10

20

25

30

WO 2025/117408

STRESS CONTROL METHOD FOR PHYSICAL VAPOR DEPOSITION OF
ALUMINUM

TECHNICAL FIELD

{00011 Embodiments of the present disclosure pertain to the field of semiconductor
devices and semiconductor device manufacturing. More particularly, embodiments of
the disclosure relate to methods for reducing distortion and siress of a semiconductor

wafer.

BACKGROUND

{00021 Integrated circuits have eveolved into complex devices that can include
millions of fransistors, capacilors, and resisiors on a single chip. in the course of
integrated circuit evolution, functional density {l.e., the number of interconnected
devices per chip area) has generally increased while geometry size (i.e., the smallest
component {(or line) that can be created using a fabrication process) has decreased.
{00031 As semiconductor nodes advance, and integration process flows become
more complicated, stress accumuiates on semiconductor wafers, leading to wafer bow
that cannot be easily addressed. The inability of being able to address wafer bow
fimits the adoplion of certain higher-siress films thal may possess other beneficial
properties, such as beiter eich selectivity and the like.

{0004] As the coverage requirement on aluminum {Al) processes increases, AC
bias is implemented 1o further improve aluminum coverage. The introduction of AC
power during the process, however, deteriorates film stress. In many cases, film stress
limits the amount of AC power usags, and hence limits the coverage performance.
{00051  Accordingly, there is a need for methods of reducing the distortions of
semiconductor wafers to permit scaling required for advanced node devices.

SUMMARY

{0008] One or more embodiments of the disclosure are directed o a method of
manufacturing a semiconductor device, the method comprising: deposiling an
aluminum layer on a top surface of the substrate; and cooling the subsirate 1o a

temperature less than or equal 1o 20 °C.
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{00071  Further embodimenis provide a method of reducing siress on a
semiconductor substrate. In one or more embodiments, a method of reducing stress
on a semiconducior subsirate, the method comprising: depositing an aluminum layer
on g top surface of the substrate, the subsirate in a first deposition chamber; moving
the substrate having the aluminum layer thereon to a third processing; and cooling the

substrate to a temperature less than or equal to 20 °C.

BRIEF DESCRIPTION OF THE DRAWINGS

{0008] So that the manner in which the above recited features of the disclosure can
be understood in detail, a more particular description of the disclosure, briefly
summarized above, may be had by reference 1o embodiments, some of which are
Hlustrated in the appended drawings. It is 10 be noted, however, that the appended
drawings illustrate only typical embodiments of the disclosure and are therefore not to
be considered limiling of its scope, for the disclosure may admit to other equally
effective embodiments.

[0008] FIG. 1A illustrales a process flow diagram of a method in accordance with
one or more embodiments of the disclosure;

{00101 FIG. 1B illustrates a cross-section view of a semiconductor device being
processed according o the method of one or more embodiments of the disclosure;
[0011]  FIG. 2A illusirates a process flow diagram of a method in accordance with
one of more embodiments of the disciosure;

{0012] FIG. 2B illustrates a process flow diagram of a method in accordance with
one or more embodiments of the disclosure; and

{00131  FIG. 3 illustrates a schematic view of a cluster tool in accordance with one or
more embodiments of the disclosure.

{00141 To facililate understanding, identical reference numerals have been used,
where possible, to designate identical elemenis that are common {o the figures. The
figures are not drawn 10 scale and may be simplified for clarity. Elements and features
of one embodiment may be beneficially incorporated in other embodiments without
further recitation.

DETAILED DESCRIPTION
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{00151 Before describing severgl exemplary embodiments of the invenlion, it is io
be understood that the invention is not limited 1o the details of conslruction or process
steps set forth in the following description. The invention is capable of other
embodiments and of being practiced or being carried out in various ways.

{0018] The term “about” as used herein means approximately or nearly and in the
context of a numerical value or range set forth means a variation of £15%, or less, of
the numerical value. For example, a value differing by £149%, £10%, 5%, 2%, or

+1%, would satisfy the definition of "about.”

n o non n

{0017} Spatially relative terms, such as "beneath,” "below,” "lower,” "above,
“upper” and the like, may be used herein for ease of description to describe one
element or fealure's relationship o another element(s) or feature(s) as illusirated in
the Figures. It will be undersiood that the spatially relative terms are intended to
encompass different orientations of a device in use or operation in addition fo the
orientation depicted in the figures. For example, if the device in the Figures is turned
over, elemenis described as "below,” or "beneath” other elements or fealures would
then be oriented "above” the other elements or features. Thus, the exemplary term
"below" may encompass both an orientation of above and below. The device may be
otherwise oriented (rotated 9C degrees or al other orientations} and the spatially
relative descriptors used herein interpreted accordingly.

{0018] As used in this specification and the appended claims, the term "subsirate”
or "wafer” refers o a surface, or portion of a surface, upon which a process acts. it will
also be undersiood by those skilled in the art that reference 10 a substrate can refer 1o
only a portion of the subsirate 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.

{00191 A "subsirate” gz used herein, refers 1o 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
(S0, carbon doped silicon oxides, amorphous silicon, doped silicon, germanium,
gallium arsenide, and any other materials such as metals, metal nitrides, metal alloys,

and cother conductive materials, depending on the application. Substrates include,

PCT/US2024/057227



10

15

20

25

30

WO 2025/117408

4

without limitation, semiconductor wafers. Subsirates may be exposed o a
pretreatment process to polish, etch, reduce, oxidize, hydroxylate, anneal and/or bake
the substrate surface. In addition to film processing directly on the surface of the
subsirate itself, in the present disclosure, any of the film processing steps disclosed
may also be pertormed on an under-layer formed on the subslrate as disclosed in
more detail below, and the term "substrate surface” is intended 1o include such under-
layer as the context indicates. Thus, for example, where a film/layer or partial
film/layer has been deposited onto a subsirate surface, the exposed surface of the
newly deposited film/layer becomes the substrate surface.

{00201 The substrate surface may have one or more fealures formed therein, one or
more layers formed thereon, and combinations thereof. The shape of the feature can
be any suitable shape including, but not limited to, trenches, holes and vias {circular or
polygonal). As used in this regard, the term "eature” refers {o any intentional surface
irregularity. Suitable examples of features include but are not limited {o trenches,
which have a top, two sidewalls and a botiom extending into the substrate, vias which
have one or more sidewall extending into the substrate to a botiom, and slot vias. The
features described herein can have any suitable aspect ratio {ratio of the depth of the
feature to the width of the fealure). In one or more embaodiments, the aspect ratio of
the features described herein is greater than or equal fo about 1:4, 1:3, 1:2, 11, 2:1,
51, 10:1, 151, 20:1, 25:1, 30:1, 351, or 40:1.

{00211 The term "on" indicates that there is direct contact between elements. The
term "directly on” indicates that there is direct coniact between elements with no
intervening elements,

{00221  As used in this specification and the appended claims, the terms "precursor,”
“reactant,” "reactive gas” and the like are used interchangeably to refer o any
gaseous species that can react with the substrate surface.

{00231 Sputtering is a physical vapor deposition (PVD} process in which high-
energy ions impact and erode a solid target and depaosit the target material on the
surface of a subsirate, such as a semiconductor subsirate. In semiconductor
fabrication, the spullering process is usually accomplished within a semiconductor
fabrication chamber aiso known as a PVD processing chamber or a sputtering
chamber. Sputtering has long been used for the deposition of metlals and related
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materials in the fabrication of semiconductor integrated circuits.

{00241 Typically, the sputtering chamber comprises an enclosure wall that encloses
a process zone inte which a process gas is introduced, a gas energizer to energize
the process gas, and an exhaust port to exhaust and control the pressure of the
process gas in the chamber. The chamber is used 1o sputter deposit a malerial from a
sputiering target onto the semiconductor substrate. in the sputtering processes, the
sputiering target is bombarded by energetic ions, such as a plasma, causing material
to be knocked off the farget and depaosited as a film on the semiconductor subsirate.
{00251 A typical semiconductor fabrication chamber has a targel assembly
including disc-shaped target of solid metal or other material supported by a backing
plate that holds the targel. To promote uniform deposition, the PVD chamber may
have an annular conceniric melallic ring, which is often called a gshield,
circumferentially surrounding the disc-shaped target.

{0028] Plasma sputtering may be accomplished using either DC sputtering or RF
sputiering. Plasma spultering typically includes a magnetron positioned at the back of
a spultering target including two magnets of opposing poles magnetically coupled at
their back through a magnelic yoke o project a magnetic field into the processing
space to increase the density of the plasma and enhance the sputtering rate from a
front face of the target. Magnets used in the magnetron are typically closed loop for
BC sputtering and opernt loop for RF sputtering.

{00271  "Atomic layer deposition” or "cyclical depaosition” as used herein refers {o the
sequential exposure of two or more reactive compounds o deposit a layer of material
on & substraie surface. The subsirate, or portion of the subsirate, is exposed
separately to the two or more reaclive compounds which are introduced into a
reaction zone of a processing chamber. in a time-domain ALD process, exposure o
each reaclive compound is separated by a time delay to allow each compound to
adhere and/or react on the subsirate surface and then be purged from the processing
chamber. These reactive compounds are said 1o be exposed o the substrate
sequentially. In a spalial ALD process, different portions of the substrate surface, or
material on the subsirale surface, are exposed simullaneously to the two or more
reactive compounds so thal any given point on the substrate is substantially not

exposed 1o more than one reactive compound simultanecusly. As used in this
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specification and the appended claims, the term "substantially” used in this respect
means, as will be understood by those skilled in the art, that there is the possibility
that a small portion of the substrate may be exposed to multiple reaclive gases
simultaneously due to diffusion, and that the simultaneous exposure is unintended.
{0028] in one aspect of a time-domain ALD process, a first reactive gas (i.e., a first
precursor or compound A} is pulsed info the reaction zone followed by a first time
delay. Next, a second precursor or compound B is pulsed into the reaction zone
followed by a second delay. During each time delay, a purge gas, such as argon, is
introduced into the processing chamber o purge the reaction zone or otherwise
remove any residual reactive compound or reaction by-products from the reaction
zone, Alternatively, the purge gas may flow continuously throughout the deposition
process 30 that only the purge gas flows during the time delay between pulses of
reactive compounds. The reactive compounds are alternatively pulsed until a desired
film or film thickness is formed on the substrate surface. In sither scenario, the ALD
process of pulsing compound A, purge gas, compeund B and purge gas is a cycle. A
cycle can start with either compound A or compound B and continue the respective
order of the cycle untit achieving a film with the predetermined thickness.

{00291 in an embodiment of a spatial ALD process, a first reactive gas and second
reactive gas (e.g., hydrogen gas} are delivered simultaneously o the reaction zone
but are separated by an inert gas curtain and/or a vacuum curtain. The substrate is
moved refative to the gas delivery apparatus so that any given point on the subsirale
is exposed to the first reactive gas and the second reactive gas.

{0030} One or more of the layers deposited on the substrate or substrate surface
are continuous. As used herein, the term "continuous” refers 1o a layer that covers an
entire exposed surface without gaps or bare spots that reveal material underlying the
deposited layer. A comtinuous layer may have gaps or bare spots with g surface area
less than about 15% or less than about 10% of the total surface ares of the layer.
{00311 As used herein, the term "in sift” refers 1o processes that are all performed
in the same processing chamber or within different processing chambers that are
connected as part of an inlegrated processing sysiem, such that each of the
processes are performed without an intervening vacuum break. As used herein, the

term "ex it refers to processes that are performed in at least two different
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processing chambers such that one or more of the processes are periormed with an
intervening vacuum break. In some embodiments, processes are performed without
breaking vacuum or without exposure o ambient air, The method of one or more
embodiments may be performed in gt in an integrated processing tool, e.g., a cluster
tool. In other embodiments, the method is performed without breaking vacuum or
without exposure 1o ambient air.

{0032} Semiconductor devices ulilize layers of metals and other mailerials to form
multi-layer stacks and films on a wafer. The multi-layer stacks and films have varying
levels of stress, which lead to considerable strain/bow on the waler. For example,
such strain/bow on the water can create problems both in chucking of the wafer as
well as overlay issues between palterning steps and reducing device vield. One or
more embodiments advantageously provide solutions o reduce the stress and
distortions caused by deposition of films, aluminum tilms in particular.

{00337 The embodiments of the disclosure are described by way of the Figures,
which illustrate processes for forming semiconductor devices and processing tools for
executing the processes in accordance with one or more embodiments of the
disclosure. The processes shown are merely lHustrative possible uses for the
disclosed processes, and the skilled arlisan will recognize that the disclosed
processes are not limited to the illustrated applications,

{00341 In the following description, numercus specific details, such as specific
materials, chemistries, dimensions of the elements, efc. are set forth in order 1
provide thorough understanding of one or more of the embodiments of the present
disclosure. It will be apparent, however, o ong of ordinary skill in the art that the one
or more embodiments of the present disclosure may be practiced without these
specific details. In other instances, semiconductor fabrication processes, techniques,
materials, equipment, eic.,, have not been described in greal detail to avoid
unnecessarily obscuring this description. Those of ordinary skill in the ari, with the
included description, will be able to implement appropriate functionality without undus
experimentation.

{00351 While certain exemplary embodiments of the disclosure are described and
shown in the accompanying drawings, it is to be understood that such embodiments
are merely illustrative and not restrictive of the current disclosurs, and that this
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disclosure is not restricted 1o the specific constructions and arrangements shown and
described because modifications may occur to those ordinarily skilled in the art.

{00387 FiG. 1A illustrales a process flow diagram for a method 10 for forming a
semiconductor device in accordance with some embodiments of the present
disclosure. FIG. 1B illusirates a cross-section view of a semiconductor device 30
being processed according o the method of one or more embodiments of the
disclosure. FIG. 2A illusirales a process flow diggram for a method 50 for forming a
semiconductor device in accordance with some embodiments of the present
disclosure. FIG. 2B illustrates a process flow diagram for a method 70 for forming a
semiconductor device It accordance with some embodiments of the present
disclosure. FIG. 3 illusirates a processing ool 100 that may be suitable for carrying
out the methods 10, 50, and 70 of one or more embodiments.

{00377 In one or more embodimenis, the methods 10, 50, and 70 may be
performed in any suitable process chamber coupled o a processing tool, e.g., a
cluster tool like that Hlustrated in FIG. 3. The cluster ool 100 may include process
chambers for fabricating a semiconductor device, such as chambers configured for
cooling, deposition, physical vapor deposition (PVD), chemical vapor deposition
(CVD), oxidation, or any other suitable chamber used for the fabrication of a
semiconductor device,

[0038] Referring to FIG. 1A, at gperation 12 of method 10, a subsirate is provided
and exposed {0 a vacuum. As used in this specification and the appended claims, the
term “"provided” means that the substrate is made available for processing (e.g.,
positioned in a processing chamber). At opergtion 14, the substrale is, optionally,
cocled. At operation 16, an aluminum layer is deposited on the substrate. At
operation 18, the subsirate is cooled to a temperature of less than or equal to 20 °C,
or less than or equal to 10 °C, or less than or equal to 0 °C, or less than or equal fo -
20 °C. Al optional operation 20, the substrate may be warmed o room temperalure.
{00381  With reference to FIG. 1A and FIG. 18, in one or more embodiments, the
substrale or wafer 32 may comprise any suitable substrate known io the skilled
artisan. In some embodimenis, the substrate or waler 32 may be a bulk
semiconductor substrale. As used herein, the term "bulk semiconducior substrate”
refers 1o a subsirate in which the entirety of the subsirate is comprised of a
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semiconductor material. The bulk semiconductor substrate may comprise any suitable
semiconducting material and/or combinations of semiconducting materials for forming
a semiconductor structure. For example, the semiconducting layer may comprise one
or more materials such as crystalline silicon {e.g., Si<100> or Six111:), silicon oxide,
strained silicon, silicon germanium, doped or undoped polysilicon, doped or undoped
silicon wafers, patterned or non-patierned wafers, doped silicon, germanium, gallium
arsenide, or other suitable semiconducting malerials. In some embodiments, ihe
semiconductor material is silicon (8. In one or more embodiments, the
semiconductor substrate 32 comprises a semiconductor material, e.g., silicon (Si},
carbon (C), germanium (Ge), silicon germanium (SiGe), germanium tin (GeSn), other
semiconductor materials, or any combination thereof. In one or more embodiments,
the substrale comprises one or more of silicon (8i), germanium (Ge), gallium (Ga},
arsenic {As), phosphorus (P), silicon carbide (8iC), silicon oxide {SiOx), gallium
arsenide (GaAs), and the like. Although a few examples of materials from which the
substraie may be formed are described herein, any malerial thal may serve as a
foundation upon which passive and active electronic devices {e.g., iransisiors,
memaories, capacitors, induciors, resistors, swilches, imtegrated circuils, amplifiers,
optosiectronic devices, or any other eleclronic devices) may be built falls within the
spirit and scope of the present disclosure.

{00401  With reference 1o FIG. 1A and FIG. 18, at operation 12, the substrate 32 is
exposed 1o a vacuum. As used herein, the phrase "exposed {0 a vacuum” means that
a purge gas is Howed over the substrate 32 to purge the reaction zone or otherwise
remove any residual reactive compounds or reaction-by-products from the surface of
the substrate 32 and from the reaction zone. The purge gas may comprise any inert
gas known o the skilled artisan. In one or more embodiments, the purge gas is
selected from one or more of nitrogen (N2}, helium (He), and argon (Ar). In one or
more embodiments, the subsirate 32 is purged at operation 12 at a temperaiure in g
range of from 150 °C to 400 °C.

{0041] Al operation 14, the subsitrate 32 is cooled to a temperalure in a range or
from 50 °C to 150 °C, including a temperafure of about 50 °C, about 60 °C, about 70
°C, about 80 °C, about 30 *C, about 100 °C, about 110 °C, about 120 °C, aboui 130
°G, about 140 °C, and about 150 °C. In some embodiments, the substrate 32 is
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cooled while also being kept under vacuum.

{00421  With reference to FIG. 1A and FIG. 1B, at operation 18, an aluminum layer
34 is deposited on a top surface 33 of the subsirate 32. In one or more embodiments,
an aluminum (A layer 34 is deposited by sputiering or a physical vapor deposition
{(PVD) process. In one or more embodiments, an aluminum layer 34 is deposited
using a direct current (DC) PVD process by sputtering a metal target and supplying a
radiofrequency (RF) o the pedestal. Accordingly, an aluminum target is sputiered
onto the semiconductor substrate 32 to form the aluminum (A} layer 34.

{00431 In one or more embaodiments, the PVD process comprises RF sputtering
and DO sputtering. In one or more embodiments, the DO is supplied to the metal
target (not shown} and the RF is supplied 1o the pedestal (not shown). In one or more
embodiments, the DO component has a power in a range of from 0 kilowatt (KW) to
100 kW, 10 KW to 80kW, 20 kW to 80 kW, 30 KW 10 50 kW, or 40 kW 1o 50 kW. In one
or more embodiments, RF component has a power in range of from 0 kKW to 10 kW, 1
KWio 10 KW, S KW o 10 KW, 5 kW o 10 KW, 7 kW ioc 10KW, 1 kW lo 7 kW, 3 kW to 7
KW, BEKkWto 7 kW, 1 kW 1ito B kW, 3 kW to B kW, or 1 KW to 3 kW,

{00441 In one or more embodiments, the PVD process occurs at a temperalure in a
range of from 200 °C to 450 °C, 250 °C to 450 °C, 300 °C to 450 °C, 350 °C to 450 °C,
400 °C to 450 °C, 200 °C to 400 °C, 250 °C 1o 400 °C, 300 °C 10 400 °C, 350 *C to 400
2C, 200 °C to 350 °C, 250 °C to 350 °C, 300 °C 10 350 °C, 200 °C to 300 °C, 250 °C 1o
300 °C, or 200 °C {0 250 °C.

{00457 In one or more embodiments, the PVD process occurs at a pressure in a
range of from 0.5 mTorr to 500 mTorr, 10 mTorr 10 500 mTorr, 25 mTorr to 250 mTorr,
or 50 mTorr to 150 mTorr.

{0048] In one or more embodiments, the aluminum (Al) layer 34 has a thickness in
a range of from 1 pym to 6 wm, or in a range of from 2 um o 5 um. In one or more
embodiments, the aluminum {Al) layer 34 is a continuous laver. As used herein, the
term "continuous” refers 10 a layer that covers an entire exposed surface without gaps
or bare spots that reveal material underlying the deposited layer. A continuous layer
may have gaps or bare spols with a surface area less than about 15% or less than
about 10% of the iotal surface area of the layer. Once the predetermined thickness of
the aluminum (Al} layer 34 has been deposited at operation 16, the method 10 moves
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to operation 18.

{00471 At operation 18, the substrate is cooled 1o a temperalure that is less than or
equal o -20 °C. At operatlion 20, the substrate 32 may be allowed to warm 1o room
temperature, or in a range of from 20 2°C to 25 °C.

{0048] Without intending to be bound by theory, it is thought that cooling a
substrate 32 with an aluminum layer 34 after deposition induces tensile stress in the
aluminum layer 32, leading o bowing of the subslrate 32. Additionally, healing the
aluminum layer 34 after depasition can also induce tensile stress to the aluminum and
lead to bowing of the substirate 32. Accordingly, in one or more embodiments, cooling
the substrate 32 having the aluminum layer 34 thereon 1o a temperature that is less
than or egqual 1o -20 °C followed by healing the substrale 32 with the aluminum layer
34 thereon counteracts the tensile stress causes by the cooling and reduces the
overall film stress and bowing caused.

{00497 Referring to FIG. 24, the method 50 may be performed in a processing ool
Al operation 52 of method 20, a substrate is provided and exposed to g vacuum in the
first processing chamber. Al operation 54, the substrate is moved o a second
processing chamber. Al operation 58, the substrate is, optionally, cooled. Al operation
58, the substrate is moved fo the first deposition chamber. At operation 80, an
aluminum layer is deposited on the subsirate. At operation 82, the subsirale is moved
to a third processing chamber, the third processing chamber having a sub-zero chilling
pedestal, or a sub-zero cooling pedestal, in it. At operation 64, the substrate is cooled
o a temperature of less than or equal 1o 20 °C, or less than or equal to 10 °C, or less
than or equal 1o 0 °C, or less than or equal to -20 °C. Al optional operation 86, the
substrate may be warmed to room temperature.

{00507 With reference to FIG. 2A and FIG. 18, in one or more embodiments, the
subsirate or wafer 32 may comprise any suitable subsirale known to the skilled
artisan, as discussed above. At operation 52, the substraie 32 is exposed o a vacuum
inn & first processing chamber as a purge gas is flowed over the substrate 32 to purge
the reaction zone or otherwise remove any residual reactive compounds or reaction-
by-products from the surface of the substrate 32 and from the reaction zone. The
purge gas may comprise any inert gas known o the skilled artisan. In ong or more

embodiments, the purge gas is selected from one or more of nitrogen (Ng), helium
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{He), and argon (Ar}. In one or more embodiments, the substrate 32 is purged at
operation 52 at a temperature in a range of from 150 °C o 400 °C.

{00511 Al opergtion 54, the substrale 32 is moved o g second processing
chamber, where, at operation 56 the subsirate 32 is cooled to a temperature in a
range or from 50 °C fo 150 °C, inciuding a temperature of about 50 °C, about 80 °C,
about 70 °C, about 80 °C, about 90 °C, about 100 °C, about 110 °C, about 120 °C,
about 130 °C, about 140 °C, and about 150 *C. In some embodiments, the substrate
32 is cooled while also being kept under vacuum.

{00521 With reference to FIG. 2A and FIG. 1B, at operation 58, the substrate 32 is
moved o a first deposition chamber, where, at operation 8C, an aluminum layer 34 is
deposited on a top surface 33 of the substrate 32. In one or more embodiments, the
aluminum (Al} layer 34 is deposited by sputtering or physical vapor deposition (PVD).
in one or more emboediments, an aluminum layer 34 is deposited using a direct current
{BC) PVD process or a radiofrequency (RF) PVD process. Accordingly, an aluminum
targed is sputiered onlo the semiconducior substrale 32 to form the aluminum (Al)
layer 34.

{00531 In one or more embaodiments, the PVD process comprises RF sputtering
and DC spultering. In one or more embodiments, the DC is supplied {o the
semiconductor substrate 32 or metal target and the RF is supplied to the pedesial {(not
shown). In ong or more embodiments, the DC component has a power in a range of
from O kilowatt (kW) to 100 KW, 10 KW to 30kW, 20 KW 1o 80 KW, 30 kKW to 50 kW, or
40 KW fo 50 KW. In one or more embodiments, RF component has a power in range
of from 0 KW o 10 kW, 1 kW to 10 KW, 3 kW 1o 10 kKW, 5 kW 1o 10 kKW, 7 kW fo 10
KW, 1 kWio 7 kW, 3kW o 7 KW, S kW io 7 kW, 1 kW o 5 kW, 3 KW to 5 kW, or 1 kW
to 3 KW.

{00541 inone or more embodiments, the PVD process occurs at a temperature in a
range of from 200 °C to 450 °C, 250 °C to 450 °C, 300 °C to 450 °C, 350 °C {0 450 *C,
400 °C 10 450 °C, 200 °C 1o 400 °C, 250 °C 10 400 °C, 300 °C io 400 °C, 350 °C {0 400
8, 200 2C to 350 °C, 250 2C to 350 2C, 300 °C 10 350 °C, 200 °C to 300 °C, 250 °C 1o
300 °C, or 200 *C to 250 °C.

{00551 in one or more embodiments, the PVD process occurs al a pressure in a
range of from (.5 mTorr 1o 500 mTorr, 10 mTorr to 500 mTorr, 25 mTorr o 250 mTorr,
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or 56 mTorr fo 150 mTorr.

{00581 In one or more embodiments, the aluminum (Al layer 34 has a thickness in
a range of from 1 pm to 6 um, or in a range of from 2 um o 5 um. In one or more
embodiments, the aluminum {Al) layer 34 is a continuous layer. As used herein, the
term "continuous” refers {o a layer that covers an entire exposed surface without gaps
or bare spots that reveal material underlying the deposited layer. A continuous laysr
may have gaps or bare spols with a surface area less than about 15% or less than
about 10% of the iotal surface area of the layer. Once the predetermined thickness of
the aluminum (Al} layer 34 has been deposited at operation 60, the method 50 moves
o cperation 62.

{00571 At operation 62, the substrale 32 is moved 0 a third processing chamber.
The third processing chamber having a sub-zero chilling pedestal, or a sub-zero
cooling pedestal, therein. In the third processing chamber, al operation 84, the
substrate 32 is cooled 1o a2 temperature that is less than or equal o -20 °C. At
operation 66, the substrale 32 may be allowed o warm (o room temperature, or in a
range of from 20 *C to 25 °C.

{00581 Without intending to be bound by theory, it is thought that cooling a
substrate 32 with an aluminum layer 34 after deposition induces tensile stress in the
aluminum layer 32, leading to bowing of the substrate 32. Additionally, healing the
aluminum layer 34 after deposition can also induce tensile stress to the aluminum and
lead to bowing of the substrale 32. Accordingly, in one or more emboediments, cooling
the subsirate 32 having the aluminum layer 34 thereon to a femperature that is less
than or equal to -20 °C followed by heating the substrate 32 with the aluminum layer
34 therson coumteracts the tensile stress causes by the cooling and reduces the
overall film stress and bowing caused.

[0058] Referring to FIG. 2B, the method 70 may be performed in a processing tool,
At operation 72 of method 70, g substrate is provided and exposed to a vacuum in the
first processing chamber. At operation 74, the substrate is moved o a second
processing chamber. At operation 76, the substrate is, optionally, cooled. Al operation
78, the substrate is moved to the first deposilion chamber. At operation 80, an
aluminum layer is deposited on the substrale. Al operation 82, the substrate is moved
to a third processing chamber. Al operation 84, the substrate is cooled. At operation
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86, the subsirate is moved o a fourth processing chamber, the fourth processing
chamber having a sub-zero chilling pedestal, or a sub-zere cooling pedestal, in it At
opergtion 88, the substrale is cooled {o a temperature of less than or equal to 20 °C,
or less than or equal to 10 °C, or less than or egual to 0 °C, or less than or equal fo -
20 °C. Al optional operation 80, the substrate may be warmed to room temperature.
{00807  With reference to FIG. 2B and FIG. 18, in one or moere embodiments, the
substrale or wafer 32 may comprise any suitable substrate known o the skilled
artisan, as discussed above. Al operation 72, the substrate 32 is exposed {0 a vacuum
in a first processing chamber as a purge gas is flowed over the substrate 32 {o purge
the reaction zone or otherwise remove any residual reactive compounds or reaction-
by-products from the surface of the substrate 32 and from the reaction zone. The
purge gas may comprise any inert gas known to the skilled arlisan. In one or more
embodiments, the purge gas is selected from one or more of nitrogen (Nz}, helium
{He}, and argon {Ar). In one or more embodiments, the substrate 32 is purged at
operation 72 at a temperature in a range of from 150 °C o 400 °C.

[0061] Al operation 74, the substrate 32 is moved to a second processing
chamber, where, at operation 76 the substrate 32 is cooled fo a lemperature in a
range or from 50 °C to 150 °C, including a temperature of about 530 °C, about 80 °C,
abeut 70 °C, about 80 °C, about 90 °C, about 100 °C, about 110 °C, about 120 °C,
about 130 °C, about 140 °C, and about 150 °C. In some embodimenis, the subsirate
32 is cooled while also being kept under vacuum.

[0062] With reference to FIG. 2B and FIG. 18, at operation 78, the substrate 32 is
moved o a first deposition chamber, where, at operation 80, an aluminum layer 34 is
deposited on a top surface 33 of the subsirate 32. In one or more embodiments, the
aluminum {AD layer 34 is deposited by sputtering or physical vapor deposition (PVD).
in one or more embodiments, an aluminum layer 34 is deposited using a direct current
(DC) PVD process or a radicfrequency (RF) PVD process. Accordingly, an aluminum
target is sputtered onto the semiconductor subsirate 32 to form the aluminum (Al
layer 34,

[0063] In one or more embodiments, the PVD process comprises RF sputtering
and DC spultering. In one or more embodiments, the DC is supplied to the
semiconductor substrate 32 or metial target and the RF is supplied to the pedestal {not
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shown}. In one or more embodiments, the DC component has a power in a range of
from O kilowatt (KW) to 100 kW, 10 kW to 80KW, 20 kKW fo 60 kW, 30 kW to 50 kW, or
40 kW to 50 kW. In one or more embodiments, RF component has a power in range
of from 0 kW to 10 kKW, 1 KW o 10 kW, 3 kW to 10 kW, 5 kW o 10 kW, 7 kW 10 10
KW, TkWIo 7KW, 3kW o 7 KW, S kW io 7 kW, 1 KW o 5 kW, I kW o 5 kKW, or 1 kKW
to 3 kW.

{00641 in one or more embodiments, the PYD process occurs at g lemperature in a
range of from 200 °C to 450 *C, 250 2C to 450 °C, 300 °C to 450 °C, 350 =*C to 450 °C,
400 °C 1o 450 °C, 200 °C 10 400 °C, 250 °C 10 400 °C, 300 °C to0 400 °C, 350 °C o 400
°G, 200 °C to 350 °C, 250 °C to 350 °C, 300 °C to 350 °C, 200 *C 10 300 °C, 250 *C {o
300 °C, or 200 °C {0 250 °C.

{00651 In one or more embodimenis, the PVD process occurs at a pressure in g
range of from 0.5 mTorr to 500 mTorr, 10 mTorr 10 500 mTar, 25 mTorr o 250 miar,
or 56 mTorr o 150 mTaom.

{0066] In one or more embodiments, the aluminum (Al layer 34 has a thickness in
a range of from 1 um t0 6 um, or in a range of from 2 um 1o 5 um. In one or more
embodiments, the aluminum {Al) layer 34 is a confinuous layer. Once the
predetermined thickness of the aluminum (A layer 34 has been deposiied al
operation 80, the method 70 moves to operation 82.

{00671 At operation 82, the substrate 32 is moved 1o g third processing chamber.
The third processing chamber. in the third processing chamber, at operation 84, the
substrate 32 is cooled to a temperature in a range or from 50 °C to 150 °C, including a
temperature of about 50 °C, about 80 °C, about 70 °C, aboul 80 °C, gbout 80 °C,
aboui 100 °C, about 110 °C, about 120 °C, about 130 °C, about 140 °C, and about
150 *C. In some embodiments, the substirate 32 is cooled while also being kept under
vacuum.

{00687 Al opergtion 86, the substraie 32 is moved lo a fourth processing chamber,
which has a sub-zero chilling pedestal or a sub-zero cooling pedestal. Al operation 88,
inn the fourth processing chamber, the subsirate 32 is cooled 10 a temperature that is
less than or equal to -20 °C.

{0069} At operation 80, the substrale 32 may be allowed to warm o room
temperature, or in a range of from 20 °C 1o 25 °C.

PCT/US2024/057227



10

15

20

25

30

WO 2025/117408

16

{00701  Without infending 1o be bound by theory, it is thought that cooling a substrale
32 with an aluminum layer 34 after deposition induces tensile stress in the aluminum
layer 32, leading 1o bowing of the subsirate 32. Addilionally, heating the aluminum
layer 34 after deposition can also induce tensile siress to the aluminum and lead to
bowing of the substrate 32. Accordingly, in one or more embodiments, the subsirate
32 having the aluminum layer 34 thereon is advantageously cooled 1o a temperature
that is less than or egual to -20 °C followed by healing the substrate 32 with the
aluminum layer 34 thereon counteracts the tensile stress causes by the cocling and
reduces the overall film stress and bowing caused.

{00711 In the Hustrated example of FIG. 3, the factory interface 102 includes a
docking station 140 and faclory interface robois 142 o facilitate {ransfer of wafers.
The docking station 140 is configured to accept one or more front opening unified
pods (FOUPs) 144, In some exampies, 2ach factory interface robot 142 generally
comprises a blade 148 disposed on one end of the respective factory interface robot
142 configured o transfer the wafers from the factory interface 102 to the load lock
chambers 104, 106.

{00721 The load lock chambers 104, 106 have respective ports 150, 152 coupled o
the factory interface 102 and respective ports 154, 156 coupled fo the transfer
chamber 108. The transfer chamber 108 further has respective porls 158, 160
coupled 1o the holding chambers 116, 118 and respective poris 162, 164 coupled to
processing chambers 120, 122, Similarly, the transfer chamber 110 has respeciive
ports 166, 168 coupled to the holding chambers 116, 118 and respective ports 170,
172, 174, 178 coupled to processing chambers 124, 126, 128, 130. The porig 154,
156, 158, 160, 162, 164, 166, 168, 170, 172, 174, 176 can be, for example, shit valve
openings with slit valves for passing walers therethrough by the transfer robots 112,
114 and for providing a seal belween respective chambers fo prevent a gas from
passing between the respective chambers. Generally, any port is open for transferring
a wafer therethrough. Otherwise, the port is closed.

{00737 The load lock chambers 104, 106, transfer chambers 108, 110, holding
chambers 1186, 118, and processing chambers 120, 122, 124, 126, 128, 130 may be
Huidly coupled o a gas and pressure control system {not specifically llusirated). The

gas and pressure control system can include one or more gas pumps {&.g., tubo
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pumps, cryo-pumps, roughing pumps), gas sources, various valves, and conduils
fluidly coupled fo the various chambers. In operation, a factory interface robot 142
transfers a wafer from a FOUP 144 through a port 150 or 152 o a load lock chamber
104 or 106. The gas and pressure control system then pumps down the load lock
chamber 104 or 106. The gas and pressure confrol system further maintains the
transfer chambers 108, 110 and holding chambers 116, 118 with an interior low
pressure or vacuum environment (which may include an inert gas). Hence, the
pumping down of the load lock chamber 104 or 106 facilitates passing the wafer
between, for example, the atmospheric environment of the factory inferface 102 and
the low pressure or vacuum environment of the transfer chamber 108.

[0074] With the wafer in the load lock chamber 104 or 108 that has been pumped
down, the transfer robot 112 transfers the wafer from the load lock chamber 104 or
106 inio the transfer chamber 108 through the port 154 or 156, The fransfer robotf 112
is then capable of transferring the waler o and/or between any of the processing
chambers 120, 122 through the respective poris 162, 164 for processing and the
holding chambers 116, 118 through the respective ports 158, 160 for holding o await
further transfer. Similarly, the transfer robot 114 is capable of accessing the wafer in
the holding chamber 116 or 118 through the port 186 or 1688 and is capable of
fransferring the wafer {o and/or between any of the processing chambers 124, 126,
128, 130 through the respective ports 170, 172, 174, 176 for processing and the
holding chambers 116, 118 through the respective ports 166, 168 for holding o await
further transfer. The transfer and holding of the water within and among the various
chambers can be in the low pressure or vacuum environment provided by the gas and
pressure control system.

{00751 The processing chambers 120, 122, 124, 126, 128, 130 can be any
appropriate chamber for processing a wafer. In some embodimenis, the processing
chamber 120 can be capable of performing a purge process, the processing chamber
124 can be capable of depositing an aluminum layer, and the processing chambers
128, 130 can be capable of cooling a substrate 1o -20 °C because of the presence of a
sub-zero chilling pedestal or a sub-zero cooling pedesial therein.

{00761 A system coniroller 190 i3 coupled to the processing systerm 100 for
controlling the processing system 100 or components thereof. For example, the
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system controller 180 may control the operation of the processing system 100 using a
direct controt of the chambers 104, 106, 108, 116, 118, 110, 120, 122, 124, 126, 128,
130 of the processing sysiem 100 or by conirolling conirollers associated with the
chambers 104, 108, 108, 116, 118, 110, 120, 122, 124, 126, 128, 130. In operation,
the system controller 180 enables data collection and feedback from the respective
chambers fo coordinate performance of the processing system 100.

{0077} The system controller 190 generally includes a central processing unit (CPU)
192, memory 194, and support circuits 186, The GPU 192 may be ong of any form of
a general-purpose processor that can be used in an industrial setting. The memaory
194, or non-transitory computer-readable medium, is accessible by the CPU 192 and
may be one or more of memory such as random-access memory (RAM), read only
memory (ROM}, floppy disk, hard disk, or any other form of digital storage, local or
remote. The support circuits 196 are coupled o the CPU 122 and may comprise
cache, clock circuits, input/output subsystems, power supplies, and the like. The
various methods disclosed herein may generally be implemented under the control of
the CPU 182 by the CPU 192 exscuting computer instruction code stored in the
memaory 194 {(or in memory of a particular process chamber) as, for example, a
software routing. When the computer instruction code is executed by the CPU 192,
the CPU 192 conirols the chambers 1o perform processes in accordance with the
various methods.

{00781 (Other processing systems can be in other configurations. For example, more
or fewsr processing chambers may be coupled 10 a transter apparatus. In the
iHlusirated example, the transfer apparatus includes the transfer chambers 108, 110
and the holding chambers 116, 118. In other examples, more or fewer transfer
chambers {e.g., one transfer chamber) and/or more or fewer holding chambers {e.g.,
no holding chambers) may be implemented as a transfer apparatus in a processing
system.

{00791 Referring to FIG. 24 and FIG. 3, in one or more embediments, the method
50 may be performed in a processing ool 100. Al operalion 52 of method 50, a
substraie is provided and exposed to a vacuum in the first processing chamber 120.
At operation 54, the substrate is moved 10 a holding chamber 1186, Al operation 56,
the substrate is cooled while in the holding chamber 118, At operation 58, the
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substraie is moved to the first deposition chamber 124, where, at opergtion 80, an
aluminum layer is deposited on the substrate. At operation 82, the substrate is moved
to a holding chamber 118, the holding chamber 118 having a sub-zero chilling
pedestal or a sub-zera cooling pedestal in it. At operation 64, while in the holding
chamber 118, the substrate is ¢cooled 1o a temperature of less than or equal 1o -20 *C.
At optional operation 86, the subsirate may be moved o load lock chamber 108,
where the subsirate is warmed {o room temperature.

[0080] Referring to FIG. 2B and FIG. 3, in one or more embodiments, the method
70 may be performed in a processing ool 100. At operation 72 of method 70, a
substrate is provided and exposed 1o a vacuum in the first processing chamber 120
At operation 74, the subsirate is moved o a holding chamber 118, wherein, at
operation 76, the substrate is cooled. Al operation 78, the substrate is moved 1o a first
deposition chamber 124, where, at operation 80, an aluminum layer is deposited on
the substrate. At operation 82, the substrale is moved 1o a holding chamber 118,
where, at operation 84, the subsirate is cocled. At operation 88, the substrale is
moved 10 a load lock chamber 106, the load lock chamber 108 having a sub-zero
chilling pedestal or a sub-zero cooling pedestal in il Al operation 88, the substrate is
cooled in the ioad lock chamber 106 to a temperature of less than or equal to -20 °C.
At optional operation 90, the substrale may be removed from the processing tool and
warmed to room temperature.

{0081] The use of the ferms "a" and "an” and "the" and similar referenis in the
context of describing the materials and methods discussed hersin {especially in the
context of the following claims) are {0 be consirued {o cover both the singular and the
plural, unless otherwise indicated herein or clearly contradicted by context. Recitation
of ranges of values herein are merely intended o serve as a shorthand method of
referring individually to each separate value failing within the range, unless otherwise
indicated herein, and each separale valug is incorporaied into the specification as if it
were individually recited herein. All methods described herein can be performed in any
suitable order unless otherwise indicated herein or otherwise clearly contradicted by
contexi. The use of any and all examples, or exemplary language {(8.g., "such as™
provided herein, i3 intended merely 1o betller #luminate the materials and methods and
does not pose a limitation on the scope unless otherwise claimed. No language in the
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specification should be construed as indicating any non-claimed element as essential
o the practice of the disclosed materials and methods.
{00821 Reference throughout this specification io "one embodiment,” “certain

w oo

embodiments,” "one or more embodiments” or "an embodiment” means thal &
particular feature, structure, material, or characteristic described in connection with the
embodiment is included in at least one embodiment of the disclosure. Thus, the
appearances of the phrases such as "in one or more embodiments,” "in certain
embodiments,” "in one embodiment” or "in an embodiment” in varicus places
throughout this specification are not necessarily referring o the same embodiment of
the disclosure. Furthermore, the particular features, structures, materials, or
characleristics may be combined in any suilable manner in one or more embodiments.
{00831 Although the disclosure herein has been described with reference 1o
particular embodiments, those skilled in the art will understand that the embodiments
described are merely #lustrative of the principles and applications of the present
disclosure. it will be apparent 1o those skilled in the art that various modifications and
varigtions can be made to the method and apparatus of the present disclosure without
departing from the spirit and scope of the disclosure. Thus, the present disclosure can
include modifications and variations that are within the scope of the appended claims

and their equivalents.
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What is claimed is:

1.

A method of manufacturing a semiconductor device, the method comprising:
depositing an aluminum layer on a lop surface of a subsirate; and
cooling the substrale to a temperature less than or egual {0 20 °C.

The method of claim 1, wherein the subsirate is cocled to a temperature less
than or equal to -20 °C.

The method of claim 1, further comprising:
prior fo depositing the aluminum layer, exposing the substrate to a
vacuum; and
cooling the substrate to a temperature in a range of from 50 °C 1o 150
°C.

The method of claim 3, wherein the subsirate is exposed 1o the vacuum at a
temperature in a range of from 150 °C to 400 °C.

The method of claim 1, wherein the aluminum layer is deposited at a
temperalure in a range of from 25 °C {0 450 °C.

The method of claim 1, wherein the aluminum layer is deposited by a physical
vapor deposition process.

The method of claim 1, wherein the aluminum layer has a thickness in a range

of from 1 pm to 8 um.

The methed of claim 1, wherein the method is performed in sifu in an integrated

processing tool without breaking vacuum or without exposure to ambient air.

The method of claim 1, further comprising warming the substrate io room
temperature after cooling to less than or equal to 20 °C.
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10. The method of claim 1, wherein cooling the substrate to less than or egual 1o
20 °C comprises placing the subsirate on a sub-zero cooling pedestal.

11.A method of reducing stress on a semiconductor subsirate, the method
comprising:
depoesiting an aluminum layer on a fop surface of a subsirate, the
substrate in a first deposition chamber,
moving the subsirate having the aluminum layer thereon 1o & third
processing chamber; and
cooling the substrate to a temperature less than or equal to 20 °C.

12. The method of claim 11, wherein the substrate is cooled 10 a temperature less
than or equal to -20 °C.

13. The method of claim 11, further comprising:
cooling the substrate having the aluminum lgyer thereon o a
temperature in a range of from 50 °C 1o 150 °C; and
moving the substrate o a fourth processing chamber prior 1o cooling the
subsirate io a temperature less than or equal to 20 °C.

14. The method of claim 11, further comprising:
prior {o depositing the aluminum layer on the substrate, exposing the
substrate 1o a vacuum in a first processing chamber;
moving the substrate {0 a second processing chamber,;
cooling the subsirale in the second processing chamber 1 a
temperature in a range of 50 °C to 150 °C; and

moving the substrate to the first deposition chamber,

15.The method of claim 14, wherein the first processing chamber has a
temperature in a range of from 150 °C to 400 °C.

168.The methad of claim 11, wherein the aluminum layer is deposited at a
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temperature in a range of from 200 °C to 400 °C.

17. The method of claim 11, wherein the aluminum layer is deposited by a physical
vapor deposition process.

18. The method of claim 11, wherein the aluminum layer has a thickness in a range
of from 1 umto 8 um.

19.The method of claim 11, wherein the method is performed i1 sitv in an
integrated processing ool without breaking vacuum or without exposure fo

ambient air.

20.The method of claim 13, further comprising moving the substrale to a {ifth

processing chamber and warming the substrate o room temperature.



