the process region and containing
the titanium precursor; and a phosphorus precursor source in fluid communication with

the process region and containing the non-metal precursor.

[0064] While the foregoing is directed to implementations of the disclosure, other and
further implementations may be devised without departing from the basic scope thereof,
and the scope thereof is determined by the claims that follow. All documents described
herein are incorporated by reference herein, including any priority documents and/or
testing procedures to the extent they are not inconsistent with this text. As is apparent
from the foregoing general description and the specific embodiments, while forms of the
present disclosure have been illustrated and described, various modifications can be
made without departing from the spirit and scope of the present disclosure.
Accordingly, it is not intended that the present disclosure be limited thereby. Likewise,
the term "comprising" is considered synonymous with the term "including" for purposes
of United States law. Likewise whenever a composition, an element or a group of
elements is preceded with the transitional phrase "comprising", it is understood that we
also contemplate the same composition or group of elements with transitional phrases
"consisting essentially of," "consisting of", "selected from the group of consisting of," or

"is" preceding the recitation of the composition, element, or elements and vice versa.
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[0065] Certain embodiments and features have been described using a set of
numerical upper limits and a set of numerical lower limits. It should be appreciated that
ranges including the combination of any two values, e.g., the combination of any lower
value with any upper value, the combination of any two lower values, and/or the
combination of any two upper values are contemplated unless otherwise indicated.

Certain lower limits, upper limits and ranges appear in one or more claims below.
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What is claimed is:

1. A method for depositing a metal silicide, comprising:

heating a substrate having a silicon-containing surface to a deposition
temperature; and

exposing the substrate to a deposition gas to deposit a silicide film on the silicon-
containing surface during a chemical vapor deposition process, wherein the deposition

gas comprises a silicon precursor, a titanium precursor, and a phosphorus precursor.

2. The method of claim 1, wherein the deposition temperature is in a range from
about 400°C to about 750°C.

3. The method of claim 1, wherein the silicide film has a Ti:Si atomic ratio from
about 2:1 to about 15:1 and a P:Si atomic ratio about 2:1 to about 12:1.

4. The method of claim 1, wherein the silicide film comprises about 40 atomic
percent (at%) to about 70 at% of titanium, about 1 at% to about 50 at% of phosphorus,

and about 1 at% to about 25 at% of silicon.

5. The method of claim 1, wherein the silicide film comprises about 50 at% to about
60 at% of titanium, about 25 at% to about 45 at% of phosphorus, and about 2 at% to

about 15 at% of silicon.

6. The method of claim 1, wherein the silicide film has a resistivity of about 150 uQ-
cm to about 300 uQ-cm.

7. The method of claim 1, wherein the silicon precursor comprises silane, disilane,
trisilane, tetrasilane, dichlorosilane, trichlorosilane, hexachlorodisilane, or any
combination thereof, the titanium precursor comprises titanium tetrachloride,
tetrakis(dimethylamido) titanium, tetrakis(diethylamido) titanium, or any combination
thereof, and the phosphorus precursor comprises phosphine, phosphorus trichloride, or

any combination thereof.
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8. The method of claim 1, wherein the silicon-containing surface is an upper surface

of a source-drain, and wherein the silicide film is deposited thereon.

9. The method of claim 1, further comprising heating the substrate containing the
silicide film to a temperature in a range from about 800°C to about 1,300°C for a period

of about 0.1 milliseconds to about 2 milliseconds during a millisecond anneal process.

10.  The method of claim 1, further comprising:

heating the substrate containing the silicide film to a temperature in a range from
about 600°C to about 1,000°C for a period of about 0.5 seconds to about 3 seconds
during a spike anneal process; or

heating the substrate containing the silicide film to a temperature in a range from
about 500°C to about 700°C for a period of about 10 seconds to about 1 minute during

a soak anneal process.

11. A method for depositing a metal silicide, comprising:
heating a substrate having a silicon-containing surface to a deposition
temperature in a range from about 400°C to about 750°C, wherein the silicon-containing
surface is an upper surface of a source-drain;
exposing the substrate to a deposition gas to deposit a silicide film on the silicon-
containing surface during a chemical vapor deposition process, wherein the deposition
gas comprises a silicon precursor, a titanium precursor, and a non-metal precursor,
depositing a dielectric layer or a metal-containing barrier on the silicide film; and
annealing the substrate containing the silicide film to a temperature of about

600°C or greater.

12.  The method of claim 11, wherein the non-metal precursor comprises a
phosphorus precursor, a boron precursor, an arsenic precursor, a carbon precursor, a

nitrogen precursor, or any combination thereof.

13. The method of claim 11, wherein the silicide film comprises a titanium silicide
phosphide and is deposited on an nMOS region of the source-drain; or wherein the
silicide film comprises a titanium silicide boride and is deposited on a pMOS region of

the source-drain.
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14. A process system for performing the method of claim 13, comprising:

a process chamber having a process region containing the substrate during the
chemical vapor deposition process;

a silicon precursor source in fluid communication with the process region and
containing the silicon precursor;

a titanium precursor source in fluid communication with the process region and
containing the titanium precursor; and

a phosphorus precursor source in fluid communication with the process region

and containing the non-metal precursor.

15. A method for depositing a metal silicide, comprising:

heating a substrate having a silicon-containing surface to a deposition
temperature; and

exposing the substrate to a deposition gas to deposit a silicide film on the silicon-
containing surface during a chemical vapor deposition process, wherein the deposition
gas comprises a silicon precursor, a metal precursor, and a dopant precursor, wherein
the metal precursor comprises a titanium precursor, a cobalt precursor, a molybdenum
precursor, a nickel precursor, or any combination thereof and the dopant precursor
comprises a phosphorus precursor, a boron precursor, an arsenic precursor, a carbon

precursor, a nitrogen precursor, or any combination thereof.
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