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HIGH PRESSURE OXIDATION OF METAL FILMS
TECHNICAL FIELD

{0001} The present disclosure relales generally to methods of depositing and
processing thin films by oxidalion at high pressures. In particular, the disclosure
relates to processes for oxidizing tungsten films at pressures greater than 2 bar.

BACKGROUND

{00021 Self-aligned metal oxide pillars can be formed through the oxidation of gap-
filled metal films. Metal is deposited on the structure of holes or trenches by ALD and
then oxidized to form metal oxides. The volumelric expansion during oxidization
pushes a pillar out of the holes or trenches. The pillars are bottom-up, selectively

grown from metal only.

{00031 However, there are some challenges o using this process because of the
relatively high temperatures and long exposure times needed to form the metal oxide
columns. Due o the thermal budget for the device being formed, high temperatures
can damage semiconductor elements which have already been formed on the
substrate by previous processes. Additionally, longer exposure times decrease
substrate processing throughput. The combination of these and other factors can
exacerbale substrate damage leading 1o high device failure and therefore lower
successfui processing throughput rates.

[0004] Therefore, there is a need in the art for aliernative methods o create seif-

aligned columns and structures.
SUMMARY

{00051 One or more embodiments of the disclosure are directed to a substrate
processing methed that comprises providing a substrate with at least one substrate
surface comprising a first material comprising a metal. The first material is oxidized to
form an expanded first material. The first material is oxidized by exposing the first

material to an oxidizing agent at a pressure greater than or equal to about 2 bar.
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[0006] Additional embodiments of the disclosure are directed to a substraie
processing method. A substrate is provided with at least one substrate surface
comprising a first material comprising tungsten. The first material is oxidized to
expand the first material straight up from the first surface o form an expanded first
material. The first material is oxidized by exposing the first material {o an oxidizing
agent comprising one or more of HoO, Oy, NoO, Oy, CO,, CO, or HaOs, at a pressure
greater than or equal (o about 2 bar.

{00071 Further embodiments of the disclosure are directed to a method of substrate
processing. A subsirale is provided with a substrate surface with al least one feature
formed therein. The at least one feature extends a distance inlo the substrate from
the substrale surface and has a sidewall and botiom. A tungsien film is formed on the
substrate surface and in the at least one feature. The fungsten fiim is removed from
the substrate surface outside of the at least one feature. The tungsten film is oxidized
to form a tungsten oxide pillar which extends from the at least one subsirate feature.
The tungsten film is oxidized by exposing the substrate o an oxidizing agent
comprising one or more of HoO, Og, N0, O3, COy, CO, or HyOy, at a pressure greater
than or equal to about 2 bar.

BRIEF DESCRIPTION OF THE DRAWINGS

{0008} So that the manner in which the above recited features of the present
disclosure can be understood in detail, a more particular description of the disclosure,
briefly summarized herein, may be had by reference 1o embodiments, some of which
are illustrated in the appended drawings. [t is 16 be noted, however, that the
appended drawings illusirate only typical embodiments of this disclosure and are
therefore not to be considered limiting of its scope, for the disclosure may admit to
other equally effective embodiments.

{0009} FIG. 1 shows a cross-sectional view of a subsirate feature in accordance

with gne or more embodiments of the disclosure; and
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{0010} FIGS. 2A through 2C show a cross-sectional schematic of a self-aligned
structure formation process in accordance with one or more embodiments of the

disclosure.

{00111  In the appended figures, similar components and/or features may have the
same reference label. Further, various components of the same type may be
distinguished by foliowing the reference label by a dash and a second label that
distinguishes among the similar componenis. if only the first reference label is used in
the specification, the description is applicable to any one of the similar components
having the same first reference label irrespective of the second reference iabsl.

DETAILED DESCRIPTION

{0012} Before describing several exemplary embodiments of the disclosure, it is to
be understood that the disclosure is not limited to the details of construction or
process steps set forth in the following description. The disclosure is capable of other
embodiments and of being practiced or being carried out in varicus ways.

{00131 Reference throughout this specification to "one embodiment,” “cerlain
embodiments,” "one or more embodiments” or "an embodiment® means that a
particular feature, structure, material, or characteristic described in connection with the
embodiment is included in at least one embodiment of the disclosure. Thus, the

W

appearances of the phrases such as "in one or more embodiments,” "in certain
embodiments,” "in one embodiment” or "in an embodiment” in varicus places
througheut this specification are not necessarily referring to the same embodiment of
the disclosure. Furthermore, the particular features, structures, materials, or

characteristics may be combined in any suitable manner in one or more embodiments.

[0014] A "subsirate” 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
(SO0, carbon doped silicon oxides, amorphous silicon, doped silicon, germanium,
galium arsenide, glass, sapphire, and any other malerials such as metals, metal

nitrides, metal alloys, and other conductive materials, depending on the application.
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Substrates include, without limitation, semiconductor wafers. Substrates may be
exposed 1o a pretreaiment process to polish, elch, reduce, oxidize, hydroxylate,
anneal, UV cure, e-beam cure and/or bake the substrate surface. In addition to film
processing directly on the surface of the substraie 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 mors detail below, and the term "substrate
surface” Is intended o include such underlayer as the context indicates. Thus for
example, where a film/ayer or partial film/layer has been deposited onio a substrate
surface, the exposed surface of the newly deposited film/layer becomes the substrate

surface.

[0015] One or more embodiments of the disclosure are directed to methods for
oxidizing metal films at high pressure. Some embodimenis of the disclosure
advantageously provide methods of oxidizing metal films at high pressure which utilize
lower temperatures. Some embodiments of the disclosure advantageously provide
methods of oxidizing metal films which are able to be performed in a shorter period of
time. Some embodiments of the disclosure advantageously provide methods for pillar
type film growth that increase overall throughput and do not tax the thermal budget of
the device.

[0018] One or more embodiments of the disclosure provide methods for substrate
processing where material films (e.g. metal films) are oxidized at high pressures {(e.g.
greater than or equal to about 2 bar). Without being bound by theory, the higher
pressures aliow for lower processing temperaiure and faster processing times while
still achieving complete oxidation of the film volume and without sacrificing the
structural shape of the oxidized film.

00171 FIG. 1 shows a partial cross-sectional view of a substrate 100 with a feature
110. The Figures show substrates having a single feature for illustrative purposes;
however, those skilled in the art will understand that there can be no fealure or more
than one feature. The shape of the feature 110 can be any suitable shape including,
but not limited 1o, trenches and cylindrical vias.  in specific embodiments, the feature
110 is a trench. As used in this regard, the term "feature" means any intentional
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surface irregularity. Suitable examples of features include, but are not limited io
frenches which have a top, two sidewalls and a botltom, peaks which have a top
and two sidewalls extending upward from a surface and vias which have a continuous
sidewall extending down from a surface with an open bottom. Features or trenches
can have any suitable aspect ratio {ratic of the depth of the feature to the width of the
feature}. in some embodiments, the aspect ratio is greater than or squal to about 51,
10:1, 15:1, 20:1, 25:1, 30:1, 35:1 or 40:1.

{00181 The substrate 100 has a top surface 120. The at least one feature 110
forms an opening in the top surface 120. The feature 110 exlends from the top surface
120 to a depth D to a botiom surface 112. The feature 110 has a first sidewall 114 and
a second sidewall 1186 that define a width W of the feature 110. The open area formed
by the sidewalls and boltom are also referred to as a gap.

{00191 In some embodiments, the substrate comprises a first material which forms
at least one surface. In some embodiments, the first material comprises a metal. As
used in this regard, a metal is any metal or metalloid found on the periodic table of
elements. In some embodiments, the metal of the first material comprises more than
one metallic element. In some embodiments, the metal is selected from the group
consisting of W, Ru, Ta, Ir, Co, Mo, Ti, Bh, Cu, Fe, Mn, V, No, HE, Zr, Y, Al 8n, Cr, La
and combinations therecf. in some embodiments, the metal is selected from the
group consisting of W, Ry, Ta, Ir and combinations thereol. In some embodiments,
the metal consists essentially of wngsten. In some embodiments, the first material
consists essentially of tungsten (e.g. tungsten metal). As used in this regard,
“consists essentially of” means that the composition of the subject malerial is greater
than or equal to about 95%, 98%, 89% or 99.5% of the stated material.

{00207 Ouxdizing the first material creates an expanded first material. As used in
this disclosure, oxidation, oxidizing and the like refer to an increase in the average
oxidation siate of the material being oxidized. Oxidation should not be interpreted io
require that oxygen atoms are added to a material.

{0021}  With reference o FIGS. 2A through 2C, an exemplary embodiment of the
disclosure is illustrated. A substrate 200 is provided for processing. The substrate 200
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is similar to the substraie 100 shown in FIG. 1. As used in this regard, the term
"orovided" means that the substrate is placed into a position or environment for further
processing. The substrate 200 Hustrated in FIG. 2A has a first surface material 250
and a second surface malerial 260. The presence of mulliple surface materials is
iHustrative and not required. The first surface malerial 250 and the second surface
material 260 may be the same or different surface materials on the substrate 200. In
the illustrated embodiment, the feature 210 is formed with the botlom 212 being the
first surface 250 and the sidewalls 214, 216 and the top surface 220 being the second
surface material 260.

{00221 A film 230 is formed on the top surface 220 and the sidewalls 214, 216 and
bottom 212 of the feature 210. The film 230 can be any suitable film formed by any
suitable process including, but not limited {o, chemical vapor deposition, plasma-
enhanced chemical vapor deposition, atomic layer deposition, plasma-enhanced
atomic layer deposition and/or physical vapor deposition. In some embodiments, the
film 230 is formed by atomic layer deposition or plasma-enhanced atomic layer
deposition. In some embodiments, the substrate is provided with the film 230 having
already been formed on the substrate 200. In some embodiments, the film 230 may

be referred to as a first material.

{0023} The film 230 can be any suitable material that can be oxidized, Oxidizable
materials include zero valent metals and partial oxides (sub-oxides). In some
embodiments, the film 230 is a metal sub-oxide film. As used herein, a sub-oxide is
any metal complex where the oxidation state of the metal is greater than 0 and less
than the oxidation state of the metal in its fully oxidized form (L.e. highest oxidation
state). For example, tungsten oxide may exist in several forms, namely, W04, WO,
or W03, In this case, both W03 and WO, would be considered sub-oxides since they
correspond o oxidation states of +3 and +4 respectively and WQO; has an oxidation
state of +8. Those skilled in the art will recognize that sub-oxides do not need 1
contain oxygen. In some embodiments, suitable sub-oxides may contain one or more
of oxygen, boron, nitrogen, carbon, germanium or silicon. Stated differently, in some

embodiments, suitable metal sub-oxides may comprise metal oxides, metal nitrides,
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metal borides, metal carbides, metal germanides, metal silicides, or combinations

thereof (i.e. metal oxynitrides).

[0024] Those skilled in the art will understand that the metal sub-oxide film may
have a non-steichiometric amount of atoms. For example, a film designated as WN
may have different amounts of tungsten and nitrogen. The WN film may be, for
example, 90 atomic % tungsten. The use of WN to describe a tungsten nitride film
means that the film comprises tungsten and nitrogen atoms and should not be faken
as limiting the film to a specific composition. In some embodiments, the film consists
essentially of the designated atoms. For example, a film consisting essentially of WN
means that the composition of the film is greater than or equal to about 95%, 98%,
99%, or 99.5% tungsten and nifrogen atoms. In some embodiments, the film 230

comprises tungsten. In one or more embodiments, the film 230 comprises titanium.

[0025] In FIG. 2B, the film 230 is removed from the top surface 220 such that it is
contained entirely within the feature 210. The film 230 can be removed by any
suitable process. in some embodiments, the film 230 is removed by a chemical-
mechanical planarization (CMP) process.

{00261 In some embodiments, substantially all of the film 230 is formed within the
feature 210. As used in this regard, the term "substantially ali" means that greater
than or equal to about 95%, 98% or 99% of the film is formed within the feature 210
on a weighi basis.

{00277 In some embodiments, the film 230 is seleclively deposited within the
feature 210 and is not deposited on the top surface 220 of the substrate. in these
embodiments, the subsirate 200 would be processed such that it would flow from FIG.
1 to FIG. 2B without appearing like FIG. 2A. The compositions of the first surface
material 250 and the second surface material 260 can be chosen 1o allow selective
deposition of the film 230 on one surface relative to the other.

{0028] in some embodiments, the method includes selectively depositing a film 230
within the trench to a height H less than or equal to the depth of the feature 210. In
one embodiment, the film 230, fills ai least 10% of the volume of the trench. In other
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enmbodiments, the film 130 fills at least 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%,
55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95% or 100% of the volume of the
french. In some embodiments, the film 230 deposited in the feature 210 has a height
H that is less than or equal to about 98%, 95%, 90%, 80%, 70%, 60% or 50% of the
depth of the feature 210.

{00291 As shown in FIG. 2C, the processing method further comprises oxidizing the
film 230 to expand the film material volume {o provide an expanded film 240. In some
embodiments, the expanded film 240 is referred o as an expanded first material. In
some embodiments, the expanded film 240 extends beyond the top surface 220 of the
substrate. In some embodiments, the expanded film 240 comprises a metal oxide.
The expanded film 240 forms a self-aligned structure. During expansion, the fidelity of
the feature shape is maintained on the top of the feature so that the film 230 grows
straight up from the feature 210. As used in this regard, "straight up” means that the
sides of the expanded film 240 are substantially coplanar with the sidewall 214, 216 of
the feature 210. A surface is coplanar with the sidewall 214 where the angle formed at
the junction of the sidewall 214 and the surface is £10°% In this regard, an expanded
film which extends “straight up” from the feature may be described as orthogonal to
the top surface of the substrate if the sidewalls are perpendicular 1o the top surface.

[0030] The film 230 has an average metal oxidation state in the range of 0 fo less
thar the average metlal oxidation slate of the expanded film 240. In some
embodiments, the film 230 has a metal {o oxide ratio less than or equal to about 80%
of a metal to oxide ratio of the expanded film 240. In some embodiments, the
expanded film 240 is substantially orthogonal 1o the top surface 220 of the substrate.

[0031] Suitable metals for use in metal or metal sub-oxide films include, but are not
limited 10, metals having a Pilling-Bedworth ratio greater than 2, greater than 2.25, or
greater than 2.5. Pilling-Bedwaorth ratio refers to a ratio of a volume of the elementary
cell of a metal oxide to the volume of the slementary cell of the corresponding metal
from which the oxide is formed. The Pilling-Bedworth ratio is defined as the
Voxige! Vimeta, Where V is volume. For determining the Pilling-Bedworth ratic of a metal
oxide, Voue equals the molecular mass of the of the metal oxide muitiplied by the
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density of the metal, and View equals the number of atoms of metal per one molecule
of the oxide multiplied by the atomic mass of the metal muftiplied by the density of the
oxide. Examples of such films include one or more of Co, Mo, W, Ta, Ti, Ry, Bh, Cy,
Fe, Mn, V, Nb, Hf, Zr, Y, Al, Sn, Cr, Os, U and/or La.

[0032] In some embodiments, the metal film comprises tungsten and the expanded
metal film comprises WQOs, or a sub-oxide thereof.

{0033] In one embodiment, oxidizing the film 230 comprises exposing the film to an
oxidizing agent. In some embodiments, oxidizing the film 230 comprises exposing the
film 1o an oxidizing agent comprising one or more of Oy, O, NyO, H.0, HOy, CO,
CQOg, NHs, Nz, N2/Ar, No/He, No/Ar/He, alcohols halogens and peroxy acids. In some
embodiments, the oxidizing agent consists essentially of HxO.

[0034] In some embodiments, oxidizing the film comprises a thermal oxidation
process. As used in this regard, a thermal oxidation process does not include plasma.
in some embodiments, oxidizing the film comprises a plasma oxidation process. In
some embodiments, oxidizing the film comprises a remote plasma, plasma generated

by microwave and/or radio-frequency (e.g., ICP, CCP).

[0035] In some embodiments, the film 230 is exposed o a siliciding agent 1o
convert the film io a silicide film. The siliciding agent can be any suitable siliciding
agent including, but not limited {o, silane, disilane, irisilane, tetrasilane, pentasilane,
hexasilane, trimethyl silane, compounds with Irimethylsilyl substituents and
combinations thereof. One skilled in the art will recognize that conversion of the film

to a silicide film may also resull in an expanded fiim.

[0038] In some embodiments, the film 230 is exposed o a germanium agent 1o
convert the film to a germanicide film. The germaniciding agent can be any suitable
germaniciding agent including, but not limited to, germane, digermane, rigermane,
tetragermane, pentagermane, hexagermane, trimethyl germanium, compounds with
frimethylgermany! substituents and combinations thereof. One skilled in the art will
recognize that conversion of the film fo a germanicide film may also result in an

expanded film.



10

i5

20

30

WO 2019/126254 PCT/US2018/066368

10

{0037] Oxidizing the film 230 can occur at any suitable temperature depending on,
for example, the composition of the film and the oxidizing agent. In some
embodiments, the film expansion occurs at a temperature in the range of about 25 °C
to about 1100 °C.

[0038] In some embodiments, treating the film 230 occurs at a temperature less
than or equal to about 450 °C, or less than or equal to about 425 °C, or less than or
equal to about 400 °C, or less than or egual to about 350 °C, or less than or equal o
about 300 °C or less than or equal to about 250 °C. In some embodiments, the film
230 comprises tungsten and is treated at a temperature less than or equal o about
425 °C.

[0038] Trealing the film 230 can occur at any suitably high pressure depending on,
for example, the composition of the film and the oxidizing agent. In some
embodimentis, the film expansion occurs at a pressure in the range of about 2 bar to
about 15 bar.

{00401 In some embodimenis, freating the film 230 occurs at a pressure greater
than or equal 1o about 2 bar, or greater than or equal to about 5 bar, or greater than or
equal to about 10 bar or greater than or equal to about 15 bar. In some embodiments,
the film 230 comprises tungsten and is treated at a pressure greater than or equal 1o
about 5 bar,

{00411 Although the disclosure herein has been described with reference o
particular embodiments, it is o be understood that these embodiments are merely
ilustrative of the principles and applications of the present disclosure. 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 disclosure without departing from
the spirit and scope of the disclosure. Thus, it is intended that the present disclosure
include modifications and variations that are within the scope of the appended claims
and their equivalents.



