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ALUMINUM CONTENT CONTROL OF TiAIN FILMS

FIELD

[0001] Embodiments of the disclosure generally relate to methods of depositing a
film. More particularly, embodiments of the disclosure are directed to methods of

depositing a film of titanium aluminum nitride with a controlled amount of aluminum.

BACKGROUND

[0002] The migration of transistor technology from planar to Fin Field Effect
Transistor (FinFET) requires conformal work function layers for multiple threshold
voltages. Tuning the work function towards mid-gap can be achieved by adding Al
into the work function layers, with different amounts of Al incorporated allowing for

different amounts of voltage tuning, without adding physical thicknesses.

[0003] Therefore, there is a need in the art for methods of depositing films with

controlled work function.

SUMMARY

[0004] One or more embodiments of the disclosure are directed to methods of
depositing a TiAIN film on a substrate surface. The substrate surface is exposed to a
titanium precursor to form a titanium-containing film on the substrate surface.
Unreacted titanium precursor is purged from the substrate surface. The titanium-
containing film on the substrate surface is exposed to a nitrogen reactant to form a
TiN film on the substrate surface. Unreacted nitrogen reactant is purged from the
substrate surface. The TiN film on the substrate surface is exposed to an aluminum
precursor to form a TiAIN film.

[0005] Additional embodiments of the disclosure are directed to methods of
depositing a TiAIN film on a substrate surface. The substrate surface is repeatedly
exposed to a deposition sequence. The deposition sequence consists essentially of,
in order, exposures to a titanium precursor, a first purge gas, a nitrogen reactant, a

second purge gas and an optional aluminum precursor and third purge. The
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aluminum precursor and third purge are not immediately followed by a nitrogen

exposure.

[0006] Further embodiments of the disclosure are directed to methods of depositing
a TiAIN film on a substrate surface. The substrate surface is repeatedly exposed to a
deposition sequence consisting essentially of, in order: exposing the substrate surface
to a titanium precursor for a first dose time, the titanium comprising a titanium halide;
purging unreacted titanium precursor for a first purge time; exposing the substrate
surface to a nitrogen reactant for a second dose time, the nitrogen reactant
comprising one or more of ammonia or hydrazine and the nitrogen reactant begin free
of plasma; purging unreacted nitrogen reactant for a second purge time; and
optionally, exposing the substrate surface to an aluminum precursor for a third dose
time followed by purging unreacted aluminum precursor for a third purge time. One or
more of the first dose time, the first purge time, the second dose time, the second
purge time, the third dose time or the third purge time are controlled to deposit a TiAIN

film with a controlled amount of aluminum.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] So that the manner in which the above recited features of the present
invention can be understood in detail, a more particular description of the invention,
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 typical embodiments of this invention and are
therefore not to be considered limiting of its scope, for the invention may admit to

other equally effective embodiments.

[0008] FIG. 1 illustrates a processing method in accordance with one or more
embodiment of the disclosure;

[0009] FIG. 2 illustrates a processing method in accordance with one or more

embodiment of the disclosure; and

[0010] FIG. 3 shows a graph of the aluminum content as a function of aluminum

precursor flow time.
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DETAILED DESCRIPTION

[0011] As used in this specification and the appended claims, the term “substrate”
and “wafer” are used interchangeably, both referring to a surface, or portion of a
surface, upon which a process acts. It will also be understood by those skilled in the
art that reference to a substrate can also refer to only a portion of the substrate,
unless the context clearly indicates otherwise. Additionally, reference to depositing on
a substrate can mean both a bare substrate and a substrate with one or more films or
features deposited or formed thereon.

[0012] A "substrate" as used herein, refers to any substrate or material surface
formed on a substrate upon which film processing is performed during a fabrication
process. For example, a substrate surface on which processing can be performed
include materials such as silicon, silicon oxide, strained silicon, silicon on insulator
(SOI), carbon doped silicon oxides, silicon nitride, doped silicon, germanium, gallium
arsenide, glass, sapphire, and any other materials such as metals, metal nitrides,
metal alloys, and other conductive materials, depending on the application.
Substrates include, without limitation, semiconductor wafers. Substrates may be
exposed to a pretreatment process to polish, etch, reduce, oxidize, hydroxylate (or
otherwise generate or graft target chemical moieties to impart chemical functionality),
anneal and/or bake the substrate surface. In addition to film processing directly on the
surface of the substrate itself, in the present disclosure, any of the film processing
steps disclosed may also be performed on an underlayer formed on the substrate as
disclosed in more detail below, and the term "substrate surface" is intended to include
such underlayer as the context indicates. Thus for example, where a film/layer or
partial film/layer has been deposited onto a substrate surface, the exposed surface of
the newly deposited film/layer becomes the substrate surface. What a given substrate
surface comprises will depend on what films are to be deposited, as well as the
particular chemistry used. In one or more embodiments, the first substrate surface
may comprise a metal, metal oxide, or H-terminated SixGeix, and the second
substrate surface may comprise a Si-containing dielectric, or vice versa. In some
embodiments, a substrate surface may comprise certain functionality (e.g., -OH, -NH,

etc.).
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[0013] As used in this specification and the appended claims, the terms “reactive

gas”, “precursor”, “reactant”, and the like, are used interchangeably to mean a gas
that includes a species which is reactive with a substrate surface. For example, a first
“reactive gas” may simply adsorb onto the surface of a substrate and be available for

further chemical reaction with a second reactive gas.

[0014] Embodiments of the disclosure provide methods to deposit titanium
aluminum nitride films (TiAIN) using titanium precursors (e.g., titanium halides),
aluminum precursors (e.g. aluminum halides, metal organic aluminum compounds)
and nitrogen containing reactants (e.g. ammonia, hydrazine, No). Varying amounts of
aluminum can be doped to form thin films by varying, for example, precursor dose

times, dose sequence or purge times.

[0015] One or more embodiments of the disclosure advantageously provide a TiAIN
film with a controlled aluminum content. In some embodiments, the aluminum content
can be tuned by controlling or changing precursor and purge dose times. Some
embodiments advantageously provide processes without cross-reaction between
titanium and aluminum precursors. Some embodiments provide methods to deposit

uniform and repeatable TiAIN films.

[0016] FIG. 1 shows a processing method 100 in accordance with one or more
embodiment of the disclosure. The processing method 100 deposits a titanium
aluminum nitride film, referred to as a TiAIN film, on a substrate surface. Those skilled
in the art will understand that the term "titanium aluminum nitride" and "TiAIN" are not
referring to a stoichiometric amount of titanium, aluminum and nitrogen atoms.
Rather, the terms are used to describe the overall composition of the film as having

some titanium, some aluminum and some nitrogen.

[0017] A substrate with a substrate surface is provided at 110. As used in this
regard, the term "provided" means that the substrate is moved into a position or
processing chamber for deposition of the TIAIN film. The substrate surface can then
be exposed to a deposition sequence 115 including reactive gas exposures and
purges.

[0018] At 120, the substrate surface is exposed to a titanium precursor to form a

titanium-containing film on the substrate surface. The titanium precursor can be any
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suitable titanium precursor including, but not limited to, titanium halides and
organometallic titanium complexes. In some embodiments, the titanium precursor
comprises a titanium halide. The titanium halide can be a chloride, bromide or iodide
containing compound. In some embodiments, the titanium halide comprises
substantially no fluorine atoms. As used in this regard, the term "substantially no
fluorine atoms" means that the halogen atoms in the precursor comprises less than or
equal to about 1%, 0.5% or 0.1% fluorine atoms on an atomic basis. In some
embodiments, the titanium precursor comprises substantially only TiCls. In some
embodiments, the titanium precursor comprises substantially only TiBrs. In some
embodiments, the titanium precursor comprises substantially only Tils. As used in this
regard, the term "substantially only" means that the reactive species of the titanium
precursor is greater than or equal to about 95%, 98% or 99% of the stated species on
a molar basis. In some embodiments, the titanium precursor comprises a mixed
halide titanium compound having the general formula TiCl,Bryl,, where the sum of x, y
and zis 4.

[0019] The dose time for the titanium precursor can be adjusted to ensure that the
surface reaction is self-terminating. The dose time for the titanium precursor may be
referred to as the first dose time to indicate that it is different than dose times
associated with other processes. For example, once the precursor compound has
adsorbed to the substrate surface to cover all of the active sites, no further surface
reactions can occur. In some embodiments, the dose time for the titanium precursor
is in the range of about 0.1 to about 20 seconds. In some embodiments, the dose
time for the titanium precursor is in the range of about 0.5 to about 15 seconds, or in
the range of about 0.8 to about 12 seconds or in the range of about 1 to about 10
seconds.

[0020] Once the dose time for the titanium precursor has been reached, the
processing chamber is purged at first purge 125 to remove unreacted titanium
precursor and/or reaction byproducts from the processing chamber and the substrate
surface. The first purge 125 can be accomplished using any suitable process
including one or more of vacuum application and inert gas flow. In some
embodiments, the first purge 125 uses a combination of inert gas (e.g., Ar, He) with

vacuum. The first purge time can be any suitable time to remove the unreacted
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precursor and byproducts from the substrate surface. A shorter first purge time can
provide a process with greater throughput as long as there are substantially no

compounds remaining that can react with the subsequent process gases.

[0021] Once the substrate surface has been purged of unreacted titanium precursor
and reaction byproducts, the substrate surface is exposed to a nitrogen reactant 130.
The nitrogen reactant can react with the titanium species previously chemisorbed on
the substrate surface to create a titanium nitride film. The nitrogen reactant can be
any suitable nitrogen compound including, but not limited to, ammonia, hydrazine,
activated molecular nitrogen (i.e., by passing the nitrogen across a hot wire) or a
derivative thereof. In some embodiments, the nitrogen reactant comprises
substantially only ammonia. In some embodiments, the nitrogen reactant comprises
substantially only hydrazine. As used in this regard, the term "substantially only"
means that the reactive species of the nitrogen reactant is greater than or equal to
about 95%, 98% or 99% of the stated species on a molar basis. In some
embodiments, the nitrogen reactant is not provided as a plasma or co-flowed with a
plasma.

[0022] The dose time for the nitrogen reactant can be adjusted to ensure that the
surface reaction is self-terminating. The dose time for the nitrogen reactant may be
referred to as the second dose time to indicate that it is different than the first dose
time associated with the titanium precursor. For example, once the nitrogen reactant
has reacted with all of the available chemisorbed titanium species, no further surface
reactions occur. In some embodiments, the dose time for the nitrogen reactant is in
the range of about 0.5 to about 15 seconds. In some embodiments, the dose time for

the titanium precursor is in the range of about 1 to about 10 seconds.

[0023] Once the dose time for the nitrogen reactant has been reached, the
processing chamber is purged at second purge 135 to remove unreacted nitrogen
reactant and/or reaction byproducts from the processing chamber and the substrate
surface. The second purge 135 can be accomplished using any suitable process
including one or more of vacuum application and inert gas flow. In some
embodiments, the second purge 135 uses a combination of inert gas (e.g., Ar, He)

with vacuum. In some embodiments, the second purge gas and the first purge gas
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are the same gas. The second purge time can be any suitable time to remove the
unreacted species and byproducts from the substrate surface. A shorter second
purge time can provide a process with greater throughput as long as there are
substantially no compounds remaining that can react with the subsequent process

gases.

[0024] After purging, the method 100 includes an optional process 140 as part of
the deposition sequence 115. The optional process 140 includes exposure to an
aluminum precursor at 150 and a following purge at 155. If the optional process 140

is performed, both aluminum precursor and purging occurs.

[0025] In 150, the titanium nitride film formed after exposure to the nitrogen reactant
in 130 is exposed to an aluminum precursor to form a TiAIN film. The aluminum
precursor can be any suitable aluminum precursor including, but not limited to,
aluminum halides and organic aluminum compounds. In some embodiments, the
aluminum precursor comprises an aluminum halide. The aluminum halide can be a
chloride, bromide or iodide containing compound. In some embodiments, the
aluminum halide comprises substantially no fluorine atoms. As used in this regard,
the term "substantially no fluorine atoms" means that the halogen atoms in the
precursor comprises less than or equal to about 1%, 0.5% or 0.1% fluorine atoms on
an atomic basis. In some embodiments, the aluminum precursor comprises
substantially only AICls;. In some embodiments, the aluminum precursor comprises
substantially only AlBrz. In some embodiments, the aluminum precursor comprises
substantially only aluminum triiodide (Alls). As used in this regard, the term
"substantially only" means that the reactive species of the aluminum precursor is
greater than or equal to about 95%, 98% or 99% of the stated species on a molar
basis. In some embodiments, the aluminum precursor comprises a mixed halide
aluminum compound having the general formula AICIBr,l,, where the sum of x, y and

zZis 3.

[0026] In some embodiments, the aluminum precursor comprises an organic
aluminum compound. Suitable organic aluminum compounds include, but are not
limited to, trimethylaluminum (TMA), triethylaluminum (TEA) or mixed methyl/ethyl

aluminums. In some embodiments, the aluminum precursor comprises a compound
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having the general formula AIR3, where each R is independently a C1-C6 branched or

un-branched alkyl.

[0027] In some embodiments, the aluminum precursor consists essentially of one or
more of an aluminum halide or an organic aluminum compound. In some
embodiments, the aluminum precursor consists essentially of one or more of
trimethylaluminum (TMA) or triethylaluminum (TEA). As used in this regard, the term
"consists essentially of" means that the sum of the reactive species is greater than or
equal to about 95%, 98% or 99% of the stated species. Inert, diluent or carrier gases

are not included in the percent calculation.

[0028] The dose time for the aluminum precursor can be adjusted to ensure that the
surface reaction is self-terminating. The dose time for the aluminum precursor may be
referred to as the third dose time to indicate that it is different than the first dose time
associated with the titanium precursor and the second dose time associated with the
nitrogen reactant. For example, once the precursor compound has adsorbed to the
substrate surface to cover all of the active sites, no further surface reactions can
occur. In some embodiments, the third dose time for the aluminum precursor is in the
range of about 0.5 to about 20 seconds. In some embodiments, the dose time for the
titanium precursor is in the range of about 1 to about 10 seconds.

[0029] Once the dose time for the aluminum precursor has been reached, the
processing chamber is purged at third purge 155 to remove unreacted aluminum
precursor and/or reaction byproducts from the processing chamber and the substrate
surface. The third purge 155 can be accomplished using any suitable process
including one or more of vacuum application and inert gas flow. In some
embodiments, the third purge 155 uses a combination of inert gas (e.g., Ar, He) with
vacuum. The third purge time can be any suitable time to remove the unreacted
precursor and byproducts from the substrate surface. A shorter third purge time can
provide a process with greater throughput as long as there are substantially no
compounds remaining that can react with the subsequent process gases.

[0030] After the third purge 155, or second purge 135 if optional process 140 is not
followed, the deposition sequence 115 completes and moves to decision point 160. In

some embodiments, there is no nitrogen exposure immediately after purging the
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unreacted aluminum precursor. As used in this manner, immediately after means as

the next process that reacts with the substrate surface.

[0031] At decision point 160, the thickness of the TiAIN film is considered. If the
film has reached a predetermined thickness or predetermined aluminum content, the
substrate can be subjected to some post-processing 160. If the predetermined
thickness or aluminum content has not been reached, the method 100 repeats
deposition sequence 115. Each repetition of deposition sequence 115 an
independently include the option process 140 so that the optional process is
performed in all of the deposition sequences or in some of the deposition sequences.

[0032] Some embodiments further comprise varying the dose time of one or more
of the titanium precursor, nitrogen reactant or aluminum precursor to change an
aluminum content of the TiAIN film. One or more embodiments further comprise
varying a dose time of one or more of the titanium precursor, first purge gas, nitrogen
reactant, second purge gas, aluminum precursor or third purge gas, to change an
aluminum content of the TiAIN film.

[0033] The TiAIN film formed by method 100 can have an aluminum content in the
range of about 0.5% to about 25% on an atomic basis. In some embodiments, the
TiAIN film has an aluminum content in the range of about 1% to about 20%, or in the
range of about 2% to about 20%, or in the range of about 3% to about 15%, or in the
range of about 4% to about 12%, or in the range of about 5% to about 10% on an
atomic basis.

[0034] The thickness of the TiAIN film can be any suitable thickness. In some
embodiments, the method allows for the deposition of thin films (<20 A) with a
controllable aluminum content. In one or more embodiments, the thickness is in the
range of about 10A to about 1000 A, or in the range of about 15 A to about 100 A.

[0035] FIG. 2 shows another method 200 of depositing a TiAIN film on a substrate
surface. In method 200, the substrate surface is exposed to a deposition sequence
215. In deposition sequence 215, the substrate surface is exposed to the titanium
precursor at 120 and the first purge 125. After the first purge 125, optional process
140 may or may not be performed. The optional process 140 includes exposure to

the aluminum precursor at 150 and the third purge 155 that follows. The optional
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process 140 can be performed or not during any individual repetition of the deposition
sequence 215.

[0036] After the first purge 125 or third purge 155, if the optional process 140 is
performed, substrate surface is exposed to the nitrogen reactant at 130 and second
purge 135. The decision point 160 considers the thickness or aluminum content of the
TIiAIN film formed by the deposition sequence 215. If the TIAIN film has the
predetermined properties (e.g., thickness, aluminum content), the substrate can be
subjected to post-processing 170. If the TiAIN film does not have the predetermined
properties, the deposition sequence 215 is repeated.

[0037] In one or more embodiments, the method begins with exposure to the
nitrogen reactant before exposure to the titanium precursor. Some embodiments of
the disclosure are directed to methods in which the titanium precursor and aluminum
precursor exposures occur together.  Co-flowing the titanium and aluminum
precursors may form a film with an uniform aluminum content throughout the
thickness of the film. In some embodiments, the method repeats cycles of titanium
nitride and aluminum nitride deposition. Each cycle comprises exposure to the metal
precursor (i.e., titanium precursor or aluminum precursor) followed by exposure to a

nitrogen reactant.

[0038] The resistivity of the TiAIN film can vary with aluminum composition. In
some embodiments, the resistivity of the TIAIN film produced is in the range of about
200 uQ-cm to about 400 pQ-cm, or in the range of about 250 puQ-cm to about 350
uQ-cm. In some embodiments, the resistivity of the TiAIN film is less than or equal to
about 500 pQ-cm, 450 pQ-cm, 400 uQ-cm or 350 uQ-cm and greater than or equal to
about 50 pQ-cm, 100 pQ-cm, 150 puQ-cm or 200 uQ-cm. It has been surprisingly
found that TiAIN films with higher aluminum content (e.g., greater than about 15%)
may have a markedly higher resistivity.

[0039] Some embodiments of the disclosure are used to deposit high-k caps for
nMOS or high-k caps for pMOS or as a p-work function metal. In some embodiments,
the method is used to deposit a TiAIN film as a work function layer without changing
the equivalent oxide thickness (EOT) of the film.

10
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EXAMPLES

[0040] A first TiAIN film was deposited according to the method of FIG. 1 and a
second film was deposited according to the method of FIG. 2. The samples were
prepared using TiCls, AICI3 and NHs. The dose times and conditions were the same
for each method. The TiAIN film formed by the method of FIG. 1 resulted in a film with
4.4% aluminum. The film formed by the method of FIG. 2 had an aluminum content of
1.0%.

[0041] Films of TiAIN were formed according to the method of FIG. 1 using TiCla,
AICI; and NHj3; with varying aluminum precursor exposure. The thicknesses of the
films were less than about 20 A. The results are shown in FIG. 3 for processes
following 18 cycles of the deposition sequence and 28 cycles of the deposition

sequence.

[0042] Films of TiAIN were formed by co-flowing TiCly and AICI; for five seconds.
The TiCl4 flow rate was about 50 sccm (measured for the carrier gas) and the AIClI;
flow rate was about 800 sccm (measured for the carrier gas). The process chamber
was purged with an inert gas for five seconds followed by exposure to ammonia for
three seconds and purging for another five seconds. The ammonia flow rate was
about 4500 sccm. The pressure was about 25 Torr throughout the process. The
temperature during deposition was 80 ¢C or 100 °C. The aluminum content at 80 °C
was about 2.7% and the aluminum content at 100 °C was about 4%.

[0043] Film of TiAIN were prepared by co-flowing the TiCly and AICIs for five
seconds, purging for five seconds, flowing ammonia for three seconds and purging for
another five seconds. The flow rates of the TiCls and AICI3 were modified and the
aluminum content of the films was measured. The ammonia flow rate was the same
for each sample at about 4500 sccm and the pressure was maintained at about 25
Torr throughout. The results are collected in Table 1.

11
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Table 1

TiCls Flow  AICI3 Flow Al content (%)

5 50 4.50
5 100 5.50
5 200 5.49
5 800 7.02
10 50 3.11
10 100 3.73
10 200 4.20
10 800 5.63

[0044] Sample films of TiAIN were prepared following the method of FIG. 1 with a
TiCl, flow rate of about 50 sccm (measured for the carrier gas), an ammonia flow rate
of about 4500 sccm and a variable flow rate for AlICIs of about 50 to about 400 sccm
(measured for the carrier gas). The resistivities of the resultant films were measured

and the results are collected in Table 2.

Table 2

%Al Resistivity (uQ-cm)

7 300.48
10 299.88
12 301.11
16 1050.26

[0045] Bulk deposition of TiAIN films using the method of FIG. 1 was performed to
different thickness. It was observed that a 15A TiAIN film had a bulk composition of
about 14.3% Al and a 150A TiAIN film had a bulk composition of about 6.7% Al.

[0046] Although the invention herein has been described with reference to
particular embodiments, it is to be understood that these embodiments are merely
illustrative of the principles and applications of the present invention. It will be
apparent to those skilled in the art that various modifications and variations can be
made to the method and apparatus of the present invention without departing from the
spirit and scope of the invention. Thus, it is intended that the present invention

12
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include modifications and variations that are within the scope of the appended claims
and their equivalents.

13



10

15

20

25

30

WO 2018/169701 PCT/US2018/020602

What is claimed is:

A method of depositing a TIAIN film on a substrate surface, the method
comprising:

exposing the substrate surface to a titanium precursor to form a titanium-
containing film on the substrate surface;

purging unreacted titanium precursor from the substrate surface;

exposing the titanium-containing film on the substrate surface to a
nitrogen reactant to form a TiN film on the substrate surface;

purging unreacted nitrogen reactant from the substrate surface; and

exposing the TiN film on the substrate surface to an aluminum precursor
to form a TiAIN film.

The method of claim 1, further comprising purging unreacted aluminum

precursor.

The method of claim 2, wherein there is no nitrogen exposure immediately after

purging the unreacted aluminum precursor.

The method of claim 1, wherein the titanium precursor comprises a titanium
halide.

The method of claim 1, wherein the titanium precursor comprises substantially
only a titanium halide.

The method of claim 5, wherein the titanium precursor comprises substantially
only TiCly.

The method of claim 5, wherein the titanium precursor comprises substantially
only TiBry.

14



10

15

20

25

WO 2018/169701 PCT/US2018/020602

10.

11.

12.

13.

14.

15.

The method of claim 5, wherein the titanium precursor comprises substantially
only Tilg.

The method of any of claims 1 to 8, wherein the nitrogen reactant comprises

one or more of ammonia, hydrazine or molecular nitrogen.

The method of claim 9, wherein the nitrogen reactant is not provided as a
plasma.

The method of any of claims 1 to 8, wherein the aluminum precursor comprises

an aluminum halide.

The method of any of claims 1 to 8, wherein the aluminum precursor consists
essentially of one or more of an aluminum halide or an organic aluminum

compound.

The method of any of claims 1 to 8, wherein the aluminum precursor consists
essentially of one or more of trimethylaluminum (TMA) or triethylaluminum
(TEA).

The method of any of claims 1 to 8, further comprising varying a dose time of
one or more of the titanium precursor, nitrogen reactant or aluminum precursor

to change an aluminum content of the TiAIN film.

The method of any of claims 1 to 8, wherein the substrate surface comprises

silicon oxide.
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