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LOW RESISTIVITY FILMS CONTAINING MOLYBDENUM

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims benefit under 35 U.S.C. §119 to U.S. Provisional
Patent Application No. 62/483,857, filed April 10, 2017, which is incorporated by
reference herein.

BACKGROUND

[0002] The background description provided herein is for the purposes of generally
presenting the context of the disclosure. Work of the presently named inventors, to the
extent it is described in this background section, as well as aspects of the description
that may not otherwise qualify as prior art at the time of filing, are neither expressly

nor impliedly admitted as prior art against the present disclosure.

[0003] Tungsten (W) film deposition using chemical vapor deposition (CVD)
techniques is an integral part of semiconductor fabrication processes. For example,
tungsten films may be used as low resistivity electrical connections in the form of
horizontal interconnects, vias between adjacent metal layers, and contacts between a
first metal layer and the devices on a silicon substrate. Tungsten films may also be
used in various memory applications, including in formation of buried wordline
(bWL) architectures for dynamic random access memory (DRAM), and logic
applications. In an example of bWL deposition, a tungsten layer may be deposited on
a titanium nitride (TiN) barrier layer to form a TiN/W bilayer by a CVD process using
WFs. However, the continued decrease in feature size and film thickness bring
various challenges to TiN/W film stacks. These include high resistivity for thinner

films and deterioration of TiN barrier properties.
SUMMARY

[0004] One aspect of the disclosure relates to methods including providing a
tungsten (W)-containing layer on a substrate; and depositing a molybdenum (Mo)-
containing layer on the W-containing layer. In some embodiments, the W-containing
layer is a WCN layer. In some embodiments, the W-containing layer is a W
nucleation layer. In some embodiments, the W-containing layer is deposited from one
or more tungsten chloride precursors. In some embodiments, the Mo-containing layer

is a Mo layer having less than 1 (atomic) % impurities. In some embodiments, the

1
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method includes thermally annealing the Mo-containing layer. In some embodiments,
the Mo-containing layer is deposited by exposing the W-containing layer to a
reducing agent and a Mo-containing precursor selected from: molybdenum
hexafluoride (MoFg), molybdenum pentachloride (MoCls), molybdenum dichloride
dioxide (MoO,Cl,), molybdenum tetrachloride oxide (MoOCl4), and molybdenum
hexacarbonyl (Mo(CO)s). In some embodiments, a substrate temperature during
exposure to the Mo-containing precursor is less than 550°C. In some embodiments,
the substrate is exposed to the reducing agent at first substrate temperature and is
exposed to the Mo-containing precursor at a second substrate temperature, wherein
the first substrate temperature is less than the second substrate temperature. In some
embodiments, the reducing agent is a mixture of a boron-containing reducing agent

and a silicon-containing reducing agent.

[0005] Another aspect of the disclosure relates to method including flowing a
reducing agent gas to a process chamber housing a substrate, at a first substrate
temperature to form a conformal reducing agent layer on the substrate; and exposing
the conformal reducing agent layer to a molybdenum (Mo)-containing precursor at a
second substrate temperature to convert the reducing agent layer to molybdenum. In
some embodiments, the first substrate temperature is less than the second substrate
temperature. In some embodiments, the reducing agent is a mixture of a boron-
containing reducing agent and a silicon-containing reducing agent. In some
embodiments, the first substrate temperature is no more than 400°C and the second
substrate temperature is at least 500°C. In some embodiments, the methods further

include annealing the molybdenum.

[0006] Another aspect of the disclosure relates to a method including pulsing a
reducing agent, wherein the reducing agent is boron (B)-containing, silicon (Si)-
containing or germanium (Ge)-containing; and pulsing a Mo-containing precursor,
wherein the Mo-containing precursor is reduced by the reducing agent or a product
thereof to form a multi-component tungsten-containing film containing one or more
of B, Si, and Ge on the substrate. In some embodiments, the multi-component
tungsten-containing film contains between 5% and 60 % (atomic) B, Si, or Ge. In
some embodiments, the between 5% and 60% (atomic) B, Si, or Ge is provided by the

reducing agent.
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[0007] Another aspect of the disclosure are apparatuses for performing the methods
disclosed herein. These and other features are discussed further with respect to the

drawings.

BRIEF DESCRIPTIONS OF DRAWINGS

[0008] Figures 1A and 1B are schematic examples of material stacks that include

molybdenum (Mo) according to various embodiments.

[0009] Figure 2 depicts a schematic example of a DRAM architecture including a
Mo buried wordline (bWL).

[0010] Figure 3A depicts a schematic example of a Mo wordline in a 3D NAND

structure.

[0011] Figure 3B depicts a 2-D rendering of 3-D features of a partially-fabricated
3D NAND structure after Mo fill including a Mo wordline and a conformal barrier

layer.

[0012] Figure 4A and 4B provide process flow diagrams for methods performed in

accordance with disclosed embodiments.

[0013] Figures 5 and 6 are graphs showing Mo thickness (Angstroms) vs. CVD
Duration (seconds) and Mo Resistivity (uQ-cm) vs Mo thickness (Angstroms),
respectively, for various substrate temperatures and chamber pressures for CVD

deposition of Mo on tungsten (W) nucleation layers.

[0014] Figures 7 and 8 are graphs showing Mo growth rate and resistivity vs Mo
film thickness, respectively, for CVD deposition of Mo on WCN at various substrate

temperatures and chamber pressures.

[0015] Figure 9 is a graph showing thickness and resistivity of a CVD deposited Mo

layer as a function of WCN underlayer thickness.

[0016] Figure 10 is a graph showing the reduction in stack resistivity for Mo stacks

of various thicknesses deposited on 2 nm WCN after anneal at 800°C.

[0017] Figure 11 is a block diagram of a processing system suitable for conducting

deposition processes in accordance with embodiments described herein.
DETAILED DESCRIPTION

[0018] In the following description, numerous specific details are set forth to
3
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provide a thorough understanding of the presented embodiments. The disclosed
embodiments may be practiced without some or all of these specific details. In other
instances, well-known process operations have not been described in detail to not
unnecessarily obscure the disclosed embodiments. While the disclosed embodiments
will be described in conjunction with the specific embodiments, it will be understood

that it is not intended to limit the disclosed embodiments.

[0019] Provided herein are low resistance metallization stack structures for logic
and memory applications. Figures 1A and 1B are schematic examples of material
stacks that include molybdenum (Mo) according to various embodiments. Figures 1A
and 1B illustrate the order of materials in a particular stack and may be used with any
appropriate architecture and application, as described further below with respect to
Figures 2 and 3. In the example of Figure 1A, a substrate 102 has a Mo layer 108 is
deposited thereon. The substrate 102 may be a silicon or other semiconductor wafer,
e.g., a 200-mm wafer, a 300-mm wafer, or a 450-mm wafer, including wafers having
one or more layers of material, such as dielectric, conducting, or semi-conducting
material deposited thereon. The methods may also be applied to form metallization

stack structures on other substrates, such as glass, plastic, and the like.

[0020] In Figure 1A, a dielectric layer 104 is on the substrate 102. The dielectric
layer 104 may be deposited directly on a semiconductor (e.g., Si) surface of the
substrate 102, or there may be any number of intervening layers. Examples of
dielectric layers include doped and undoped silicon oxide, silicon nitride, and
aluminum oxide layers, with specific examples including doped or undoped layers
Si0; and Al,Os. Also, in Figure 1A, a diffusion barrier layer 106 is disposed between
the Mo layer 108 and the dielectric layer 104. Examples of diffusion barrier layers
including titanium nitride (TiN), titanium/titanium nitride (Ti/TiN), tungsten nitride
(WN), and tungsten carbon nitride (WCN). Further examples diffusion barriers are
multi-component Mo-containing films as described further below. The Mo layer 108
is the main conductor of the structure. As discussed further below, the Mo layer 108
may include a Mo nucleation layer and a bulk Mo layer. Further, in some
embodiments, the Mo layer 108 may be deposited on a tungsten (W) or W-containing

growth initiation layer.
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[0021]  Figure 1B shows another example of a material stack. In this example, the
stack includes the substrate 102, dielectric layer 104, with Mo layer 108 deposited on
the dielectric layer 104, without an intervening diffusion barrier layer. As in the
example of Figure 1A, the Mo layer 108 may include a Mo nucleation layer and a
bulk Mo layer, and, in some embodiments, the Mo layer 108 may be deposited on a
tungsten (W) or W-containing growth initiation layer. By using Mo, which has a
lower electron mean free path than W, as the main conductor, lower resistivity thin

films can be obtained.

[0022] While Figures 1A and 1B show examples of metallization stacks, the
methods and resulting stacks are not so limited. For example, in some embodiments,
Mo may be deposited directly on a Si or other semiconductor substrate, with or

without a W initiation layer.

[0023] The material stacks described above and further below may be employed in
a variety of embodiments. Figures 2, 3A, and 3B provide examples of structures in
which the Mo-containing stacks may be employed. Figure 2 depicts a schematic
example of a DRAM architecture including a Mo buried wordline (bWL) 208 in a
silicon substrate 202. The Mo bWL is formed in a trench etched in the silicon
substrate 202. Lining the trench is a conformal barrier layer 206 and an insulating
layer 204 that is disposed between the conformal barrier layer 206 and the silicon
substrate 202. In the example of Figure 2, the insulating layer 204 may be a gate
oxide layer, formed from a high-k dielectric material such as a silicon oxide or silicon
nitride material. In some embodiments disclosed herein the conformal barrier layer is
TiN or tungsten-containing layer. In some embodiments, it TiN is used as a barrier, a
conformal tungsten-containing growth initiation layer may be present between the
conformal barrier layer 206 and the Mo bWL 208. Alternatively, the Mo bWL 208

may be deposited directly on a TiN or other diffusion barrier.

[0024] Figure 3A depicts a schematic example of a Mo wordline 308 in a 3D
NAND structure 323. In Figure 3B, a 2-D rendering of 3-D features of a partially-
fabricated 3D NAND structure after Mo fill, is shown including the wordline 308 and
a conformal barrier layer 306. Figure 3B is a cross-sectional depiction of a filled area
with the pillar constrictions 324 shown in the figure representing constrictions that

would be seen in a plan rather than cross-sectional view. The conformal barrier layer
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306 may be a TiN or tungsten-containing layer as described above with respect to the
conformal barrier layer 206 in Figure 2. In some embodiments, a tungsten-containing
film may serve as a barrier layer and a nucleation layer for subsequent CVD Mo
deposition as discussed below. If TiN is used as a barrier, a conformal tungsten-
containing growth initiation layer may be present between the barrier and the
wordline. Alternatively, the Mo wordline 308 may be deposited directly on a TiN or

other diffusion barrier.

[0025] The methods of forming Mo-containing stacks include vapor deposition
techniques such as CVD and pulsed nucleation layer (PNL) deposition. In a PNL
technique, pulses of a co-reactant, optional purge gases, and Mo-containing precursor
are sequentially injected into and purged from the reaction chamber. The process is
repeated in a cyclical fashion until the desired thickness is achieved. PNL broadly
embodies any cyclical process of sequentially adding reactants for reaction on a
semiconductor substrate, including atomic layer deposition (ALD) techniques. PNL
may be used for deposition of Mo nucleation layers and/or W-based growth initiation
layers in the methods described herein. A nucleation layer is typically a thin
conformal layer that facilitates subsequent deposition of bulk material thereon.
According to various implementations, a nucleation layer may be deposited prior to

any fill of the feature and/or at subsequent points during fill of the feature.

[0026] PNL techniques for depositing tungsten nucleation layers are described in
U.S. Patent Nos. 6,635,965; 7,005,372; 7,141,494; 7,589,017, 7,772,114, 7,955,972
and 8,058,170. Nucleation layer thickness can depend on the nucleation layer
deposition method as well as the desired quality of bulk deposition. In general,
nucleation layer thickness is sufficient to support high quality, uniform bulk

deposition. Examples may range from 10A-100A.

[0027] In many implementations, deposition of the Mo bulk layer can occur by a
CVD process in which a reducing agent and a Mo-containing precursor are flowed
into a deposition chamber to deposit a bulk layer in the feature. An inert carrier gas
may be used to deliver one or more of the reactant streams, which may or may not be
pre-mixed. Unlike PNL or ALD processes, this operation generally involves flowing
the reactants continuously until the desired amount is deposited. In certain

implementations, the CVD operation may take place in multiple stages, with multiple
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periods of continuous and simultaneous flow of reactants separated by periods of one

or more reactant flows diverted.

[0028] Mo-containing precursors include molybdenum hexafluoride (MoFs),
molybdenum pentachloride (MoCls), molybdenum dichloride dioxide (MoO,Cl,),
molybdenum tetrachloride oxide (MoOCly), and molybdenum hexacarbonyl
(Mo(CO)s). Organometallic precurors such as molybdenum silylcyclopentadienyl
and molybdenum silylallyl complexes may be used. Mo-containing precursors may
be halide precursors, which include MoFs and MoCls as well as mixed halide
precursors that have two or more halogens that can form a stable molecule. An
example of a mixed halide precursor i1s MoClBry with x and y being any number

greater than O that can form a stable molecule.

Mo-containing layer on a W-based growth initiation layer

[0029] In certain embodiments, structures including a molybdenum (Mo)-
containing layer on a tungsten (W)-based growth initiation layer are provided. Also

provided are methods of forming Mo-containing films.

[0030] The W-based growth initiation layer may be any W-containing layer. In
some embodiments, it is a nucleation layer, i.e., a thin conformal layer that serves to
facilitate the subsequent formation of a bulk material thereon. In some embodiments,
the W-based growth initiation layer is a bulk W-containing layer, which itself may be
deposited on a nucleation layer. When used for feature fill, a nucleation layer may be
deposited to conformally coat the sidewalls and bottom of the feature. Conforming to
the underlying feature bottom and sidewalls can be critical to support high quality
deposition. According to various embodiments, the W-based growth initiation layer
may be deposited by one or both of PNL and CVD. For example, a CVD layer may
be deposited on a PNL layer.

[0031] In some embodiments, the W-containing layer is an elemental W layer.
Such layers may be deposited by any appropriate methods include PNL or CVD
methods. Elemental W is distinguished from binary films such as WC or WN and
ternary films like WCN, though it may include some amount of impurities. It may be

referred to as a W layer or W film.

[0032] In some embodiments, the W-based growth layer is a low resistivity W

(LRW) film. Deposition of low resistivity tungsten according to certain embodiments
7
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is described in U.S. Patent No. 7,772,114. In particular, the ‘114 patent describes
exposing a PNL W nucleation layer to a reducing agent prior to CVD deposition of W
on the PNL W layer. LRW films have large grain sizes that provide good templates
for large Mo grain growth.

[0033] In some embodiments, the W-based growth layer is a PNL W nucleation
layer deposited using one or more of a boron-containing reducing agent (e.g., B;Hg)
or a silicon-containing reducing agent (e.g., SiHys) as a co-reactant. For example, one
or more S/W cycles, where S/W refers to a pulse of silane followed by a pulse of
tungsten hexafluoride (WFs) or other tungsten-containing precursor, may be
employed to deposit a PNL W nucleation layer on which a Mo layer is deposited. In
another example, one or more B/W cycles, where B/W refers to a pulse of diborane
followed by a pulse of WFs or other tungsten-containing precursor, may be employed
to deposit a PNL W nucleation layer on which a Mo layer is deposited. B/W and S/W
cycles may both be used to deposit a PNL W nucleation layer. Examples of PNL
processes using one or both of a boron-containing reducing agent and a silicon-
containing reducing agent are described in U.S. Patent Nos. 7,262,125; 7,589,017,
7,772,114; 7,955,972; 8,058,170; 9,236,297 and 9,583,385.

[0034] In some embodiments, the W-based growth layer is a W layer or other W-
containing layer deposited using a tungsten chloride (WCly) precursor such as
tungsten hexachloride (WCls) or tungsten pentachloride (WCls). Deposition of W-
containing layers using tungsten chlorides is described in U.S. Patent No. 9,595,470;
U.S. Patent Publication No. 20150348840, and U.S. Patent Application No.
15/398,462.

[0035] In some embodiments, the W-based growth layer is a low fluorine W layer.
U.S. Patent No. 9,613,818, describes sequential CVD methods of depositing a low-
fluorine W layer. U.S. Patent Publication No. 2016/0351444 describes PNL methods

of depositing low fluorine W layers.

[0036] In some embodiments, the W-based growth layer is a WN, WC, or WCN
film. Methods of depositing one or more of WN, WC, or WCN are described in each
of U.S. Patent Nos. 7,005,372; 8,053,365, 8,278,216; and U.S. Patent Application No.
15/474,383.

[0037] The W-based growth layers are not limited to the examples given above, but
8
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may be any W or other W-containing film deposited by any appropriate method
including ALD, PNL, CVD, or physical vapor deposition (PVD) methods. ALD,
PNL, and CVD deposition involves exposure to a W-containing precursor. In
addition to the WF¢ and WCly precursors, examples of W-containing precursors
include tungsten hexacarbonyl (W(CO)s) and organo-metallic precursors such as
MDNOW  (methylcyclopentadienyl-dicarbonylnitrosyl-tungsten) and EDNOW
(ethylcyclopentadienyl-dicarbonylnitrosyl-tungsten). In many ALD, PNL, and CVD
deposition processes, a reducing agent is used to reduce the W-containing precursor.
Examples include hydrogen gas (H,), silane (SiHy), disilane (Si;He) hydrazine (N;Hy),
diborane (B;Hg) and germane (GeHy).

[0038] Also as noted above, the W-containing films described herein may include
some amount of other compounds, dopants and/or impurities such as nitrogen, carbon,
oxygen, boron, phosphorous, sulfur, silicon, germanium and the like, depending on
the particular precursors and processes used. The tungsten content in the film may
range from 20% to 100% (atomic) tungsten. In many implementations, the films are
tungsten-rich, having at least 50% (atomic) tungsten, or even at least about 60%, 75%,
90%, or 99% (atomic) tungsten. In some implementations, the films may be a
mixture of elemental tungsten (W) and other tungsten-containing compounds such as

WC, WN, etc.

[0039] The Mo-containing film may be deposited on the W-based growth initiation
layer by any appropriate method including ALD or CVD. In some embodiments,
sequential CVD processes may be used. Sequential CVD processes are described in

U.S. Patent No. 9,613,818, incorporated by reference herein.

[0040] Deposition of Mo-containing films may involve exposing the W-based
growth initiation layer to a Mo-containing precursor and a reducing agent or other co-
reactant, either simultaneously or sequentially.  Examples of Mo-containing
precursors include MoFgs, MoCls, MoOCl,, and Mo(CO)s. Organometallic precurors
such as molybdenum silylcyclopentadienyl and molybdenum silylallyl complexes
may be used. Mo film purity (e.g., as measured by O content) can be tuned by

varying the precursor and co-reactant partial pressures.

[0041] Substrate temperature during Mo deposition may be between 300°C to
750°C, and in particular embodiments, between 450°C and 550°C.  Substrate

9
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temperature will depend on the thermal budget and the deposition chemistry.
Thermal budget depends on the applications, while high deposition temperature may
not be an issue for memory applications, it can exceed the thermal budget for logic

applications.

[0042] The presence of the W-containing growth initiation layer allows the
deposition to be performed at lower temperatures. For example, Mo deposition from
MoCls or MoOCIl, cannot be performed at temperatures less than 550°C due to the
strength of the Mo-CI bond. However, with a W-containing growth initiation layer,
the deposition can be performed at less than 550°C. Chamber pressure during Mo

deposition may be, for example, 5 torr to 60 torr.

[0043] In some embodiments, H, is used as reducing agent, rather than a stronger
reducing agent such SiH, or B,Hs. These stronger reducing agents can result in an
undesirable oxygen rich interface when using an oxygen-containing Mo-containing
precursor. The Mo-containing film may an elemental Mo film, although such films
may include some amount of other compounds, dopants and/or impurities depending

on the particular precursors and processes used.

Mo-containing layer on a PNL-deposited Mo nucleation layer

[0044] In certain embodiments, a Mo-containing layer may be deposited without the
use of a W-based growth initiation layer. For example, an elemental Mo layer may be
deposited on a TiN or dielectric layer. For certain precursors, deposition temperatures
may be relatively high (above 550°C) to obtain deposition. CVD deposition using
chlorine-containing precursors such as MoOCls, MoOCls, and MoO,Cl, may be
performed at temperatures of greater than 550°C on TiN and dielectric surfaces. At
lower temperatures, CVD deposition may be performed on any surface using a W-
based growth initiation layer as described above. Further, in some embodiments,
CVD deposition may be performed on any surface using a Mo-containing nucleation

layer deposited by a PNL process.

[0045] As described above, in a PNL process, pulses of a co-reactant, optional
purge gases, and Mo-containing precursor are sequentially injected into and purged
from the reaction chamber. In some embodiments, a Mo nucleation layer deposited
using one or more of a boron-containing reducing agent (e.g., BoHg) or a silicon-

containing reducing agent (e.g., SiHy) as a co-reactant. For example, one or more
10
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S/Mo cycles, where S/Mo refers to a pulse of silane followed by a pulse of a Mo-
containing precursor, may be employed to deposit a PNL Mo nucleation layer on
which a CVD Mo layer is deposited. In another example, one or more B/Mo cycles,
where B/Mo refers to a pulse of diborane followed by a pulse of a Mo-containing
precursor, may be employed to deposit a PNL Mo nucleation layer on which a CVD
Mo layer is deposited. B/Mo and S/Mo cycles may both be used to deposit a PNL Mo
nucleation layer, e.g., x(B/Mo) + y(S/Mo), with x and y being integers. For PNL
deposition of a Mo nucleation layers, in some embodiments, the Mo-containing
precursor may be a non-oxygen containing precursor, €.g., MoFs or MoCls. Oxygen
in oxygen-containing precursors may react with a silicon- or boron-containing
reducing agent to form MoSi,Oy or MoBOy, which are impure, high resistivitiy films.
Oxygen-containing precursors may be used with oxygen incorporation minimized. In
some embodiments, H, may be used as a reducing gas instead of a boron-containing
or silicon-containing reducing gas. Example thicknesses for deposition of a Mo
nucleation layer range from 5 A to 30 A. Films at the lower end of this range may not
be continuous; however, as long as they can help initiate continuous bulk Mo growth,
the thickness may be sufficient. In some embodiments, the reducing agent pulses may
be done at lower substrate temperatures than the Mo precursor pulses. For example,
or B,Hg or a SiH, (or other boron- or silicon-containing reducing agent) pulse may be
performed at a temperature below 300°C, with the Mo pulse at temperatures greater

than 300°C.

Mo deposition using a reducing agent layer

[0046] Deposition at lower temperatures (below 550°C) may also be performed
directly on non-W surfaces such as dielectric and TiN surfaces by a process as shown
in Figure 4A. It may also be used on W-containing surfaces. Figure 4A provides a
process flow diagram for a method performed in accordance with disclosed
embodiments. Operations 402-408 of Figure 4A may be performed to form a

conformal Mo layer directly at least a dielectric surface or other surface.

[0047] In operation 402, the substrate is exposed to a reducing agent gas to form a
reducing agent layer. In some embodiments, the reducing agent gas may be a silane, a
borane, or a mixture of a silane and diborane. Examples of silanes including SiH, and

Si;Hg and examples of boranes include diborane (B,Hs), as well as ByHpra, BaHunss,

11
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BuHyts, BoaHm, where n is an integer from 1 to 10, and m is a different integer than m.
Other boron-containing compounds may also be used, e.g., alkyl boranes, alkyl boron,
aminoboranes (CHj3),NB(CH;),, carboranes such as C;BsHnn. In  some
implementations, the reducing agent layer may include silicon or silicon-containing
material, phosphorous or a phosphorous-containing material, germanium or a
germanium-containing material, boron or boron-containing material that is capable of
reducing a tungsten precursor and combinations thereof. Further example reducing
agent gases that can be used to form such layers include PHs, SiH,Cl,, and GeH,.
According to various embodiments, hydrogen may or may not be run in the
background. (While hydrogen can reduce tungsten precursors, it does not function as
a reducing agent in a gas mixture with a sufficient amount of stronger reducing agents

such as silane and diborane.)

[0048] In some embodiments, the reducing agent gas is a mixture including a small
amount of a boron-containing gas, such as diborane, with another reducing agent.
The addition of a small amount of a boron-containing gas can greatly affect the
decomposition and sticking coefficient of the other reducing agent. It should be noted
that exposing the substrate sequentially to two reducing agents, e.g., silane and
diborane may be performed. However, flowing a mixture of gases can facilitate the
addition of very small amounts of a minority gas, e.g., at least a 100:1 ratio of silane
to diborane. In some embodiments, a carrier gas may be flowed. In some
embodiments, a carrier gas, such as nitrogen (N), argon (Ar), helium (He), or other

inert gases, may be flowed during operation 402.

[0049] In some embodiments, a reducing agent layer may include elemental silicon
(Si), elemental boron (B), elemental germanium (Ge), or mixtures thereof.  For
example, as described below, a reducing agent layer may include Si and B. The
amount of B may be tailored to achieve high deposition rate of the reducing agent
layer but with low resistivity. In some embodiments, a reducing agent layer may have
between 5% and 80% B for example, or between 5% and 50% B, between 5% and
30%, or between 5% and 20% B, with the balance consisting essentially of Si and in
some cases, H. Hydrogen atoms be present, e.g., SiH,, BHy, GeH,, or mixtures
thereof where x, y, and z may independently be between 0 and a number that is less

than the stoichiometric equivalent of the corresponding reducing agent compound.
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[0050] In some embodiments, the composition may be varied through the thickness
of the reducing agent layer. For example, a reducing agent layer may be 20% B at the
bottom of the reducing agent layer and 0% B the top of the layer. The total thickness
of the reducing agent layer may be between 10A and 50A, and is some embodiments,
between 15A and 40A, or 20A and 30A. The reducing agent layer conformally lines

the feature.

[0051] Substrate temperature during operation 402 may be maintained at a
temperature T1 for the film to be conformal. If temperature is too high, the film may
not conform to the topography of the underlying structure. In some embodiments,
step coverage of greater than 90% or 95% is achieved. For silane, diborane, and
silane/diborane mixtures, conformality is excellent at 300°C and may be degraded at
temperatures of 400°C or higher. Thus, in some embodiments, temperature during
operation 202 is at most 350°C, or even at most 325°C, at most 315°C, or at most
300°C. In some embodiments, temperatures of less than 300°C are used. For

example, temperatures may be as low as 200°C.

[0052] Operation 402 may be performed for any suitable duration. In some
examples, Example durations include between about 0.25 seconds and about 30
seconds, about 0.25 seconds and about 20 seconds, about 0.25 seconds and about 5

seconds, or about 0.5 seconds and about 3 seconds.

[0053] In operation 404, the chamber is optionally purged to remove excess
reducing agent that did not adsorb to the surface of the substrate. A purge may be
conducted by flowing an inert gas at a fixed pressure thereby reducing the pressure of
the chamber and re-pressurizing the chamber before initiating another gas exposure.
Example inert gases include nitrogen (N,), argon (Ar), helium (He), and mixtures
thereof. The purge may be performed for a duration between about 0.25 seconds and
about 30 seconds, about 0.25 seconds and about 20 seconds, about 0.25 seconds and

about 5 seconds, or about 0.5 seconds and about 3 seconds.

[0054] In operation 406, the substrate is exposed to a Mo-containing precursor at a
substrate temperature T2. Examples of Mo-containing compounds are given above
and include chlorides and oxychlorides. Use of oxygen-containing precursors can
lead to impurity incorporation and higher resistivity. However, if oxygen is

incorporated, a very thin, possibly discontinuous reducing agent layer may be used for
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an acceptable resistivity. In some embodiments, a carrier gas, such as nitrogen (N»),
argon (Ar), helium (He), or other inert gases, may be flowed during operation 406.

Examples of temperatures are 500°C to 700°C.

[0055] Operation 406 may be performed for any suitable duration. In some
embodiments, it may involve a soak of the Mo-containing precursor and in some
embodiments, a sequence of Mo-containing precursor pulses. According to various
embodiments, operation 406 may or may not be performed in the presence of H,. If
H; is used, in some embodiments, it and the Mo-containing precursor may be applied

in an ALD-type mode. For example:
Pulse of H,
Argon purge
Pulse of Mo-containing precursor with or without H, in background
Argon purge
Repeat

[0056] The substrate temperature T2 is high enough that the Mo-containing
precursor reacts with the reducing agent layer to form elemental Mo. The entire
reducing agent layer is converted to Mo. In some embodiments, the temperature is at
least 450°C, and may be at least 550°C to obtain conversion of at or near 100%. The
resulting feature is now lined with a conformal film of Mo. It may be between 10A
and 50A, and is some embodiments, between 15A and 40A, or 20A and 30A. In
general, it will be about the same thickness as the reducing agent layer. In some
embodiments, it may be may be up to 5% thicker than the reducing agent layer due to
volumetric expansion during the conversion. In some embodiments, a CVD Mo layer

may be deposited on the conformal Mo layer.

Multi-Component Mo Film

[0057] In some embodiments, a multi-component Mo-containing film is provided.
In some such embodiments, the multi-component Mo-containing film may include
one or more of boron (B), silicon (Si), or germanium (Ge). Figure 4B provides a
process flow diagram for a method performed in accordance with disclosed

embodiments.
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[0058] First, a substrate is exposed to a reducing agent pulse (452). In some
embodiments, a surface that is exposed to the reducing agent pulse on which the film
is formed is a dielectric. According to various embodiments, the film may be formed

on other types of surfaces including conducting and semiconducting surfaces.

[0059] The reducing agent employed in block 452 will reduce a Mo-containing
precursor employed in a subsequent operation as well as provide a compound to be
incorporated into the resulting film. Examples of such reducing agents include boron-
containing, silicon-containing, and germanium-containing reducing agents. Examples
of boron-containing reducing agents include boranes such ByHu+4, BaHnis, BaHuos,
B,H;,, where n is an integer from 1 to 10, and m is a different integer than m. In
particular examples, diborane may be employed. Other boron-containing compounds
may also be used, e.g., alkyl boranes, alkyl boron, aminoboranes (CH3) ;NB(CH,),,
and carboranes such as C,B,Hy1». Examples of silicon-containing compounds include
silanes such as SiH4 and Si;Hg. Examples of germanium-containing compounds
include germanes, such as GeyHuta, GenHuts, GenHuts, and Ge,Hp, where n is an
integer from 1 to 10, and n 1s a different integer than m. Other germanium-containing
compounds may also be used, e.g., alkyl germanes, alkyl germanium, aminogermanes

and carbogermanes.

[0060] According to various embodiments, block 452 may involve adsorption of a
thin layer of thermally decomposed elemental boron, silicon , or germanium onto the
surface of the substrate. In some embodiments, block 452 may involve adsorption of

a precursor molecule onto substrate surface.

[0061] Next, the chamber in which the substrate sits may be optionally purged
(454). A purge pulse or an evacuation can be employed to remove any byproduct, if
present, and unadsorbed precursor. This is followed by a pulse of a Mo-containing
precursor (456). In some embodiments, the Mo-containing precursor is a Cl-
containing precursor such as MoOCly, MoO,Cl, and MoCls. An optional purge
(457) may be performed after block 456 as well. The Mo-containing precursor is
reduced by the reducing agent (or a decomposition or reaction product thereof) to

form the multi-component film.

[0062] A deposition cycle will typically deposit a portion of the Mo-containing

layer. After block 457, a deposition cycle may be complete in some implementations
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with the deposited film being a tungsten-containing binary film such as MoBy, MoSiy,
and MoGe,, where x is greater than zero. In such embodiments, the process may
proceed to block 462 with repeating the cycle of blocks 452-457 until the desired
thickness is deposited. Example growth rates may be about 100A per cycle.

[0063] In some embodiments, the process will proceed with optionally introducing
a third reactant (458). The third reactant will generally contain an element to be
introduced into the film, such as carbon or nitrogen. Examples of nitrogen-containing
reactants include N, NH;, and N,Hs. Examples of carbon-containing reactants
include CH4 and C,H,. An optional purge (459) may follow. The process may then
proceed to block 462 with repeating the deposition cycle.

[0064] Examples of ternary films including nitrogen or carbon are given above. In

some embodiments, a film may include both nitrogen and carbon (e.g., MoSiCN).

[0065] According to various embodiments, the multi-component tungsten film may
have the following atomic percentages: Mo about 5% to 90%, B/Ge/Si about 5% to
60%, C/N about 5% to 80%. In some embodiments, the multi-component films have
the following atomic percentages: Mo about 15% to about 80%; B/Ge/Si: about 15%
to about 50%; and C/N about 20% to about 50%. According to various embodiments,

the multi-component Mo film is at least 50% Mo.

[0066] According to various embodiments, the deposition is relatively high, e.g.,

between 500°C and 700°C, including between 550°C and 650°C, and in some

embodiments greater than about 500°C. This facilitates Mo-containing precursor
reduction and also permits incorporation of B, Si, or Ge into the binary film. The
high end of the range may be limited by thermal budget considerations. In some
embodiments, any one or more of blocks 452, 456, and 458 may be performed at a
different temperature than any of the other blocks. In certain embodiments,
transitioning from block 452 to block 456 and from block 456 to block 458 involves
moving the substrate from one deposition station to another in a multi-station
chamber. Still further, each of block 452, block 456, and block 458 may be

performed in a different station of the same multi-station chamber. In some

embodiments, the order of blocks 452, 456, and 458 may be changed.

In some embodiments, electrical properties such as work function of the

binary or ternary film may be tuned by introducing nitrogen or carbon. Similarly, the
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amount of reducing agent may be modulated (by modulating dosage amount and/or
pulse time) to tune the amount of B, Si, or Ge that is incorporated into the film. Still
further, any one or two of blocks 452, 456 and 458 may be performed more than once
per cycle to tune the relative amounts of the tungsten and the other components of the
binary or ternary films and thus their physical, electrical, and chemical characteristics.
The multi-component layer may include Mo, one or more of B, Si, and Ge, and,
optionally, one or more of C and N. Examples include MoBy, MoSiy, MoGey,
MoBNy, MoSiyNy, MoGeNy, MoSiCy, MoB.Cy, MoGe,Cy, where x and y are

greater than zero.

[0068] It should be noted that in the process described with reference to Figure 4B,
an element in the reducing agent (B, Si, or Ge) is deliberately incorporated into the
Mo-containing film. This is in contrast to certain PNL and CVD deposition processes
described above and certain embodiments of the deposition process described in
Figure 4B in which a B-containing, Si-containing, or Ge-containing reducing agent
may be used to form an element Mo film that has none of or only trace amounts of
these elements. Incorporation of B, Ge, or Si can be controlled by the pulse duration
and dosage amount. Further, in some embodiments, higher temperatures may be
employed to increase incorporation. If the temperature is too high, it can result in
uncontrolled decomposition of the reactant gas. In some embodiments, the substrate
temperature may be lower temperature for the reducing agent gas and a higher

temperature for the Mo precursor, as described above with respect to Figure 4A.

[0069] In some embodiments, the process in Figure 4B may be modified such that
B, Si, or Ge is not incorporated into the film, but block 458 is performed to
incorporate C and/N, e.g., to form MoC, MoN, or MoCN films. A C- and/or N-

containing reactant may be used in such embodiments.

[0070] In some embodiments, the multi-component Mo-containing film is a
diffusion barrier, e.g., for a wordline. In some embodiments, the multi-component
tungsten-containing film is a work function layer for a metal gate. In some
embodiments, a bulk Mo layer may deposited on the multi-component layer. The
bulk layer may be deposited directly on the multi-component Mo-containing film
without an intervening layer in some embodiments. In some embodiments, it may be

deposited by CVD.
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Experimental

[0071] CVD Mo films were grown on tungsten nucleation layers deposited by PNL
using silane and diborane, respectively, to reduce WFs. The silane-deposited tungsten
nucleation layer is referred to as a SW nucleation layer, and the diborane-deposited
tungsten nucleation layer is referred to as a BW nucleation layer. Mo films were

deposited from MoOCl, and H,.

[0072] 30 Torr and 45 Torr process pressures were compared for each deposition.
No Mo deposition and some W loss was observed at 30 Torr, with more W loss
observed for BW nucleation than SW nucleation. Secondary ion mass spectrometry

(SIMS) data showed O content at less than 1 atomic %.

[0073] Mo was deposited by CVD on SW nucleation layers and BW nucleation
layers at different temperatures (500°C and 520°C), pressures (45 Torr and 60 Torr).
The number of BW or SW cycles use to deposit the nucleation layer was also varied
(1, 2, 3 or 4). Figures 5 and 6 show Mo thickness (Angstroms) vs. CVD Duration
(seconds) and Mo Resistivity (uQ-cm) vs Mo thickness (Angstroms), respectively.

[0074] Lower resistivity is observed at 60 Torr process pressure than at 45 Torr. No
significant difference between 500°C and 520°C at 60 Torr was observed. For
comparable BW nucleation layer and SW nucleation layer thicknesses, lower
resistivity was observed on the SW nucleation layers. Higher resistivity was observed

on thinner (fewer cycles) SW nucleation layers.

[0075] Mo was deposited by CVD on WCN at different temperatures (500°C and
520°C) and pressures (45 Torr and 60 Torr). Figure 7 shows Mo growth rate and
Figure 8 shows resistivity vs Mo film thickness. Figure 9 shows thickness and
resistivity as a function of WCN underlayer thickness. WCN etching was observed at
45 Torr whereas uniform Mo deposition was observed at 60 Torr. At 60 Torr, a
higher growth rate at 520°C was observed, with temperature not impacting resistivity.
Mo was grown on WCN as thin as 10 Angstroms, with thinner WCN resulting in
lower resistivity. SIMS data showed that CVD Mo on WCN was smooth with less
than 0.5 (atomic) % total impurities (e.g., O, B, C) in the bulk.

[0076] In some embodiments, Mo may be deposited selectively on a metal or pure
(no native oxide) Si surface with respect to dielectric underlayers. For example, for

metal contact or middle of line (MOL) logic applications, Mo can be grown
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selectively on metal, resulting in bottom-up, void free gap fill. In such applications,
the Mo may be deposited directly on a metal or Si surface that is adjacent an exposed
silicon dioxide or other exposed dielectric surface. The nucleation delay on the
dielectric is such that the Mo is deposited preferentially on the metal surface. For
example, a feature having a metal bottom and silicon dioxide sidewalls may be
exposed to a Mo-containing precursor and a co-reactant. Mo will grow from the

bottom-up rather than from the sidewalls.
Anneal

[0077] In some embodiments, a thermal anneal is performed after Mo deposition.
This can allow Mo grain growth and lower resistivity. Because the melting point of
Mo is lower than that of W, grain growth and the accompanying decrease in
resistivity occur at lower temperatures for Mo films. Examples of anneal
temperatures range from 700°C to 1100°C. The anneal may be performed in a furnace
or by rapid thermal annealing. According to various embodiments, it may be
performed in any appropriate ambient, including a hydrogen (H,) ambient, a nitrogen

(N,) ambient, or vacuum.

[0078] According to various embodiments, the Mo film may or may not be exposed
to air between deposition and annealing. If it is exposed to air or other oxidizing
environment, a reducing environment may be employed during or before anneal to
remove molybdenum dioxide (MoQOyy or molybdenum trioxide (MoOs) that has
formed as a result of the exposure. MoOs in particular has a melting point of 795°C

and could melt during anneal if not removed.

[0079] Table 1, below, compares two W films (A and B) and two Mo films (C and
D)
A B C D
Resistivity ﬁﬁpo-cm at 20 17 pQ-cm at
20 nQ-cm at 20 25 uQ-cm at
40 pQ-cm at 10 10nm (after
nm 10nm
am 800C anneal)
. <5E18 at/cm’ 95% Mo + 5% .
Composition CL H, <1% O,
3
<3EI8at/em’F | F below | <IE19 aem® | “IE19  atem
detection limit Cl cl
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[0080] Film A is a low fluorine tungsten (LFW) film deposited using WFs. Film B
is a tungsten film deposited using WCls and WCls. Film C is a molybdenum film
deposited using MoCls and film D is a molybdenum film deposited using MoOCl,.
Film D was subject to a post-deposition anneal. Notably, the resistivity is lower for
Films C and D than films A and B. Resistivity decreases with thickness, with the 25
uQ-cm (film C) and 17 uQ-cm (film D) directly comparable to the 40 uQ-cm (film
A). Film D, deposited with an O-containing precursor, shows low O. The stress of

films C and D is comparable to that of films A and B.

[0081] Figure 10 is a graph showing the reduction in resistivity for Mo films of
various thicknesses deposited on WCN after anneal at 800°C. Resistivity of a W film
on WCN is also shown for comparison. A significant decrease in resistivity is
observed. The decrease in resistivity is due to grain growth. Table 2, below, shows

phases and average grain size for Mo grains in as deposited and post-anneal CVD Mo

films.

Sample Phase Average Crystallite Size
(nm)

CVD Mo/WCN as | Mo — Molybdenum Cubic 14.5

deposited

CVD Mo/WCN  post- | Mo — Molybdenum Cubic 33.5

anneal

Furnace anneals of 1 hour and 5 mins at 800°C in H, ambient showed comparable

results.

Apparatus

[0082] Any suitable chamber may be used to implement the disclosed
embodiments. Example deposition apparatuses include various systems, e.g.,
ALTUS® and ALTUS® Max, available from Lam Research Corp., of Fremont,
California, or any of a variety of other commercially available processing systems.

The process can be performed on multiple deposition stations in parallel.
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[0083] In some embodiments, a tungsten nucleation process is performed at a first
station that is one of two, five, or even more deposition stations positioned within a
single deposition chamber. In some embodiments, various steps for the nucleation
process are performed at two different stations of a deposition chamber. For example,
the substrate may be exposed to diborane (B,Hg) in a first station using an individual
gas supply system that creates a localized atmosphere at the substrate surface, and
then the substrate may be transferred to a second station to be exposed to a precursor
such as tungsten hexachloride (WClg) to deposit the nucleation layer. In some
embodiments, the substrate may then be transferred back to the first station for a
second exposure of diborane or to a third station for a third reactant exposure. Then
the substrate may be transferred to the second station for exposure to WCls (or other
tungsten chloride) to complete tungsten nucleation and proceed with bulk
molybdenum deposition in the same or different station. One or more stations can

then be used to perform Mo chemical vapor deposition (CVD) as described above.

[0084] Figure 11 is a block diagram of a processing system suitable for conducting
deposition processes in accordance with embodiments described herein. The system
1100 includes a transfer module 1103. The transfer module 1103 provides a clean,
pressurized environment to minimize the risk of contamination of substrates being
processed as they are moved between the various reactor modules. Mounted on the
transfer module 1103 is a multi-station reactor 1109 capable of performing nucleation
layer deposition, which may be referred to as pulsed nucleation layer (PNL)
deposition, as well as CVD deposition according to embodiments described herein.
Chamber 1109 may include multiple stations 1111, 1113, 1115, and 1117 that may
sequentially perform these operations. For example, chamber 1109 could be
configured such that stations 1111 and 1113 perform PNL deposition, and stations
1113 and 1115 perform CVD. Each deposition station may include a heated wafer

pedestal and a showerhead, dispersion plate or other gas inlet.

[0085]  Also mounted on the transfer module 1103 may be one or more single or
multi-station modules 1107 capable of performing plasma or chemical (non-plasma)
pre-cleans. The module may also be used for various other treatments, e.g., reducing
agent soaking. The system 1100 also includes one or more (in this case two) wafer
source modules 1101 where wafers are stored before and after processing. An

atmospheric robot (not shown) in the atmospheric transfer chamber 1119 first
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removes wafers from the source modules 1101 to loadlocks 1121. A wafer transfer
device (generally a robot arm unit) in the transfer module 1103 moves the wafers

from loadlocks 1121 to and among the modules mounted on the transfer module 1103.

[0086] In certain embodiments, a system controller 1129 is employed to control
process conditions during deposition. The controller will typically include one or
more memory devices and one or more processors. The processor may include a CPU
or computer, analog and/or digital input/output connections, stepper motor controller

boards, etc.

[0087]  The controller may control all of the activities of the deposition apparatus.
The system controller executes system control software including sets of instructions
for controlling the timing, mixture of gases, chamber pressure, chamber temperature,
wafer temperature, radio frequency (RF) power levels if used, wafer chuck or pedestal
position, and other parameters of a particular process. Other computer programs
stored on memory devices associated with the controller may be employed in some

embodiments.

[0088]  Typically there will be a user interface associated with the controller. The
user interface may include a display screen, graphical software displays of the
apparatus and/or process conditions, and user input devices such as pointing devices,

keyboards, touch screens, microphones, etc.

[0089] System control logic may be configured in any suitable way. In general, the
logic can be designed or configured in hardware and/or software. The instructions for
controlling the drive circuitry may be hard coded or provided as software. The
instructions may be provided by “programming.” Such programming is understood to
include logic of any form, including hard coded logic in digital signal processors,
application-specific integrated circuits, and other devices which have specific
algorithms implemented as hardware. Programming is also understood to include
software or firmware instructions that may be executed on a general purpose
processor. System control software may be coded in any suitable computer readable
programming language. Alternatively, the control logic may be hard coded in the
controller. Applications Specific Integrated Circuits, Programmable Logic Devices

(e.g., field-programmable gate arrays, or FPGAs) and the like may be used for these
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purposes. In the following discussion, wherever “software” or “code” is used,

functionally comparable hard coded logic may be used in its place.

[0090] The computer program code for controlling the deposition and other
processes in a process sequence can be written in any conventional computer readable
programming language: for example, assembly language, C, C++, Pascal, Fortran or
others. Compiled object code or script is executed by the processor to perform the

tasks identified in the program.

[0091]  The controller parameters relate to process conditions such as, for example,
process gas composition and flow rates, temperature, pressure, plasma conditions
such as RF power levels and the low frequency RF frequency, cooling gas pressure,
and chamber wall temperature. These parameters are provided to the user in the form

of a recipe, and may be entered utilizing the user interface.

[0092]  Signals for monitoring the process may be provided by analog and/or
digital input connections of the system controller. The signals for controlling the
process are output on the analog and digital output connections of the deposition

apparatus.

[0093] The system software may be designed or configured in many different
ways. For example, various chamber component subroutines or control objects may
be written to control operation of the chamber components necessary to carry out the
inventive deposition processes. Examples of programs or sections of programs for
this purpose include substrate positioning code, process gas control code, pressure

control code, heater control code, and plasma control code.

[0094] In some implementations, a controller 1129 is part of a system, which may
be part of the above-described examples. Such systems can include semiconductor
processing equipment, including a processing tool or tools, chamber or chambers, a
platform or platforms for processing, and/or specific processing components (a wafer
pedestal, a gas flow system, etc.). These systems may be integrated with electronics
for controlling their operation before, during, and after processing of a semiconductor
wafer or substrate. The electronics may be referred to as the “controller,” which may
control various components or subparts of the system or systems. The controller
1129, depending on the processing requirements and/or the type of system, may be

programmed to control any of the processes disclosed herein, including the delivery
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of processing gases, temperature settings (e.g., heating and/or cooling), pressure
settings, vacuum settings, power settings, radio frequency (RF) generator settings in
some systems, RF matching circuit settings, frequency settings, flow rate settings,
fluid delivery settings, positional and operation settings, wafer transfers into and out
of a tool and other transfer tools and/or load locks connected to or interfaced with a

specific system.

[0095] Broadly speaking, the controller may be defined as electronics having
various integrated circuits, logic, memory, and/or software that receive instructions,
issue instructions, control operation, enable cleaning operations, enable endpoint
measurements, and the like. The integrated circuits may include chips in the form of
firmware that store program instructions, digital signal processors (DSPs), chips
defined as application specific integrated circuits (ASICs), and/or one or more
microprocessors, or microcontrollers that execute program instructions (e.g.,
software). Program instructions may be instructions communicated to the controller
in the form of various individual settings (or program files), defining operational
parameters for carrying out a particular process on or for a semiconductor wafer or to
a system. The operational parameters may, in some embodiments, be part of a recipe
defined by process engineers to accomplish one or more processing steps during the
fabrication of one or more layers, materials, metals, oxides, silicon, silicon dioxide,

surfaces, circuits, and/or dies of a wafer.

[0096] The controller 1129, in some implementations, may be a part of or coupled
to a computer that is integrated with, coupled to the system, otherwise networked to
the system, or a combination thereof. For example, the controller 1129 may be in the
“cloud” or all or a part of a fab host computer system, which can allow for remote
access of the wafer processing. The computer may enable remote access to the
system to monitor current progress of fabrication operations, examine a history of past
fabrication operations, examine trends or performance metrics from a plurality of
fabrication operations, to change parameters of current processing, to set processing
steps to follow a current processing, or to start a new process. In some examples, a
remote computer (e.g. a server) can provide process recipes to a system over a
network, which may include a local network or the Internet. The remote computer
may include a user interface that enables entry or programming of parameters and/or

settings, which are then communicated to the system from the remote computer. In
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some examples, the controller receives instructions in the form of data, which specify
parameters for each of the processing steps to be performed during one or more
operations. It should be understood that the parameters may be specific to the type of
process to be performed and the type of tool that the controller is configured to
interface with or control. Thus as described above, the controller may be distributed,
such as by including one or more discrete controllers that are networked together and
working towards a common purpose, such as the processes and controls described
herein. An example of a distributed controller for such purposes would be one or
more integrated circuits on a chamber in communication with one or more integrated
circuits located remotely (such as at the platform level or as part of a remote

computer) that combine to control a process on the chamber.

[0097] Without limitation, example systems may include a plasma etch chamber or
module, a deposition chamber or module, a spin-rinse chamber or module, a metal
plating chamber or module, a clean chamber or module, a bevel edge etch chamber or
module, a physical vapor deposition (PVD) chamber or module, a CVD chamber or
module, an ALD chamber or module, an atomic layer etch (ALE) chamber or module,
an ion implantation chamber or module, a track chamber or module, and any other
semiconductor processing systems that may be associated or used in the fabrication

and/or manufacturing of semiconductor wafers.

[0098] As noted above, depending on the process step or steps to be performed by
the tool, the controller might communicate with one or more of other tool circuits or
modules, other tool components, cluster tools, other tool interfaces, adjacent tools,
neighboring tools, tools located throughout a factory, a main computer, another
controller, or tools used in material transport that bring containers of wafers to and

from tool locations and/or load ports in a semiconductor manufacturing factory.

[0099] The controller 1129 may include various programs. A substrate positioning
program may include program code for controlling chamber components that are used
to load the substrate onto a pedestal or chuck and to control the spacing between the
substrate and other parts of the chamber such as a gas inlet and/or target. A process
gas control program may include code for controlling gas composition and flow rates
and optionally for flowing gas into the chamber prior to deposition in order to

stabilize the pressure in the chamber. A pressure control program may include code

25



WO 2018/191183 PCT/US2018/026746

10

15

20

25

30

for controlling the pressure in the chamber by regulating, e.g., a throttle valve in the
exhaust system of the chamber. A heater control program may include code for
controlling the current to a heating unit that is used to heat the substrate.
Alternatively, the heater control program may control delivery of a heat transfer gas

such as helium to the wafer chuck.

[0100] Examples of chamber sensors that may be monitored during deposition
include mass flow controllers, pressure sensors such as manometers, and
thermocouples located in pedestal or chuck. Appropriately programmed feedback and
control algorithms may be used with data from these sensors to maintain desired

process conditions.

[0101] The foregoing describes implementation of embodiments of the disclosure in

a single or multi-chamber semiconductor processing tool.

[0102] The foregoing describes implementation of disclosed embodiments in a
single or multi-chamber semiconductor processing tool. The apparatus and process
described herein may be used in conjunction with lithographic patterning tools or
processes, for example, for the fabrication or manufacture of semiconductor devices,
displays, LEDs, photovoltaic panels, and the like. Typically, though not necessarily,
such tools/processes will be used or conducted together in a common fabrication
facility. Lithographic patterning of a film typically comprises some or all of the
following steps, each step provided with a number of possible tools: (1) application of
photoresist on a workpiece, i.e., substrate, using a spin-on or spray-on tool; (2) curing
of photoresist using a hot plate or furnace or UV curing tool; (3) exposing the
photoresist to visible or UV or x-ray light with a tool such as a wafer stepper; (4)
developing the resist so as to selectively remove resist and thereby pattern it using a
tool such as a wet bench; (5) transferring the resist pattern into an underlying film or
workpiece by using a dry or plasma-assisted etching tool; and (6) removing the resist

using a tool such as an RF or microwave plasma resist stripper.

CONCLUSION

[0103] Although the foregoing embodiments have been described in some detail for
purposes of clarity of understanding, it will be apparent that certain changes and
modifications may be practiced within the scope of the appended claims. It should be

noted that there are many alternative ways of implementing the processes, systems,
26
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and apparatus of the present embodiments. Accordingly, the present embodiments are
to be considered as illustrative and not restrictive, and the embodiments are not to be

limited to the details given herein.
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Claims

A method comprising:
providing a tungsten (W)-containing layer on a substrate; and

depositing a molybdenum (Mo)-containing layer on the W-containing

layer.
The method of claim 1, wherein the W-containing layer is a WCN layer.

The method of claim 1, wherein the W-containing layer is a W nucleation

layer.

The method of any of claims 1-3, wherein the W-containing layer is

deposited from one or more tungsten chloride precursors.

The method of claims 1-3, wherein the Mo-containing layer is a Mo layer

having less than 1 (atomic) % impurities.

The method of claims 1-3, further comprising thermally annealing the

Mo-containing layer.

The method of claims 1-3, wherein the Mo-containing layer is deposited
by exposing the W-containing layer to a reducing agent and a Mo-
containing precursor selected from: molybdenum hexafluoride (MoFg),
molybdenum pentachloride (MoCls), molybdenum dichloride dioxide
(MoO,Cl,), molybdenum tetrachloride oxide (MoOCly), and molybdenum
hexacarbonyl (Mo(CO)s).

The method of claim 7, wherein a substrate temperature during exposure to

the Mo-containing precursor is less than 550°C.

The method of claim 7, wherein the substrate is exposed to the reducing
agent at first substrate temperature and is exposed to the Mo-containing
precursor at a second substrate temperature, wherein the first substrate

temperature is less than the second substrate temperature.

The method of claim 9, wherein the reducing agent is a mixture of a
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16.
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boron-containing reducing agent and a silicon-containing reducing agent.
A method comprising:

flowing a reducing agent gas to a process chamber housing a substrate, at a
first substrate temperature to form a conformal reducing agent layer on the

substrate; and

exposing the conformal reducing agent layer to a molybdenum-containing
precursor at a second substrate temperature to convert the reducing agent

layer to molybdenum.

The method of claim 11, wherein the first substrate temperature is less

than the second substrate temperature.

The method of claim 11 or 12, wherein the reducing agent is a mixture of a

boron-containing reducing agent and a silicon-containing reducing agent.

The method of claim 11 or 12, wherein the first substrate temperature is no

more than 400°C and the second substrate temperature is at least 500°C.

The method of claim 11 or 12, further comprising annealing the

molybdenum.

A method comprising:

pulsing a reducing agent, wherein the reducing agent is boron (B)-

containing, silicon (Si)-containing or germanium (Ge)-containing; and
pulsing a Mo-containing precursor,

wherein the Mo-containing precursor is reduced by the reducing agent
or a product thereof to form a multi-component tungsten-containing film

containing one or more of B, Si, and Ge on the substrate.

The method of claim 16, wherein the multi-component tungsten-
containing film contains between 5% and 60 % (atomic) B, Si, or Ge, and
wherein the between 5% and 60% (atomic) B, Si, or Ge is provided by the

reducing agent.

29



WO 2018/191183 112 PCT/US2018/026746

1 (3 oo

108

106
104

102

FIG. 1A

108

104

102

FIG. 1B



WO 2018/191183 2112 PCT/US2018/026746

FIG. 2



WO 2018/191183 312 PCT/US2018/026746

324

/

.,
NNNNNN
~—,

sws” 3

FIG. 3A

FIG. 3B



WO 2018/191183 4/12 PCT/US2018/026746

Expose substrate to
reducing agent gas to form
conformal reducing agent layer

(402)

Expose reducing agent layer to
Mo precursor to convert it to
conformal Mo layer

(408)

FIG. 4A



WO 2018/191183

5/12

Reducing Agent Puise
(452)

L

Optional Purge
{454)

L

Mo-containing Precursor Pulse
(456)

l

Optional Purge
(457}

i

Optional Third Reactant Pulse
(458}

'

Optional Purge
(459}

l

Repeat deposition cycle uniil film
is of desired thickness
(462)

FIG. 48

PCT/US2018/026746



Mo XRF Thk (A)

WO 2018/191183

450
400
350
300
250
200
150
100

50

6/12 PCT/US2018/026746

%

g
\\\\\\\\\\ DO

oy
SRR
pre)

‘“\\\k\\\ SN

200 400 600 800
CVD Duration (s)

320C 45 torr on SW e 520C 45 torr on BW
500C 60 torr on SW 3x v 500C 60 torr on BW 4x
500C 60 torr on SW 2x 520C 60 torr on SW 3x
520C 60 torr on BW 4x

FIG. 5



Mo Resistivity (uohm cm)

WO 2018/191183

72

PCT/US2018/026746

3 \\\\\k\\\\\\\\\\\}&\\\\\\\\\

RN

o
B

ol

Mo XRF

520C 45 torr on SW

500C 60 torr on SW 3x
500C 60 torr on SW 2x
520C 60 torr on BW 4x

FIG. 6

Thk (A)

wefBen  B20C 45 torr on BW
s 500C 60 torr on BW 4x
=i HIOC 60 tory on SW 3x



WO 2018/191183 8/12 PCT/US2018/026746

Mo XRF Thk {A)

CVD Mo Growth Rate

0 200 400 600 800 1000
CVD Duration {s)

wmaf@e=  500C 45 torr on WCN 204 s BO0C 60 torr on WCN 20A

520C 60 torr on WCN 20A

FIG. 7



WO 2018/191183 9/12 PCT/US2018/026746

Mo Resistivity {uohm €m}

250

200

150

100

56

CVD Mo Resistivity

o 100 200 300 400 500
Mo XRF Thk (A)

wofBee  SOGC A5 torr on WCN 204 st 5a0C 60 torr on WCN 204
e B200C 60 torr on WCN 204

FIG. 8



Mo XRF Thickness (A)

WO 2018/191183 10/12 PCT/US2018/026746

140
138
136
134
132
130
128
126
124
122
120

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \\\\\\\\\\\\\\\\\\\\\\\\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,, \\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, n
5 10 15 20 25 30 35

WCN Underlayer Thk (A}

ss\Wwe Mo XRF Thickness =\ Mg Resistivity

FIG. 9

90
85
80
75
70
65
60
55
50
45
40

yon} ALALISISSY OW

W w

(



PCT/US2018/026746

W\ﬁ\\\‘:\\\\\“\\\\“\\\“\\,\\\R\“\\\\““\-\\\\w

11/12

WO 2018/191183

P
15

g

]

P

.10

FIG



WO 2018/191183 1212 PCT/US2018/026746

//1129

Controller

1107

FIG. 11



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2018/026746

Box No.II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. Claims Nos.: 8-10
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

Claims 8-10 are regarded to be unclear because the claims refer to multiple dependent claims which do not comply with PCT
Rule 6.4(a).

3. Claims Nos.: 5-7
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment
of any additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest [l The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



ATIONAL SEARC (8) International application No.
[NTERRATIONAL SEARCH REPORT PCT/US2018/026746

A. CLASSIFICATION OF SUBJECT MATTER
HO1L 21/285(2006.01)i, HO1L 27/108(2006.01)i, HO1L 21/02(2006.01)i, HO1L 21/324(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HOI1L 21/285; HO1L 21/84; HO1L 21/28; C23C 18/34, HO1L 29/78; C23C 16/22; HO1L 21/02; HO1L 21/288; C23C 16/08; HO1L 21/00,
HO1L 27/108; HO1L 21/324

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
¢KOMPASS(KIPO internal) & Keywords: molybdenum, tungsten, reducing agent, temperature, resistivity

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X JP 2016-098406 A (TCKYO ELECTRON LTD.) 30 May 2016 1,3,11-17
See paragraphs [0002], [0012], [0034]-[0048] and figures 1-3.
Y 2,4
Y US 2010-0213541 A1 (IN-SANG JEON et al.) 26 August 2010 2,4

See paragraphs [0005], [0030] and figure 2D.

A WO 2016-191432 A1 (ASM IP HOLDING B.V. et al.) 01 December 2016 1-4,11-17
See paragraphs [0044]1-[0165] and figures 1-2.

A US 2015-0354064 A1 (LAM RESEARCH CORPORATION) 10 December 2015 1-4,11-17
See paragraphs [0020]-[0026] and figures 3A-3B.

A US 2003-0194825 A1 (KAM LAW et al.) 16 October 2003 1-4,11-17
See paragraphs [0027]-[0047] and figures 3-4.

|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E"  earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priotity claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O"  document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
27 July 2018 (27.07.2018) 27 July 2018 (27.07.2018)
Name and mailing address of the ISA/KR Authorized officer
: International Application Division
Korean Intellectual Property Office CHOIL, Sang Won

189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-8291
Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2018/026746

Patent document Publication Patent family Publication

cited in search report date member(s) date

JP 2016-098406 A 30/05/2016 None

US 2010-0213541 Al 26/08/2010 KR 10-2010-0096488 A 02/09/2010

WO 2016-191432 Al 01/12/2016 CN 107923039 A 17/04/2018
KR 10-2018-0012268 A 05/02/2018
TW 201641733 A 01/12/2016
US 2018-0127873 Al 10/05/2018

US 2015-0354064 Al 10/12/2015 CN 105296971 A 03/02/2016
KR 10-2015-0140242 A 15/12/2015
TW 201610227 A 16/03/2016
US 2017-0092499 Al 30/03/2017
US 9551074 B2 24/01/2017
US 9818617 B2 14/11/2017

US 2003-0194825 Al 16/10/2003 US 2003-0189232 Al 09/10/2003
US 6869838 B2 22/03/2005
WO 03-088334 A2 23/10/2003
WO 03-088334 A3 01/04/2004

Form PCT/ISA/210 (patent family annex) (January 2015)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - claims
	Page 31 - claims
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - wo-search-report
	Page 45 - wo-search-report
	Page 46 - wo-search-report

