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METHODS OF FORMING THERMALLY STABLE CARBON FILM

BACKGROUND
Field

{se100]  Embodiments of the present disclosure generally relate to methods used in
the manufaciure of semiconductor devices., More particularly, embodiments of the
present disclosure relate to a method of doping and annealing of carbon films fo form

thermally stable diamond like carbon films.

Description of the Related Art

{0001]  iIntegrated circuits have evolved into complex devices that can include
millions of ransistors, capacitors and resistors on a single chip. The evolution of chip
designs continually involves faster circuitry and greater circuit density. The demands
for faster circuits with greater circuit densities impose corresponding demands on the
materials used to fabricate such infegrated circuits. In particular, as the dimensions of
integrated circuit components are reduced (o the sub-micron scale, there isatrend to
use low resistivity conductive materials as well as low dielectric constant insulating
materials {o obiain suitable slectrical performance from such components.

{0082] The demands for greater integrated circuit densities also impose demands
on the process sequences used in the manufacture of integrated circuit components.
For example, in process sequences that use conventional photolithographic
techniques, a layer of energy sensitive resist is formad over a stack of material layers
disposed on a substrate. The energy sensitive resist layer is exposed to an image of
a pattern to form a photoresist mask. Thereafter, the mask paltern is transferred to
one or more of the material layers of the stack using an sich process. The chemical
etchant used in the etch process is selected o have a greater eich selectivity for the
material layers of the stack than for the mask of energy sensitive resist. That is, the
chemical etchant efches the one or more layers of the material stack at a rate much
faster than the energy sensitive resist. The etch selectivity to the one or more material
layers of the stack over the resist prevents the energy sensitive resist from being

consumed prior 1o completion of the pattern transfer.

00031 As the patlern dimensions are reduced, the thickness of the energy

sensitive resist is correspondingly reduced in order to control pattern resolution. Such
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thin resist layers can be insufficient to mask underlying material layers during the
pattern transfer process due o attack by the chemical eichant. An intermediate layer
{e.g., silicon oxynitride, silicon carbine or carbon film), called a hardmask, is often
used between the energy sensitive resist layer and the underlying material layers o
facilitate pattern transfer because of greater resistance o the chemical eichant.
Hardmask materials having both high eich selectivity and high deposition rates are
often utilized. As critical dimensions (CD) decrease, current hardmask materials lack
the desired efch selectivity relative to underlying materials (8.g., oxides and nitrides)

and are often difficult to deposit.

{00041 Therefore, there is a need in the art for an improved hardmask layers and

methods for depositing improved hardmask layers.

SUMMARY

{00081 A method of processing a substrate is provided. The method includes
flowing a deposition gas comprising & hydrocarbon compound and a dopant
compound into a process volume of a process chamber. The process volume having
a substrate disposed therein and positioned on a substrate support. The process
volume is maintained at a pressure of about 0.5 mTorr to about 10 mTorr. The method
further includes generating a plasma at the substrate by applying a first RF bias to the
substrate support 1o deposi! a doped diamond-like carbon film on the substrate. The
doped diamond-like carbon film includes about 5 al. % to about 25 at. % of dopant. The
doped diamond-like carbon film includes a first stress property. The method includes
annealing the doped diamond-iike carbon film at about 220 °C {o about 450 °C to form
an annealed film. The annealed film includes a second stress property. The second
stress property having an absolute value less than or within 10% the first stress

property.

00061 A method of processing a substrate is provided. The method includes
flowing a deposition gas. The deposition gas includes a hydrocarbon compound and
a dopant compound including silicon into a process volume of a process chamber.
The process volume inciudes a substrate disposed therein and positioned on a
substrate supporl. The substrate support has a chucking electrode and an RF

electrode separate from the chucking electrode. The process voiums is maintained at
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a pressure of about 0.5 mTorr to about 16 Torr. The method includes generating a
plasma at the subsirate by applying a first RF bias {0 the RF electrode and a second
RF bias fo the chucking electrode {o deposit a doped diamond-like carbon film on the
substrate. The doped diamond-like carbion film has a density of greater than 2 g/cc o
about 12 g/cc and a first stress of about -300 MPa to about -150 MPa. The method
includes anneating the doped diamond-iike carbon film at a temperature at about 220
°C to about 450 °C to form an annealed film, the annealed film having a second stress
of about -250 MPa to about -100 MPa.

{00071 A method of processing a substrate is provided. The method includes
positioning the substrate on a substrate support in a process volume. The method
includes generating plasma above the substrate by appiying an RF bias to the
substrate support. The method includes providing a deposition gas comprising a
hydrocarbon compound and a dopant compound comprising boron or silicon info a
process volume of a process chamber. The substrate support has a chucking
electrode and an RF electrode separate from the chucking electrode. The process
volume is maintained at a pressure of about 0.5 mTorr o about 1€ Torr. The method
further includes generating a plasma at the substrate by applying a first RF biasto the
RF e¢lectrode and a second RF bias to the chucking electrode to deposit a doped
diamond-like carbon film on the substraie. The doped diamond-like carbon film has a
density of greater than 2 g/cc to about 12 g/ce and a stress of about -600 MPa to
about -300 MFPa. The method includes annealing the doped diamond-like carbon film
at a temperature at about 220 °C to about 450 °C to form an annealed film. The
annealed film has a second stress of about -250 MPa to about -100 MFa. The method
includes fornting a patterned photoresist layer over the annealed film. The method
includes eiching the annealed film in a patlern corresponding with the patiernad

photoresist layer. The method further includes stching the pattern into the substraie.

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 above, is had by reference to embodiments, some of which are
iustrated in the appended drawings. It is {0 be noted, however, that the appended

drawings illustraie only exemplary embodiments and are therefore not o be
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considered limiting of its scope, and may admit to other squally effeclive
embodiments.

[0609] FIG. 1is a schematic side cross sectional view of an iliustrative process

chamber according to an embodiment.

[0010] FIG. 2 depicls a schematic cross-sectional view of a substrate support

according to an embodiment.

{00111 Fi(3. 3 depicts a flow diagram of & method of using a doped diamond-like

carbon film according to an embodiment.
[0013] FIG. 4A afilm stack formed on a substrate according to an embodiment.

[0013] FIG. 4B depicts a doped diamond-like carbon film formed according to an

embodiment.

[0014] FIG. § depicts a comparative graphical representation of stress results for
boron doped and undoped diamond-like carbon films before and after annealing.

[0018]  FIG. 6 depicts a comparative graphical representation of stress results for

silicon doped and undoped diamond-like carbon films before and after annealing.

[0018] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common o the figures. it is
contempiated thal elements and features of one embodiment is beneficially

incorporated in other embodiments without further recitation.

DETAILED DESCRIPTION

00171  Embodiments of the present disclosure relate to forming high density
carbon hardmasks capable of withstanding slevated temperatures that are part of
substrate processing, such as temperature greater than 300 Celsius. Conventional
hardmasks that are subjecied {o elevated temperatures typically change stress and
become more comprassive resulting in bowing and warping. These defects present
challenges during subsequent lithography processes. i has been discovered that the
high density carbon hardmasks doped with either silicon or boron dopants disclosed

herein improve thermal stability of the hardmask. The high density carbon hardmasks
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described hersin are formed using plasma enhanced chemical vapor deposition
{(FECVD) chambers.

[0618] FIG. 1 is a schematic side cross sectional view of an iliustrative process
chamber 100 suitable for conducting a deposition process. Although FIG. 1 depicts
one chamber suitable for conducting the deposition process described herein, other
chambers are also contemplated. In one embodiment, which can be combined with
other embodiments described hersin, the process chamber 100 is configured {o
deposit advanced patterning films onto a substrate, such as hardmask films, for

example amorphous carbon hardmask films.

{00191 The process chamber 100 includes a lid assembly 105, a spacer 110
disposed on a chamber body 192, a substrate support 115, and a variable pressure
system 120, The lid assembly 105 includes a lid plate 125 and a heat exchanger 130,
in the embodiment shown, which can be combined with other embodiments describad

herein, the lid assembly 105 also includes a showerhead 135,

{00201  The lid assembly 105 is coupled fo a first processing gas source 140. The
first processing gas source 140 contains precursor gases for forming films on &
substrate 145 supporied on the substrate support 118 As an sxample, the first
processing gas source 140 includes precursor gases such as carbon containing
gases, hydrogen confaining gases, helium, among others. In a specific example, the
carbon containing gas includes acetylens (CoHz). The first processing gas source 140
provides precursors gases (o a plenum 190 disposed in the lid assembly 105, The id
assembly includes one or more channels for direcling precursor gases from the first
processing gas source 140 into the plenum 190, From the plenum, the precursor
gases flow through the showerhead 135 into a process volume 160, in some
esmbodiments, which can be combined with other embodiments described herein, a
second processing gas source 142 is fluidly coupled o the process volume 180 via
an inlet 144 disposed through the spacer 110, As an example, the sescond processing
gas source 142 includes pracursor gases such as carbon containing gases, hydrogen
containing gases, helium, among others, for example CoMz. In one embodiment, which
can be combined with other embodiments described herein, a fotal flow rate of

precursor gases into the process volume 160 is about 100 scom to about 2 shim. The
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flow of precursor gasss in the process volume 160 via the second processing gas
source 142 modulates the flow of precursor gases flow through the showerhead 135
such that the precursor gases are uniformly distributed in the process volume 180, In
one example, a plurality of inlets 144 s radially distributed about the spacer 110. In
such an example, gas flow 1o each of the inlets 144 is separately controlied {o further

facilitate gas uniformity within the process volume 160,

{00211 The lid assembly 105 is also coupled to an oplional remote plasma source
150. The remote plasma source 150 is coupled to a cleaning gas source 155 for
providing cleaning gases to the process volume 160 formed inside the spacer 110
petween the lid assembly 105 and the substrate 145, In one example, cleaning gases
are provided through a central conduit 181 formed axially through the lid assembly
105, In another example, cleaning gases are provided through the same channels
which direct precursor gases. Example cleaning gases include oxygen-containing
gases such as oxygen and/or ozone, as well flucrine containing gases such as NFg,
or combinations thereof,

{00227  In addition o or as an allernative to the remote piasma source 150, the lid
assembly 105 is also coupled to a first or upper radio frequency (RF) power source
165, The first RF power source 185 Tacilitates mainienance or generation of plasma,
such as a plasma generated from a cleaning gas. In one example, the remote plasma
source 150 is omitted, and the cleaning gas is ionized into a plasma in sify via the first
RF power source 1685, The substrate support 115 is coupled o a second or lower RF
power source 170. The first RF power source 185 is 3 high frequency RF power
source (for example, about 13.56 MHz to about 120 MHz) and the second RF power
source 170 is a low frequency RF power source (for example, about 2 MHz to about
13.58 MHz). ltis to be noted that other frequencies are also contemplated. In some
implementations, the second RF power socurce 170 is a mixed frequency RF power
source, providing both high frequency and low frequency power. Utilization of a dual
frequency RF power source, particularly for the second RF power source 170,
improves film deposition. In one example, utilizing a second RF power source 170
provides dual frequency powers, A first frequency of about 2 MMz to about 13.56 MMz
improves implantation of species into the deposited film, while a second frequency of

about 13.56 MHz o about 120 MHz increases ionization and deposilion rate of the



WO 2023/200697 PCT/US2023/018005

film. Without being bound by theory, it is belisved that low frequency, such as the
frequency of the first frequency enables ion energy control and high fregquency, such

as the second frequency can be usad for ion density control.

[0023] One or both of the first RF power source 185 and the second RF power
source 170 are utilized in creating or maintaining a plasma in the process volume 160,
For example, the second RF power source 170 is utilized during a deposition process
and the first RF power source 185 is utilized during a cleaning process {alone or in
conjunction with the remote plasma source 150). In some deposition processes, the
first RF power source 185 is used in conjunction with the second RF power source
170. During a deposition or etch process, one or both of the first RF power source 165
and the second RF power source 170 provide a power of about 100 Watlts (W) to
about 20,000 Win the process volume 180 1o facilitation ionization of a precursor gas.
in one embodiment, which can be combined with other embodiments described
herein, at least one of the first RF power source 185 and the second RF power source
170 are pulsed. In another embodiment, which can be combined with other
embodimeants described herein, the precursor gas includes helium and CoHo. In one
ermbodiment, which can be combined with other embodiments described herein, CoHy
is provided at a flow rate of about 10 scom to about 1,000 scom and He is provided at

a flow rate of about 50 scom to about 10,000 scom.

[0024] The substrate support 118 is coupled {0 an actuator 175 (i.e., a lift actualon
that provides movement thereof in the Z direction. The substrate support 115 is also
coupled to a facilities cable 178 that is flexible which allows vertical movement of the
substrate support 115 while maintaining communication with the second RF power
source 170 as well as other power and fluid connections. The spacer 110 is disposed
on the chamber body 182. A height of the spacer 110 allows movement of the
substrate support 115 vertically within the process volume 180. The height of the
spacer 110 is about 0.5 inches o about 20 inches. In one example, the substrate
support 115 is movable from a first distance 180A 10 a second distance 1808 relative
to the lid assembly 105 (for example, relative to a lower surface of the showerhead
135). In one embodiment, the second distance 1808 is about 2/3 of the first distance
180A. For example, the difference between the first distance 180A and the second

distance is about 5 inches {o about 8 inchas, Thus, from the position shown in FIG. 1,
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the substrate support 115 is movable by about 5 inches o about § inches relative o
a lower surface of the showerhead 135. In ancther example, the substrate support
115 is fixed gt one of the first distance 180A and the second distance 1808. in contrast
to conventional plasma enhanced chemical vapor deposition (PECVD) processes, the
spacer 110 greatly increases the distance between (and thus the volume between)
the substrate support 115 and the lid assembly 105. The increased distance between
the substrate support 115 and the lid assembly 105 reduces collisions of ionized
species in the volume process volume 180, resulting in deposition of film with less
neutral stress, such as less than 2.5 gigapascal (GPa). Films deposited with less
neutral stress facilitate improved planarity (e.g., less bowing) of substrates upon which
the film is formed. Reduced bowing of substrates results in improved precision of

downstream patierning operations.

[0025] The variable pressure system 120 includes a first pump 182 and a second
pump 184. The first pump 182 is a roughing pump that is utilized during a cleaning
process and/or substrate transfer process. A roughing pump is generally configured
for moving higher volumetric flow rates and/or operating a relatively higher (though
stili sub-atmospheric) pressure. In one example, the first pump 182 maintains a
prassure within the process chamber less than 50 mTorr during a cleaning process.
in another example, the first pump 182 maintains a pressure within the process

chamber of about 0.5 mTorr to about 10 Torr.

{00281 The second pump 184 is one a twrbo pump and a cryogenic pump. The
second pump 184 is ulilized during & deposition process. The second pump 184 is
generally configured 1o operate a relatively lower volumetric flow rate and/or pressure.
For example, the second pump 184 is configured to maintain the process volume 160
of the process chamber at @ pressure of less than about 50 mTorr. In ancther example,
the second pump 184 maintains a pressure within the process chamber of about 0.5
miorr to about 10 mTorr. The reduced pressure of the process volume 160
maintained during deposition facilitates deposition of a film having reduced neutral
stress and/or increased sp®-sp® conversion, when depositing carbon-based
hardmasks. Thus, process chamber 100 is configured to use both relatively lower

prassure to improve deposition and relatively higher pressure to improve cleaning.
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(0027  In some embediments, which can be combined with other embodiments
described herein, both of the first pump 182 and the second pump 184 are utilized
during a deposition process to mainiain the process volume 160 of the process
chamber at a pressure of less than about 50 mTorr. In other embodiments, the first
pump 182 and the second pump 184 maintain the process volume 180 at a pressure
of ghout C.5 mTorr © about 10 mTomr. A valve 186 is utilized to control the
conductance path {o one or both of the first pump 182 and the second pump 184, The

valve 188 also provides symmelrical pumping from the process volume 180,

[0028] The process chamber 100 also includes a substrate transfer port 185. The
substrate transfer port 185 is selectively sealed by an interior door 186A and an
exterior door 188B. Each of the doors 1808A and 1888 are coupled 1o actuators 188
(i.e., a door actuator). The doors 186A and 1868 facilitate vacuum sealing of the
process volume 180, The doors 188A and 186B aiso provide symmetlrical RF
application and/or plasma symmestry within the process volume 160, Seals 116, such
as O-rings, disposed at the interface of the spacer 110 and the chamber body 182
further ssals the process volume 180, A controlier 184 coupled to the process
chamber 100 is configured o control aspects of the process chamber 100 during

processing.

[0029] FIG. 2 depicts a schematic cross-sectional view of the substrate support
115 used in the processing systems of FIG. 1. The substrate support 115 includes a
heater slement 270 suitable for controlling the temperature of a substrate 145
supporied on an upper surface of the substrate support 118, The heater slement 270
is embedded in the substrate support 115, The substrate support 115 is resistively
heated by applying an eleciric current from a heater power source 221 1o the heater
glement 270. The heater power source 221 is coupled through an RF filter 216. The
RF filter 218 is used to protect the heater power source 221 from RF energy. The
heater element 270 is made of a nickel-chromium wire encapsulated in a nickel-iron-
chromium alloy (e.g., INCOLOY® alloy) sheath tube. The electric current supplied from
the heater power source 221 is requiated by the contrailer 184 o conitrol the heat
generated by the heater element 270, thus maintaining the substrate 145 and the

substrate support 115 at a substantially constant temperature during film deposition.
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The supplied electric current is adjusted to selectively control the temperature of the
substrate support 115 to be about -50°C 1o about 600°C.

{00301 The substrate support 115 includes a chucking electrode 210, which is a
mesh of a conductive material. The chucking electrode 210 is embedded in the
substrate support 115, The chucking electrode 210 is coupled io a chucking power
source 212 that, when energized, electrostatically clamps the substrate 145 {o the

upper surface of the substrate support 115,

{00311 The chucking electrode 210 is coupled through an RF filter 214 {o the
chucking powser source 212, which provides direct current (DC) power to

electrostatically secure the substraie 145 o the upper surface of the substrate support
115,

{00321 A power application system 220 is coupled to the substrate support 115,
The power application system 220 includes the heater power source 221, the
chucking power source 212, a first radio frequency (RF) power source 230, and a
second RF power source 240, The power application system 220 includes the
controller 194, and a sensor device 250 that is in communication with the controller
194 and both of the first RF power source 230 and the second RF power source 240.
in some embodiments, the controller 184 is used fo control the plasma from the
processing gas by application of RF power from the first RF power source 230 and
the second RF power source 240 in order fo deposit a laver of material on the
substrate 145,

{00331  The substrate support 115 also includes a second RF slectrode 260, and
togsther with the chucking electrode 210, applies RF power o tune the plasma. The
first RF power source 230 is coupled to the second RF glectrode 260 while the second
RF power source 240 is coupled to the chucking electrode 210, A first matching
network and a second matching network is provided for the first RF power source 230

and the second RF power source 240, respectively.

{0034] The first RF power source 230 and the second RF power source 240
produces power at the same frequency or a different frequency. In one or more

embodiments, one or both of the first RF power source 230 and the second RF power

10
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source 240 indspendently produces power at a frequency from about 350 KHz fo
about 100 MHz (s.g., 350 KHz, 2 MHZz, 13.56 MHz, 27 MHz, 40 MHz, 80 MHz, or 100
MHz). In one or more embodiments, the first RF power source 230 produces power
at a frequency of 13.56 MHz and the second RF power source 240 produces power
at a frequency of 2 MHz, or vice versa. RF power from one or both of the first RF
power source 230 and second RF power souwrce 240 is varied in order {o fune the
plasma. For example, the sensor device 250 is used to monitor the RF energy from
one or both of the first RF power source 230 and the second RF power source 240,
Data from the sensor device 250 is communicated o the controller 194, and the
controller 184 is utilized {o vary power applied by the first RF power source 230 and

the second RF power source 240.

[DO35] In one or more embodiments, the substraie support 115 has the chucking
electrode 210 and an RF electrode separate from each other, and the first RF bias
can be applied 1o the RF elecirode 260 and the second RF bias can be applied to the
chucking electrode 210, In one or more examples, the first RF bias is provided at a
power of about 10 watts to about 3,000 watls at a frequency of about 350 KHz o
about 100 MHz and the second RF bias is provided at a power of about 10 walls to
about 3,000 watts at a frequency of about 350 KHz to about 100 MHz. In other
examples, the first RF bias is provided at a power of about 2,500 watls {0 about 3,000
watis at a frequency of about 13.56 MHz and the second RF bias is provided at &

power of about 800 walls to about 1,200 watts at a frequency of about 2 MHz.

{00381 In one or more embodiments, a deposition gas containing one or more
hydrocarbon compounds and one or more dopant compounds is flowed or otherwise
introduced into the process volume of the process chamber, such as a PE-CVD
chamber. The hydrocarbon compound and the dopant compound is independently
flowed or infroduced inte the process volume. In some examples, ong or morg
substrates are positioned on a subsirate support in the process chamber. The
substrate support can have a chucking electrode and an RF electrode separate from
each other. A plasma is ignifed or otherwise generated at or near the substrate {e.q.,
substrate level} by applying a first RF bias 1o the RF electrode and a second RF bias
to the chucking electrode. The doped diamond-like carbon film is deposited or

otherwise formed on the substrate. in some embodiments, a palterned photoresist
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layer is deposited or otherwise formed over the doped diamond-like carbon film, the
doped diamond-like carbon film is etched or otherwise formed in a patiemn
corresponding with the pattermned photoresist layer, and the patiern is efched or
otherwise formed into the substrate.

Carbon-Film Deposition Process

[0037] FIG. 3 depicts a flow diagram of a method 300 for forming a doped diamond-
like carbon film on a film stack disposed on a substrate in accordance with one
embodiment of the present disclosure. The doped diamond-like carbon film formed on
a film stack is ulilized, for example, as a hardmask to form stair-like structures in the
film stack. FIGS. 4A-4B are schematic cross-sectional views illustrating a sequence
for forming a doped diamond-like carbon film on & film stack disposed on a substrate

according to the method 300.

[0038] At activity 302, the substrate, such as substrate 402 depicted in FIG. 4A s
positioned on a substrate support in & process volume of a process chamber, such as
the process chamber 100 depicted in FIG. 1. The substrate 402 is substrate 145
depicted in FIG. 1 and FiG. 2. The substrate 402 is a silicon-based material or any
suitable insulating material or conductive material as nesded, having a film stack 404
disposed on the substrate 402 that form a structure 400, such as stair-like structures,
in the film stack 404,

[0039]  As shown in the embodiment depicted in FIG. 44, the substrate 402 has a
substantially planar surface, an uneven surface, or a substantially planar surface
having a structure formed thereon. The film stack 404 is formed on the subsirate 402,
in one or more embodiments, the film stack 404 is to form a gate structure, a contact
structure or an interconnection structure in a front end or back end process. The
method 300 is performed on the film stack 404 {0 form the stair-like structures therein
used in a meamory structure, such as NAND structure. In one or more embodiments,
the subsirate 402 is a material such as crystalline silicon {e.q., Si<100> or Si<i11>),
silicon oxide, strained silicon, silicon germanium, doped or undoped polysilicon, doped
or undoped silicon substrates and patterned or non-patterned substrates silicon on
insulator (SC1, carbon doped silicon oxides, silicon nitride, doped silicon, germanium,

qallium arsenide, glass, sapphire. The subsirale 402 may have various dimensions,

12
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such as 200 mm, 300 mm, 450 mm, or other diameter substrates, as well as,
rectangular or square paneis. Unless otherwise noted, embodiments and examples
described herein are conducted on substrates with a 200 mm diameter, 8 300 mm
diameter, or a 450 mm diameter substrate. In the embodiment wherein a 50! structure
is utilized for the substrate 402, the substrate 402 includes a burisd dislectric layer
disposed on a silicon crystalline substrate. In one or more embodiments depicted

herein, the subsirate 402 is a crysialline silicon subsirate.

{30401  In one or more embodiments, the film stack 404 disposed on the substraie
402 may have a number of vertically stacked layers. The film stack 404 may comprise
pairs including a first layer (shown as 408a, 408a;, 408a,,---- , 408a,) and a second
layer (shown as 408b+, 408b,, 408b3, - , 408by) repeatedly formed in the film stack
404, The pairs includes allernating first layer (shown as 408a,, 408a:, 408a;, - ,
408a.) and second layer (shown as 408b:, 408b,, 408k, , 408by) repeatedly
formed until desired numbers of pairs of the first lavers and the second layers are

reached.

{0041] The film stack 404 may be a part of a semiconductor chip, such as a three-
dimensional memory chip. Although three repeating layers of first layers (shown as
408a,, 408a,, 408as, - , 408an) and second lavers (shown as 408b:, 408b,,
408k, , 408by) are shown in FIGS. 4A-48, it is noted that any desired number of

repeating pairs of the first and the second layers may be utilized as nesded.

00427 In one or more embodiments, the film stack 404 forms muitiple gate
structures for a three-dimensional memory chip. The first layers 408a;, 408a;, 408a;,
----- , 408a,, formed in the film stack 404 may be a first dislectiic layer and the second
layers 408Db,, 408b;, 408k, , 408b, may be a second dielectric layer. Suitable
diglectric layers may be utilized to form the first layers 408a,, 408ap, 40833, , 408a,
and the second laver 408k, 408b,, 408bs, -+ , 408h, include silicon oxide, silicon
nilride, silicon oxynilride, silicon carbide, silicon oxycarbide, tifanium nitride,
composite of oxide and nitride, atleast one or more oxide layers sandwiching a nitride
layer, and combinations thereof, among cthers. in one or more embodiments, the
dielectric lavers may be a high-k material having a dielectric constant greater than 4.

Suitable examples of the high-k matserials include hafnium oxide, zirconium oxide,

13
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fitanium oxide, hafmium silicon oxide or hafnium silicate, hafnium aluminum oxide or
hafnium aluminate, zirconium silicon oxide or zirconium silicate, tantalum oxide,
aluminum oxide, aluminum doped hafnium dioxide, bismuth strontium titanium (BST),

and platinum zirconium fitanium (PZT), dopants thereof, or any combination thereof.

[0043]  In one or more examples, the first layers 408a., 408a,, 408az,-- , 408a,
are silicon oxide layers and the second layers 408b1, 408b,, 408bs,-- - , 408b, are
silicon nitride layers or polysilicon layers disposed on the first layers 408a4, 408ay,
408as3, - , 408a,. In one or more embodiments, the thickness of first layers 408a;,
408a;, 408as, -+ , 408a, may be conirolied to be about 50 A to about 1,000 A, such
as about 500 A, and the thickness of the each second layers 408b4, 408hs,
408bg, , 408b, may be controlied to be about 50 A to about 1,000 A, such as about
500 A. The film stack 404 may have a total thickness of about 100 A to about 2,000
A In one or more embodiments, a total thickness of the film stack 404 is about 3

microns to about 10 microns and can vary as technology advances.

{0044] It is noted that the doped diamond-like carbon film may be formed on any
surfaces or any portion of the substrate 402 with or without the film stack 404 present
on the subsirate 402. In some embodiments, a chucking voltage is supplied to the

substrate support to retain the substrate thereon.

{00451 At activity 304, a plasma is generaied above the subsirate by applving an
RF bias to the subsirate support. In some embodiments one or more RF biases is
applied to the subsirate support. The first RF bias is applied with a power of about 10
watis to about 3,000 watls at a frequency of about 350 KHz {o about 100 MHz (e.q.,
about 350 KHz, about 2 MHz, about 13.58 MHz, about 27 MHz, about 40 MHz, about
80 MHz, or about 100 MHz). In one or more embodiments, the first RF bias is provided
at a power of about 2,500 watls to about 3,000 walls at a frequency of about 13.56
MHz. In one or more embodiments, the first RF bias is provided to the substrate
support 115 via the second RF electrods 280. The second RF elscirode 280 may be
in electronic communication with the first RF power source 230 that supplies a biasing
voltage fo the second RF elecirode 260, In one or more embodiments, the bias power
is about 10 watls to about 3,000 watts, about 2,000 walts {o about 3,000 watts, or
about 2,500 watts {o about 3,000 watls. The first RF power source 230 may produce
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power at a frequency of about 350 KHz to about 100 MHz (e.¢., about 350 KHz, about
2 MHz, about 13.56 MHz, about 27 MHz, about 40 MHz, about 80 MHz, or about 100
MHz).

{00461 In one or more embodiments, activity 304 further includes applving a
second RF bias to the substrate support. The second RF bias is applied at about 10
watts to about 3,000 watts at a frequency of about 350 KHz to about 100 MHz (s.g.,
about 350 KHz, about 2 MHz, about 13.58 MHz, about 27 MHz, about 40 MHz, about
80 MHz, or about 100 MHz). in some examples, the second RF bias is provided at a
power of about 800 watls to about 1,200 watts at a frequency of about 2 MHz. In other
examples, the second RF bias is provided to the substrate 402 via the chucking
glectrode 210. The chucking electrode 210 may be in slectronic communicalion with
second RF power source 240 that supplies a biasing voltage to the chucking electrode
210. In one or more examples, the bias power is about 10 watts {o about 3,000 watls,
about 500 watts to about 1,500 walts, or about 800 watls to about 1,200 watls. The
second RF power source 240 may produce power at a frequency of about 350 KHz
to about 100 MHz (e.g., about 350 KHz, about 2 MHz, about 13.58 MHz, about 27
MHz, about 40 MHz, about 80 MHz, or about 100 MHz). In one or more embodiments,

the chucking voltage supplied in activity 302 is maintained during activity 304,

{00471  In some embodiments, the first RF bias is provided o the substrate 402 via
the chucking electrode 210 and the second RF bias may be provided to the substraie
402 via the second RF electrode 260. In one or more examples, the first RF bias is
about 2,500 watls {(about 13.568 MHz) and the second RF bias is about 1,000 watlls
(about 2 MHz).

{00481 During activity 306, a deposition gas is flowed into the process volume 160
{o form the doped diamond-like carbon film on the film stack. The deposition gas
contains one or more hydrocarbon compounds and one or more dopant compounds.
The hydrocarbon compound can be or include one, two, or more one hydrocarbon
compounds in any state of matter. Similarly, the dopant compound can be or include

one, two, or more one dopant compounds in any state of matter,

[0048]  In one or more embodiments, the hydrocarbon compound is a gaseous

hydrocarbon or a liquid hydrocarbon. The hydrocarbon can be or include one or more
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alkanes, one or more alkenes, one or more alkynes, one or more aromatic, or any
combination thereof. in some exampies, the hydrocarbon compound has a general
formula CyHy, where x has a range of 1 to about 20 and y has a range of 1 {o about
20. Suitable hydrocarbon compounds include, for example, CaHa, CaHs, CHs, CsHa,
1, 3-dimethyladamantans, bicycio[2.2. 1thepta-2, 5-diene (2,5-norbornadiens),
adamantine (CioHue), norbomene (GrHie), or any combination thereof. In one or more
examples, ethyne is used due to formation of more stable intermediate species, which

allows more surface mobility.

{00801  The hydrocarbon compound can be or include one or more alkanes {e.g.,
CaHanez, wherein n is from 1 to 20}, Suitable hydrocarbon compounds include, for
example, alkanes such as methane (CHy), ethane (CoHe), propane {CaHs), butane
{CaHio) and its isomer iscbutane, pentane (CsHig), hexane (CeHig) and its isomers
isopentane and neopentans, hexane (CsMhis) and its isomers 2-methyipentane, 3-
methyipentane, 2,3-dimsthyibutane, and 2 2-dimethyl butane, or any combination

thereof.

{0081] The hydrocarbon compound can be or include one or more alkenes (e.g.,
Calan, wherein n is from 1 to 20). Suitable hydrocarbon compounds include, for
example, alkenes such as ethylene, propylene {CsHs), butviene and its isomers,
pentene and its isomers, and the like, dienes such as buladiens, isoprens,
pentadiens, hexadiene, or any combination thereof. Additional suitable hydrocarpons
include, for example, halogenated alkenss such as  monofluorcethylene,
diffuorosthvienes, tiflucrcethylene, tetrafluorosthylene, monochiorosthylens,

dichioroethylenes, trichioroethylens, tetrachiorosthylene, or any combination thereof.

{00521  The hydrocarbon compound can be or include one or more alkynes (e.g.,
Cabane, wherein n is from 1 to 20). Suitabie hydrocarbon compounds include, for
example, alkynes such as ethyne or acelvlene (CaHz), propyne (CsHs), butylene

(CaHa), vinylacetylene, or any combination thereof,

{00531 The hydrocarbon compound can be or inciude one or more aromatic
hydrocarbon compounds, such as benzene, styrene, {duene, xylene, ethylbenzens,
acetophenone, methyl benzoate, phenyl acetate, phenol, cresol, furan, and the like,

alpha-terpinene, cymene, 1,1,3,3-tetramethvibutylbenzene, t-butylether,
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butylethylene, methyl-methacrylate, and t-butylfurfurvlether, compounds having the
formula  CaH:  and  CsHs, halogenated aromatic compounds  including
monoftuorchenzens, difluorobenzenes, tetrafiuorchenzenes, hexafluorobenzene, or

any combination thereof,

[0054] Exemplary silicon precursors can be or include silane, disilane, frisilane,
tetrasilane, pentasilane, hexasilane, monochiorosilane, dichlorosilane, trichiorosiiane,
{etrachiorosilane, hexachlorosilane, substituted silanss, plasma derivatives thereof, or
any combination thereof. Exemplary boron precursors can be or include diborane,
triborane, lefraborane, triethyiborane (EB), dimethylamine borane, or any

combination thereof.

[0085]  In one or more embodiments, the deposition gas further contains one or
more dilution gases, one or more carrier gases, and/or one of more purge gases.
Suitable dilution gases, carrier gases, and/or purge gases such as helium (He}, argon
(An), xenon (Xe), hydrogen (Ha), nitrogen (N}, ammonia (NHz), nitric oxide (NG}, or
any combination thereof, among cthers, may be co-flowed or otherwise supplied with
the deposition gas into the process volume 160, Argon, helium, and/or nitrogen can
be used to control the density and deposition rate of the doped diamond-like carbon
film. In some cases, the addition of Nz and/or NHs can be used to control the hydrogen
ratio of the doped diamond-like carbon film, as discussed below. Alternatively, dilution

gases may not be used during the deposition.

{0086]  In some embodiments, the deposition gas further containg an etchant gas.
Suitable etchant gases can be or include chiorine (Clo), flucrine (Fy), hydrogen fluoride
{HF), carbon tetraflucride (CF4), nitrogen triflucride (NF3}, or any combination thereof,
Not to be bound by theory, but it is believed that the sichant gases seleclively sich
sp? hybridized carbon atoms from the film thus increasing the fraction of sp® hybridized

carbon atoms in the film, which increases the etch selectivity of the film.

{00571 In activily 308, a doped diamond-like carbon film is deposited on the
substrate. The subsirate temperature is about -50°C to about 850°C, such as about
10°C to about 800°C, such as about 300°C to about 550°C. The chamber pressure is
about 0.5 mTorr to about 10 Torr {e.g., about 2 mTorr to about 50 mTorr;, or about 2

mTorr to about 10 mTorr). The flow rate of the hydrocarbon compound is about 10
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scem to about 1,000 scom {e.g., about 100 scom to about 200 scom or about 150
scem o about 200 scom). The fow rate of the dopant compound is about 1 scom o
about 500 scoem (e.g., about 10 scom o about 150 scom or about 20 scom o about
100 scem, such as about 40 scom to about 80 scom). The flow rate of a dilution gas
or purge gas is about 50 scem te about 50,000 scom (e.g., about 50 scom to about
500 scom; or about 50 scoem to about 100 scom). Table 1 below depicts process

conditions for an example method of the present disclosure.

Table 1
Depaosition Exemplary Range | Exemplary Range Exemplary
Parameter Range
Temperature (°C) -50-350°C 10-100°C 10-50°C
Pressure (Torn) 0.5 mTorr-10 Torr | 2 mTor~50 mTorr 2mTorr-10
mtorr
First RF Power 100-3,000 watis 2,000-3,000 watls 2,500 watis
{13.56 MHz)
Second RF FPower 200-2, 000 watls 800-1,200 watlts 1,000 watts
{2 MHz)
Spacing 1,000 {0 15,000 miils | 8,000 10 12,000 | 8,000 10 12,000
mils mils
CoHa flow 10-1,000 scom 100-200 scom 150 scem
BaHy (in Hy) flow 1-500 scom 10-150 scom 50 scem for
Or BQHZ (in Hg)
Sitg flow OR
20 scoem for
SiH4
He flow 50-5,000 scom 50-100 scem 100 scom

{0088] The doped diamond-like carbon film is deposited to a thickness of about 5
A and about 20,000 A (e.q., about 300 A to about 5,000 A; about 2,000 A and about
3,000 A, or about 5 A to about 200 A). The above process parameters depicted in
Table | provide examples of process parameters for a 300 mm substrate in a

deposition chamber, such as the chamber depicted in FIG. 1.

{00591  In some embodiments, the doped diamond-like carbon film includes about
5 at.% {o about 25 at.% of dopant, such as about 5 at.% to about 10 at.%, or about 15
at% to about 20 at.%, or about 8 at% fo about 15 al.% of dopant. In some
embodiments, the doped diamond-like carbon film has a density of about 1.5 g/oc to

about 3.0 g/ce, such as about 2.0 g/ce to about 2.8 gfce. Without being bound by
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theory, it is believed that doping the carbon film at concentrations lower than the
concentration disclosed herein provides litle to no increase in thermal stability.
Additionally, doping at concentrations above the concentrations disclosed herein
reduces film modulus and etch selectivity of the resulting film. it has been discovered
that the claimed dopant concentration enables enhanced thermal stability while

maintaining carbon film properties, such as film modulus and etch selectivity.

{00601  The doped diamond-like carbon filin has a first stress property (MPa) less
than ~100 MPa, such as about -1100 MPa to about -500 MPa, such as about -750
MPa to about -600 MPa. The doped diamond-iike carbon film has a density (g/cc) of
greater than 1.5 g/cc, for example about 2 g/ce or greater, such as about 2.8 g/icc to
about 3.0 g/ce. The doped diamond-like carbon film has an elastic medulus (GPa} of
greater than 75 GPa, for example, from about 100 GPa to about 175 GPa.

{00811 In activity 310, the doped diamond-iike carbon film is annealed at a
temperature of about 220 °C to about 450 °C. In some embodiments, the doped
diamond-like carbon film is annealed in the same process volume 180. Alternatively,
the doped diamond-like carbon film is annealed in a second process chamber, such
as a furnace. The doped diamond-like carbon film is annealed for about 1 minuie to
about 1 hour, such as about 5 minutes to about 30 minutes, such as about 10 minutes
{o about 20 minutes. The etch seleclivity of the annealed doped diamond-like carbon
film is about 0.9 to about 1.3. The annealed doped diamond-like carbon film includes
a second stress property. The second sfress property having an absolute value less
than or within 10% the first stress property of the doped diamond-like carbon film prior
to annealing. In some embodiments, the second stress property has an absolute value
less than the first stress property. In some embodiments, siress properties are tested
by measuring substrate bow using optical metrology methods. In some embodiments,
the annealed film includes about 50 at. % to about 80 al. %, such as about 80 at. % to

about 70 at.% of sp® hybridized carbon atoms.

{00821 In some embodiments, the annealed doped diamond-like carbon film has
an eich selectivity substantially the same or greater than the etch selectivity of the

doped diamond-like carbon film prior to annealing. In some embodiments, the
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annealed doped diamond-iike carbon film has modulus substantially the same as the

doped diamond-like carbon film prior {o annealing.

{00831  In activity 312, a patternad photoresist is formed over the annealed film and
in activity 314, the annealed film is etched in a patlern corresponding with the

patterned photoresist layer.

Examples

[0084] FIG. 5 depicts a graphical representation 500 of two comparative samples
of diamond-like carbon films that do not include dopants {e.g., B1, B2) and four
samples including diamond-like carbon films doped with boron {e.g., B3, B4, B5, BS).
The four samples are arranged from lowest doping concentration to highest doping
concentration, with B3 having the lowest boron concentration and BS having the
highest. Each of the samples were tested for stress properties before and after
thermal annealing, such as the annealing described herein. Each of the comparative
sampies showed an increase in absolute siress values (e.g., decrease in stress
values). The boron doped samples with the fwo lowest concenirations of boron also
showed an increase in absolute siress valua. However, the increase was raduced
relative {o the undoped samples, showing better thermal stability. The remaining
doped samples all showed a reduction in absolute stress values after annealing. All
of the doped samples substantially maintained the similar modulus values and eich
selectivity relative fo the undoped samples. Withou! being bound by theory, it is
velieved that annealing pure carbon film leads {o conversion of carbon-carbon single
bonds (C-C) to reduced carbon-carbon double bonds (C=C). Providing dopants such
as silicon prevents formation of double bonds that would otherwise occur between
carbon atoms since silicon and carbon atoms cannot form silicon to carbon double
bonds (Si=C). The dopants such as silicon and boron provides enhanced thermal

stability after annealing conditions.

[0068]  Similarly, FIG. 8 depicts a graphical representation 600 of an undoped
diamond-like carbon film sample (e.g., 51) before and after annealing and three silicon
doped diamond-like carbon film (e.g., 52, 83, 84). The three samples are arranged
from lowest doping concentration {o highest doping concentration, with 82 having the

lowest silicon dopant concentration and 84 having the highest. Each of the samples
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were lested for stress properties before and afler thermal annealing, such as the
annealing described herein. The undoped samples showed increased absolute stress
resulis affer annealing. The silicon doped sample 52 having the lowest concentration
of silicon also showed an increase in absolute stress, but o a lesser magnitude as the
undoped sample. The remaining samples each showed a decrease in absolute stress
values. All of the doped samples substantially maintained the similar modulus values
and efch selectivity relalive to the undoped samples. The silicon doped samples
showed increased modulus relative o the boron doped samples. The boron doped
samples showed increased eich selectivity relative o the silicon doped samples.
Without being bound by theory, i is believed that the silicon dopanis in the samples
are potentially bonded to the carbon in the film. Carbon-sgilicon bonds are believed to
demonsirate increased modulus relative {o carbon bonds within films that are free of

silicon dopants.

[0066] Table 2 depicts physical properties of samples such as the samples
depicted in FIG. & and FiG. 8. As shown below, samples having low concenirations
of dopants show enhanced thermal stability relative to undoped samples, which is
demonsirated by the reduced change in sfress resulls afier annealing the samples.
Samples with higher concentrations of dopant demonstrated an even greater
demonstration of thermal stability as absoclute stress values were further reduced after
annealing relative {0 as deposited samples with the dopants. Efch selectivity was also
measured post anneal and the range for etch selectivity was maintained within a range
of about 0.9% to about 1.4% across all samples.

Table 2
Exemplary | Composition Exemplary Exemplary | Modulus Post
Sample Stress Range Stress Anneal
Nos. As Deposited Range
Post
Anneal at
300 °C for
§ minutes
81, B2, 81 | Comparative | -310MPate - -450 MPa 140 GPa to
(zero 250 MPa to -400 180 GPa
dopants) MPa
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B3, B4 Greaterthan | -250 MPato - -320 MPa 100 GPRato
Otc 11 al% 200 MPa t0 -200 150 GPa
Boron MPa
Dopant
Bs, B8 Greaterthan | -200MPato-~ | -175MPa | 70 GPato 110
11at%to 25 150 MPa to -120 GPa
at.% Boron MPa
Dopant
82 Greater than | -275 MPato - -310 MPa 140 GPa to
o7 at% 225 MPa t0 -280 180 GPa
Siticon MPa
Dopant
83, §4 Greater than | -225MPato- | -220 MPa 140 GPa to
7 at% 1o 25 176 MPa to -5 MPa 180 GPa
at. % Silicon
Dopant

(00671  In summation, a process is provided herein that includes doping diamond-
like carbon films with either silicon or boron dopants. The diamond-like carbon film is
further annealed {o produce a film with good thermal stability. The process described
herein enhances thermal stability while minimizing impact on other properties such as

modulus and eich selectivity.
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What is claimed is:

1. A method of processing a substrate, comprising:

flowing a deposition gas comprising a hydrocarbon compound and a dopant
compound into a process volume of a process chamber having a substrate positioned
on a substrate support, wherein the process volume is maintained at a pressure of
about 0.5 mTorr to about 10 mTor;

generating a plasma at the substrate by applying a first RF bias o the substrate
support to deposit a doped diamond-like carbon film on the substrate, the doped
diamond-like carbon film comprising about 5 at.% o about 25 at.% of dopant, the
doped diamond-like carbon film having a firsi siress property; and

annealing the doped diamond-like carbon film at about 220 °C to about 450 °C
to form an anneaied film, the annealed fiim having a second stress property, the
second stress property having an absoclute value thatis less than or within 10% of the

first stress property.

2. The method of claim 1, wherein the annealed film has a density of about 2.0
g/ce to about 3.0 g/ce.

3. The method of claim 1, wherein the dopant compound comprises boron, silicon,
or both.
4. The method of claim 1, wherein the dopant compound comprises disilane,

diborane, triethylborane, silane, disilane, trisilane, abducts thereof, or any

combination thereof.

5. The method of claim 1, wherein the doped diamond-like carbon film comprises

about 8 at.% to about 15 at.% of dopant.

8, The method of claim 1, wherein the annealed film comprises about 50 al.% o
about 80 at. % of sp® hybridized carbon atoms.
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7. The method of claim 1, wherein the hydrocarbon compound comprises ethyne,
propene, methane, butens, 1 3-dimethyladamantanse, bicyclo]2 2. 1thepta-2,5-diene,

adamantine, norbornene, or any combination thereof.

8. The method of claim 1, whersin the annealed film has a etch sslectivity of about
0.8 to about 1.3,

9. The method of claim 1, wherein the process volume is maintained at a pressure
of about 5 mTorr to about 10 mTorr, and wherein the substrate is maintained at &

temperature of about 0°C to about 50°C.

10, The method of claim 1, wherein the annealed film is a silicon doped annealed

film and has an elastic modulus of greater than 150 GPa.

11.  The method of claim 1, wherein generating the plasma at the substrate further

comprises applying a second RF bias o the substrate support.

12.  The method of claim 11, wherein the first RF bias is provided at a power of
about 10 watls to about 3,000 watls at a frequency of about 350 KHz to about 100
MHz, and wherein the second RF bias is provided at a power of about 10 watls to
about 3,000 watis at a frequency of about 350 KHz to about 100 MHz.

13. The method of claim 1, wherein the doped diamond-like carbon film is annealed

for about 1 minute to about 30 minutes.

14, A method of processing a substrale, comprising:

flowing a deposition gas comprising a hydrocarbon compound and a dopant
compound comprising silicon into a process volume of a process chamber having a
substrate positioned on a substrate support, wherein the substrate support has a
chucking electrode and an RF electrode separate from the chucking slectrode,
wherein the process volume is maintained at a pressure of about 0.5 mTorr to about
10 Torrn,
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generating a plasma at the substrate by applying a first RF bias to the RF
slectrode and a second RF bias {o the chucking elecirode to deposit a doped
diamond-like carbon film on the subsirate, wherein the doped diamond-like carbon
film has a density of greater than 2 g/cc to about 12 g/cc and a first siress of about -300
MPa to about -150 MPa; and

annealing the doped diamond-like carbon film at a temperature at about 220
°C to about 450 °C to form an annealed film, the annealed film having a second stress
of about -250 MPa to about -100 MPa.

15, The method of claim 14, wherein the doped diamond-like carbon film has a

density of about 3 g/ce to about 10 g/ce.

16. The method of claim 14, whersin the annealed film has a etch selectivity of
about 0.9 to about 1.3,

17.  The mesthod of claim 14, wherein the doped diamond-like carbon film comprises
about 8 at.% to about 15 at.% of dopant.

18. A method of processing a substrate, comprising:

positioning the substrate on a substrate support in a process volume,

generating plasma above the subsirate by applying an RF bias to the substrate
support;

providing a deposition gas comprising a hydrocarbon compound and a dopant
compound cormprising boron or sificon info a process volume of a process chamber,
wherein the substraie support has a chucking electrode and an RF elecirode separaie
from the chucking electrode, wherein the process volume is maintained at a pressure
of about 0.5 mTorr {o about 10 mTorr,

generating a plasma at the subsirate by applying a first RF bias to the RF
glectrode and a second RF bias to the chucking slectrode to deposit a doped
diamond-like carbon film on the substrate, wherein the doped diamond-like carbon
film has a density of greater than 2 g/cc to about 12 g/ce and a stress of about -600
MPa to about -300 MPa;
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annealing the doped diamond-like carbon film at a temperature at about 220
°G to about 450 °C {o form an annealed film, the annealed film having a second stress
of about ~250 MPa to about -100 MPa;

forming a patterned photoresist layer over the annealed film;

eiching the annealed film in a pattern corresponding with the patlerned
photoresist layer; and

efching the pattem into the substrate.

19.  The method of claim 18, wherein the doped diamond-like carbon film comprises

about 8 at.% to about 15 at.% of dopant.

20, Themethod of claim 18, whersin the annealed film is an annealed silicon doped

film and has an elastic modulus of greater than 150 GPa.
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