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HIGHLY ETCH SELECTIVE AMORPHOUS CARBON FILM

BACKGROUND
Field
{0001} implementations described herein generally reiate to the fabrication of

integrated circuits.  More particularly, the implementations described herein provide

technigues for deposition of amorphous carbon films on a subsirate.

Description of the Related Art

[6o0z] integrated circuits have evolved into complex devices that can include
miilions of transistors, 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 1o fabricate such integrated circuits. In particular, as the dimensions
of integrated circuit componenis are reduced {o the sub-micron scale, low resistivity
conductive materials as well as low dielectric constant insulating materials are used

to obtain suitable electrical performance from such components.

[6003] 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 formed over a stack of material layers
deposited on a substrate. The energy sensitive resist layer is exposed to an image of
a pattemn to form a photoresist mask. Thereafter, the mask patiern is transferred {o
one or more of the maierial layers of the stack using an seich process. The chemical
eichant used in the elch process is selected to have a greater stch selectivity for the
material lavers of the stack than for the mask of energy sensitive resist. That is, the
chemical etchant etches the one or mare layers of the maternial stack at a rate much
faster than the energy sensitive resist. The elch selectivity to the one or more material
lavers of the stack over the resist prevents the energy sensitive resist from being

consumed prior to completion of the pattern transfer.

[0004] As the pattern dimensions are reduced, the thickness of the energy
sensitive resist is correspondingly reducsd 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 etchant. An intermediats laver
(e.g., silicon oxynitride, siicon carbine or carbon film), called a hardmask, is often
used between the energy sensitive resist layer and the underlying material layers to
facilitate pattern transfer because of greater resistance to the chemical etchant
Hardmask materials having both high etch seleclivity and high deposition rates are
desirable. As critical dimensions (CD) decrease, current hardmask materials lack the
targeted elch selectivity relative to underlying materials {(e.q., oxides and nitrides} and

are often difficult to deposit.

[0005] Therefore, there is a need in the art for an improved hardmask layer and

methods for depositing improved hardmask layers.

SUMMARY

[00086] implementations described herein generally relate to the fabrication of
integrated circuits. More particularly, the implementations described herein provide
technigues for deposition of amorphous carbon films on a subsirate.  In one
implemeantation, a method of forming an amorphous carbon film is provided. The
method includes depositing an amorphous carbon film on an underlayer positioned
on a susceptor in a first processing region. The method further includes forming a
doped amorphous carbon film by implanting a dopant or inart species into the
amorphous carbon film in a second processing region. The dopant or inert species is
salected from carbon, boron, nitrogen, nitrogen dimer, silicon, phosphorous, argon,
helium, neon, krypton, xenon or combinations thereof. The method further includes

patterning the doped amorphous carbon film and etching the underlayer.

{0007} In another implementation, a method of forming an amorphous carbon film
is provided. The method includes depositing an amorphous carbon film on an
underlayer positioned on a susceplor in a first processing region. The method further
includes forming a doped amorphous carbon film by implanting a dopant into the
amorphous carbon film in a second processing region. The dopant or inert species is
selected from carbon, boron, nitrogen, nitragen dimer silicon, phosphorous, argon,
helium, neon, krypton, xenon or combinations thereof. The method further includes

patterning the doped amorphous carbon film.  The methed further includes etching
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the underlayer, wherein the doped amorphous carbon film has a refractive index at
633 nm of from about 2.1 to about 2.2

[B008] In yet another implementation, a hardmask layer comprising an amorphous
carbon film is provided. The amorphous carbon film is formed by a plasma enhanced
chemical vapor deposition process foliowed by a carbon implantation process. The
dopant or inert species is selected from carbon, boron, nitrogen, nitrogen dimer,
silicon, phosphorous, argon, helium, neon, krypion, xenon or combinations thereof.
The amorphous carbon film serves as a hardmask layer in an etching process for use

in semiconductor applications.

[D008] i yet another implementation, a method of forming an amorphous carbon
film is provided. The method includes depositing an amorphous carbon film on an
underiayer positionad on a susceptor in a first processing region. The meathod further
includes forming a doped amorphous carbon film by implanting a dopant or an inert
species into the amorphous carbon film in a second processing region. The dopant
or the inert species is selected from carbon, boron, nitrogen, silicon, phosphorous,
argon, helium, neon, krypton, xenon, beryliium, germanium, or a combination theraof,
whergin a target temperature during implanting the dopant or the inert species is
betwaen about -100 degrees Celsius and about 550 degrees Celsius. The msthod
further includes patterning the doped amorphous carbon film and etching the

underlayer.

6010} in yet another implementation, a method of forming an amorphous carbon
film is provided. The method includes depositing an amorphous carbon film on an
underlayer positioned on a susceplor in a first processing region. The method further
inciudes forming a doped amorphous carbon film by implanting a dopant or an inert
species inte the amorphous carbon film in @ second processing region. The dopant
or the inert species is selected from carbon, boron, nitrogen, silicon, phosphorous,
argon, helium, neon, Krypton, xenon, beryliium, germanium, or a combination thereof,
wherein a target temperature during implanting the dopant or the inert species is
between about -100 degrees Celsius and about 550 degrees Cealsius. The method

includes patierning the doped amorphous carbon film and elching the underlayer,
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wherein the doped amorphous carbon film has a refractive index at 633 nm of from
about 2.1 to about 2.2.

10011} In yet ancther implementation, a msthod of forming an amorphous carbon
film is provided. The method includes depositing an amorphous carbon film on an
underlayer positioned on a susceptor in a first processing region. The method further
includes forming a doped amaorphous carbon film by implanting a carbon dopant into
the amorphous carbon film in a8 second processing region, wherein a target
temperature during implanting the carbon dopant is between about -100 degress
Celsius and about 550 degrees Ceisius. The method further includes patterning the
doped amorphous carbon film and stching the underlayer, wherein the doped

amaorphous carbon film has a hardness (GPa) of from about 14 GPa to about 22 GPa.

[uo12] in yet another implementation, a method of forming an amorphous carbon
film is provided. The method includes depositing an amorphous carbon film on an
underiayer positioned on a susceptor in a first processing region. The method further
includes patierning the amorphous carbon layer. The method further includes forming
a doped pstterned doped amorphous carbon film by implanting a dopant or inert
species info the patterned amorphous carbon film in a second processing region. The
dopant or inert species is selected from carbon, boron, nifrogen, silicon, phosphorous,
argon, helium, neon, krypton, xenon, beryliium, germanium, or a combination thereof,
wherein a farget temperature during implanting the dopant or the inert species is
between about -100 degrees Celsius and about 550 degrees Celsius. The method

further includes etching the underlayer.

{0013} In yet ancther implementation, a method of forming an amorphous carbon
film is provided. The method includes depositing an amorphous carbon film on an
underlayer positioned on a susceptor in a first processing region. The method further
includes patterning the amorphous carbon laver. The method further includes forming
a doped patterned amorphous carbon film by implanting a dopant or an inert species
irto the patterned amorphous carbon film in a second processing region. The dopant
or tha inert species is selected from carbon, boron, nitrogen, silicon, phosphorous,
argon, helium, neon, krypton, xenon, beryllium, germanium, or a combination thereof,

wherein a target temperature during implanting the dopant or the inert species is
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between about -100 degrees Celsius and about 550 degrees Celsius. The implant
can be done at a tilt angle of 0 degress with a specific speacias that enables increasing
the eich rate of the underiayer or at a tilt angle between 0.1 degrees and 80 degrees,
with an associated fwist angle bebween 0 and 360 degrees. The associated tilt angle
enables the ions to only penetrate the hardmask dus to the nature of the species that
may result in decreasing the underlayer elch rate. For a carbon hardmask line and
space feature that runs in one direction and not two perpendicular dirgctions, the
implantation can be divided into two separate implants, with each impiant at one half
of the desired dose, for example, a dose of 1.0 x 10" jonsfcm? becomes a dose of
50 x 10" ionsicm?. The substrate sees implantation every 180 degrees rotation thus
building up to the desired dose of 1.0 x 106 jonsfocm®. As a result, both sides of the
carbon hardmask feature are implanted uniformly. The method can further include
doping the patlerned undoped amorphous carbon film and etching the underiaver,
wherain the doped amorphous carbon film has a refractive index at 833 nm of from
about 2.1 to about 2.2,

0014} In yet ancther implementation, a method of forming an amorphous carbon
film is provided. The method includes depositing an amorphous carbon film on an
underlayer positioned on a susceptor in a first processing region. The method further
includes patierning the amorphous carbon film. The method further includes forming
a dopead patternad amorphous carbon film by implanting a carbon dopant into the
patterned amorphous carbon film in a second processing region, wherein a target
temperature during implanting the carbon dopant is between about -100 degrees
Celsius and about 550 degrees Celsius. The method further includes etching the
underiayer, wherein the doped patterned amaorphous carbon film has a hardness
{GPa) of from about 14 GPa to about 22 GPa.

[o018] In yet another implementation, a non-transitory computer readable medium
has stored thereon instructions, which, when executed by a processor, causeas the

process to perform operations of the above apparatus and/or method.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] So that the manner in which the above-recited features of the present

disclosure can be understood in detail, & more particular description of the
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implementations, briefly summarized above, may be had by reference to
implementations, some of which are illustrated in the appended drawings. Hisfobe
noted, however, that the appendead drawings illusirate only typical implementations of
this disclosure and are therefore not {o be considered limiting of s scops, for the

disclosure may admit to other squally effective implementations.

0017} FiG. 1 depicts a schamatic iliustration of an apparatus that can be used for

the practice of implementations described herein;

[ooi8] FiG. 2 depicts a process flow diagram of a method for forming an
amorphous carbon hardmask layer on a film stack disposed on a subsirate in

accordance with one or more implemenrtations of the present disclosure;

0049} FIGES. 3A-3H depict a schematic cross-sectional view of a substrate
structure illustrating a hardmask formation sequence according (o one or more

implementations of the present disclosure;

[u020] FIG. 4 depicis a process flow diagram of a method for forming an
amorphous carbon hardmask layer on a film stack disposed on a substrate in

accordance with one or more implementations of the present disclosurs;

{6021} FiG. 5A depicts a plot of in-plane distortion versus film stress (MPa) for
amorphous carbon films formed according to implementations of the present
disclosure in comparison with amorphous carbon films formed using prior art

techniques;

[o022] FIG. 5B depicts a plot of Young's Modulus (GPa) versus film stress (MPa)

for the amorphous carbon films of FIG. 54

[0023] FiG. 6 depicts a process flow diagram of another method for forming an
amorphous carbon hardmask layer on a film stack disposed on a subsirate in

accordance with one or more implementations of the present disclosure; and

[0024) FIGS. 7A-71 depict a schematic cross-sectional view of a substrate structure
iflustrating a hardmask formation sequence according to one or more implementations

of the present disclosure,
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[0025) To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures. Htis
contemplated that elements and features of one implementation may be beneficially

incorporated in other implementations without further recitation.

DETAILED DESCRIPTION

{0028} The following disclosure describses tachniques for deposition of diamond-
like carbon films on a substrate. Certain details are set forth in the following
dascription and in FIGS. 1-71 io provide a thorough understanding of various
implementations of the disclosure. Cther details describing well-known structuras and
systems often associated with plasma-processing and ion implantation are not set
forth in the following disclosure to avoid unnecessarily obscuring the description of the

various implementations.

00271 Many of the details, dimensions, angles and other features shown in the
Figures are merely illustrative of particular implementations.  Accordingly, other
implementations can have other delaills, components, dimensions, angles and
features without departing from the spirit or scope of the present disciosure. In
addition, further implementations of the disclosure can be practiced without several of

the details described below.

{6628} implementations described herein will be described below in reference to a
PECVD deposition process and an ion implantation process that can be carried out
using any suitable thin film deposition and implant systerns. Examples of suitable
systems include the CENTURA® systems which may use a DXI® processing
chamber, PRECISION 5000® systems, PRODUCER® systems, PRODUCER® GT™
systems, PRODUCER® XP Precision™ systems, PRODUCER® SE™ systemns,
Sym3® processing chamber, and Mesa™ processing chamber, all of which are
commercially available from Applied Materials, Inc., of Santa Clara, Calif. The ion
implantation process may be performed by a beamiine or plasma implantation tools.
Exemplary systems utilized to perform the implantation process include, for example,
the VARIAN VIISta® TRIDENT system, VARIAN VIiSta® Thearmion systam, VARIAN
ViiSta® medium current Thermion system, VIISia® 3000XP system, VISia® SO0OXP
system, VISta® HCP system, VHSta® Trident Crion™ system and the VHISta® PLAD
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system, available from Applied Materials, Inc., Santa Clarg, Calif. Other tools capable
of performing PECVD andfor ion implantation processes may also be adapted to
benefit from the implemertations described herein. In addition, any system enabling
the PECVD and/for ion implant processes described herein can be used to advantage.
The apparatus description daescribad herein is illustrative and should not be construed

or interpreted as limiting the scope of the implementations described herein.

[6028] The physical consiraints in scaling down of integrated circuits have resulted
in extension of integrated circuils orthogonal 1o the planar wafer surface, Le., high
aspect ratio (HAR), three-dimensional utllization of device space. The nanofabrication
sirategies {0 accommodate dynamic etch selectivity and increasingly stringent
fabrication iolerances have resulted in a library of hardmask {HM) materials, such as
carbon films doped with silicon, titanium, tungsten or boron; as well as dielectric silicon
oxide- nitride {ON/OP) films. Used in combination, these materials offer advantages
in etch selectivity and patterning down o the 1X node.  Innovation in amorphous
carbon hardmask materials is desirable for achisving high aspect ratio (HAR)
benchmarks in next generation device structures. In contrast o metal and dielectric
solutions, amorphous carbon is ashable, providing high selectivity with respect {o
underlying ON/OP hardmask films. Anocther benefit of amorphous carbon hardmasks
is the corresponding optical properties of the amorphous carbon hardmasks, which
are tunable to offer transparency o aligned patterned features, therefore eliminating
the need of partial hard mask open process. However, current integrated hardware
and processes for amorphous carbon hardmasks demonstrate comparatively poor
mechanical properties relative to metal doped and dislectric hardmask counterparts.
The highest etch seleclivity for the current generation pure carbon films {e.qg.,
nanocrystalline diamond, ultra-nanocrystalline diamond, diamond-like carbon, and
physical vapor deposition carbon) is seen for films with high sp3 content, analogous
to the hybridization of diamond. A long-standing high value problem in diamond like
carbon hardmasks is the >1GPa compressive film stress due to sp3 hybridized
carbon, which limils patlerning performance due 1o lithographic overlay and

electrostatic chucking constraints.

{0030} Next generation 3D NAND products with 84x layer stack applications and

aspect ratios of 1001 demand thin films that allow pattermning while resisting
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deformation and simultaneously demonstrating improved lithographic overlay.
Diamond-like carbon films couple carbon species-specific etch selectivity  with
superior  structural  integrity. These diamond-like carbon films will remain
competitive only if their mechanical properties, the harbinger of which is Young's

modulus, can further improve at reducad stress and in-plane distortion ("IPD") valuss.

0031} Some implamentations of the present disclosure provide processes that
use existing hardware with little impact to throughput or implementation cost. Some
implemeniations of the present disclosure solve the high value problems of
lithographic overlay, and high stress in conjunction with poor Young's modulus (E).
Some implementations of the present disclosure provide a unique process that
increases the modulus of amorphous carbon by about 2X {e.g., from about 64 GPa
to about 138 GPa) by tuning of the plasma deposition mechanism. Further
improvement of film properties is achisved through ion-implantation, which increases
the Young's modulus of the amorphous carbon film an additional 30% (~180 GPa)
while decreasing compressive stress by 75% (from about -1200 to about -300 MPa).
In addition, the combination of PECVD plus ion implantation delivered amorphous
carbon films that achieved significantly lower in-plane distortion {< 3 nanometers

overlay error) compared to the current generation of pure carbon hardmask films.

[8032] In improving performance of amorphous carbon hardmask films, the first
aspect of the present disclosure defines a new process window. This new process
window targets low in-plans distortion despite high stress {e.g., about -1200 GPa),
vel improved moduius. Not to be bound by theory but it is believed that these
improvements  are achieved by increasing the sheath size of the plasma through
decreasing pressure, and increasing process spacing resuiting in a decreased
plasma temperature. Higher sheath potential and Bohm velocity was confirmed by
a marked decrease in deposition rate, despite decreasing synthesis temperature.
This favors more formation of carbon-to-carbon bonding while reducing hydrogen
content in the film. in one implementation, the measured sxtinction cosfficient
values at 833 nm post deposition was 0.72, indicating a higher C=C, graphitic
character. Furthermore, decreasing the density of the plasma increased the mean
free path, the bombardment energy and improved the uniformity of the ion energy

distribution function across the wafer surface.  In-film properties because of weaker
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plasma, which minimized amorghization by bombardment, show an  increase in
Young's modulus (E}), hardness, and density. Not o be bound by theory, but it is
believed that the increased mean free path results in 3 lower in-plane distortion (IPD),

which is fargeied for lithographic overlay.

[0033] A second aspect of the present disclosure, in-line ion implantation, serves
to diminish the stress component of the amaorphous carbon film by up to appraximately
75% (e.q., from about -1200 to about -300 MPa), further improve the Young's modulus
{a.g., from about 138 to about 177 GPa) and make more centrasymmaetric the in-plane
distortion profile. lon implantation may be performed at a range of temperatures {e.g.,
from sbout -100 degrees Celsius 1o about 550 degrees Celsiug). [t is established
herein that decreasing the ion implantation temperature for amorphous carbon films
minimizes the rearrangement of implanted dopants — confirming the beneficial effects
of implantation such as densification, sp3 enhancament, and hydrogen reduction. Not
to be bound by theory, but it is believed that the ion implantation redistributes local
stresses and helps to reduce overall wafer stress to, for example, about 25% of the
post-film deposition value. The correct process regime for implaniation, to best
enhance modulus while reducing stress is developed based on the incoming wafer

modulus to bypass the HVP of saturation of the film improvement.

[6034] The resulting amorphous carbon film has shown an improvement in sich
selectivity of 30-50% compared to currently available pure carbon hardmask films,

while also matching the previous overlay requirements.

[0035] in some implementations of the present disclosure, amorphous carbon films
were deposited via plasma enhanced chemical vapor deposition onto bare silicon
blanket wafers. In some implementations, the carbon precursor is CaHs, with plasma
profile and uniformity sustained by argon and helium gases. The scope of this work
also encompasses use of CaHg, Colg, CoHy, CoHy, Oz and CF4 among others. High
frequency RF for this application is 13.56 MHz. The single wafer hardware enables
deposition up to temperatures of 650 degrees Celsius, and maintains plasma stability
from center {0 sdge using a gas box, showerhead combination with planar heater-

adge ring configuration. The plasma profile and coupling to the wafer surface may be
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further tuned by lavering of RF for distribution laterally and orthogonally to the wafer

surfaca.

0038} In some implementations, ion implantation is executed in a single-wafer
procassing tool. A heat exchanger enables temperature control and development of
cold implant technigues fo -100 degrees Celsius. The species vielding high
performance shown in the praesent disclosure is an ashable ion, maintaining the pure

carbon character of the films.

[0037] FiG3. 1 is a schematic cross sectional view of a plasma-processing chamber
100 configured according to various impiementations of the disclosure. By way of
example, the implementation of the plasma-processing chamber 100 in FIG. 1 is
described in terms of a PECVD system, but any other plasma-processing chamber
may fali within the scope of the implementations, including other plasma deposition
chambers or plasma etch chambers. The plasma-processing chamber 100 includes
walls 102, a bottom 104, and a chamber lid 124 that together enclose a susceptor 105
and a processing region 146. The plasma-processing chamber 100 further includes
a vacuum pump 114, a first RF generator 151, a second RF generator 152, an RF
match 153, a gas source 154, a top RF current tuner 155, a bottom RF current tuner
157, and a system controller 158, each coupled axternally {6 the plasma-processing

chamber 100 as shown.

{0038} The walls 102 and the botiom 104 may comprise an electrically conductive
material, such as aluminum or stainless steel. Through one or more of the walis 102,
a siit valve opening may be present that is configured to facilitate insertion of a
substrate 110 into and removal of the substrate 110 from the plasma-processing
chamber 100. A slit valve configured o seal siit valve opening may be disposed either
inside or outside of the plasma-processing chamber 100. For clarity, no slit valve or

slit valve gpening is shown in FIG. 1.

[0038] The vacuum pump 114 is coupied to the plasma-processing chamber 100

and is configured to adjust the vacuum level therein. As shown, a valve 116 may be

coupled betwsen the plasma-processing chamber 100 and the vacuum pump 114,

The vacuum pump 114 svacuales the plasma-procassing chamber 100 prior fo

subsirate processing and removes process gas therefrom during processing through
11
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the valve 116. The valve 118 may be adjustable to facilitate regulation of the
avacuation rate of the plasma-processing chamber 100. The evacuation rate through
the valve 116 and the incoming gas flow rate from the gas source 154 determine
chamber pressure and process gas residency time in the plasma-processing chamber
100.

00407 The gas source 154 is coupled to the plasma-processing chamber 100 via
a tube 123 that passes through the chamber id 124, The fube 123 is fluidly coupled
to a plenum 148 between a backing plate 106 and a gas distribution showerhead 128
included in the chamber lid 124. During operation, process gas introduced into the
plasma-processing chamber 100 from the gas source 154 fills the plenum 148 and
then passes through the gas passages 129 formed in the gas distribution showerhead
128 to uniformly enter the processing region 146, In alternative implementations,
process gas may be introduced into the processing region 146 via inlets andfor
nozzles {not shown) that are attached {0 the walls 102 in addition to or in lieu of the

gas distribution showerhead 128

[0041] The susceptor 105 may include any tschnically feasible apparatus for
supporting a substrate during processing by the plasma-processing chamber 100,
such as the substrate 110 in FIG. 1. In some implementations, the susceptor 105 is
disposed on a shaft 112 that is configured io raise and lower the susceptor 105, In
oneg implementation, the shaft 112 and the susceptor 105 may be Tormed at least in
part from or contain an electrically conductive matearial, such as tungsten, copper,
molvbdenum, aluminum, or stainless stesl. Alternatively or additionally, the suscepicr
105 may be formed at least in part from or contain a ceramic material, such as
alurminum oxide (Al2Oa), aluminum nifride (AlN), silicon dioxide (8i02), and the ke, In
implementations in which the plasma-processing chamber 100 is a capacitively
coupled plasma chamber, the susceptor 105 may be configured to contain an
electrode 113, In such implementations, a metal rod 115 or other conductor is
alectrically coupled to the slectrode 113 and is configured o provide a portion of a
ground path for RF power delivered {o the plasma-processing chamber 100. That is,
the metal rod 115 enables RF power delivered to the plasma-processing chamber 100
to pass through the electrode 113 and out of the plasma-processing chamber 100 io

ground.
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{0042} In some implementations, the electrode 113 is also configured to provide
an slectrical bias from a DC power source (not shown) {0 enable electrostatic
clamping of the substrate 110 onto the susceptor 105 during plasma processing. In
such implementations, the susceptor 105 generally includes a body including ons or
more ceramic matarials, such as the abovea-described ceramic materials, or any other
ceramic material suitable for use in an electrosiatic chuck. In such implementations,
the electrode 113 may be a mash, such as an RF mesh, or a perforated sheat of
material made of molybdenum (Mo), tungsten (W), or other material with a coefficient
of thermal expansion that is substantially similar to that of the ceramic material or
materials included in the body of the susceptor 105, Together, the elecirode 113 and
the gas distribution showerhead 128 define the boundaries of the processing region
146 in which plasma is formed. For example, during processing, the susceptor 105
and the substrate 110 may be raised and positioned near the lower surface of the gas
distribution showerhead 128 {e.q., within 10-30 mm} o form the at lsast partially

enciosed the processing region 146,

[0043] The first RF generator 151 is a radio frequency (RF) power source
configured to provide high-frequency power at a first RF frequency to a discharge
glectrode 126 via the RF match 153, Similarly, the second RF generator 152 is an
RF power source configured o provide high-frequency power at a second RF
frequency to the discharge electrode 126 via RF match 183 in some
implementations, first RF generator 1581 includes an RF power supply capable of
generating RF currants at a high frequency (HF), for example, about 13.56 MHz.
Alternatively or additionally, the first RF generator 151 includes a VHF generator
capabie of generating VHF power, such as VHF power at frequencies between about
20 MHz o 200 MHz or more. By confrast, the second RF generator 152 includes an
RF power supply capable of generating RF currents at so-called low frequency (LF}
RF, for example, about 350 kHz. Alternatively or additionally, the second RF
generator 152 includes an RF generalor capable of generating RF power at
frequencias betweaen about 1 kHz to about 1 MHz. The first RF generator 151 and
the second RF generator 152 are configured to facilitate generation of a plasma

betweaen the discharge electrode 126 and the susceptor 105
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{0044} The discharge electrode 126 may include a process gas distribution
element, such as the gas distribution showerhead 128 (as shown in FIG. 1), andfor
an array of gas injection nozzles, through which process gases are introduced into the
processing region 146. The discharge electrode 126, Le., the gas distribution
showarhead 128, may be orientad substantially parallel {0 the surface of the substrate
110, and capacitively couples plasma source power into the processing region 146,
which is disposed between the substrate 110 and the gas distribution showerhead
128

[B045] The RF match 153 may be any technically feasible impedance matching
apparatus that is coupled between the first RF generator 151 and the powered
electrode of the plasma-processing chamber 100, ie., the gas distribution
showerhead 128. The RF match 153 is also coupled between the second RF
generator 152 and the powered electrode of the plasma-processing chamber 100
The RF match 153 is configured to maich a load impedance {the plasma-processing
chamber 100) o the source or internal impedance of a driving source (the first RF
generator 151, the second RF generator 152) to enable the maximum transfer of RF
power from the first RF generator 151 and the second RF generator 152 o the

plasma-processing chamber 100

[3048] Forming a portion of the walls 102 are an upper isolator 107, a tuning ring
108, and a lower isolator 109. The upper isolator 107 is configured o electrically
isolate the tuning ring 108, which is formed from an electrically conductive material,
from the backing plate 106, which in some implementations is energized with RF
power during operation. Thus, upper isolator 107 is positioned betwesn the backing
plate 106 and the tuning ring 108, and prevents the tuning ring 108 from being
egnergized with RF power via the backing plate 106, In some implementations, the
upper isolator 107 is configured as a ceramic ring or annulus that is positioned
concentrically about the processing region 146, Similarly, the lower isolator 109 is
configurad to electrically isolate the tuning ring 108 from the walls 102, The walls 102
are typically formed from an elecirically conductive material, and can therefore act as
a ground path for a portion of RF power deliverad {o the plasma-processing chamber
100 during processing. Thus, the lower isolator 108 enables the tuning ring 108 to be

part of a different ground path for RF power delivered {o the plasma-processing
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chamber 100 than that of the walls 102. In some implementations, the upper isolator
107 is configured as a ceramic ring, or is configured 1o include a ceramic ring that is

positioned concentrically about the processing region 146,

[0047] The tuning ring 108 is disposed between the upper isolator 107 and the
lower isolator 109, is formed from an electrically conductive material, and is disposed
adjacent the processing region 148, For example, in some implementations, the
tuning ring 108 is formed from a suitable metal, such as aluminum, copper, fitanium,
or stainless steel. In some implemeantations, the tuning ring 108 is a metallic ring or
annulus that is positioned concentrically about the susceptor 105 and the substrate
110 during processing of the substrate 110, In addition, the twning ring 108 is
electrically coupled to ground via the top RF current tuner 155 via a conductor 156,
as shown. Thus, the tuning ring 108 is not a powered electrode, and is generally
disposad outside of and around the processing region 146. In one example, the tuning
ring 108 is positioned in a plane substantially parallel with the subsirate 110, and is
part of a ground path for the RF energy used to form a plasma in the processing region
146, As a result, an additional RF ground path 141 is established between the gas
distribution showerhead 128 and ground, via the top RF current tuner 155, Thus, by
changing the impedance of the top RF current tuner 155 at a particular frequency, the
impedance for the RF ground path 141 at that particular frequency changes, causing
a change in the RF field that is coupled to the tuning ring 108 at that frequency.
Therefore, the shape of plasma in the processing region 146 may be independently
modulated along the +/~ X and Y-directions for the RF frequency associated with sither
the first RF generator 151 or the second RF generator 152, That is, the shape, volume
or uniformity of the plasma formed in the processing region 146 may be independantly
modulated for multiple RF frequencies across the surface of the substrate 110 by use,
for exampile, of the tuning ring 108 or vertically between the substrate 110 and the gas

distribution showerhead 128 using the electrode 113,

{0048} The system controller 158 is configured to control the components and
functions of the plasma-processing chamber 100, such as the vacuum pump 114, the
first RF generator 151, the second RF generator 152, the RF match 153, the gas
source 154, the top RF current tuner 155, and the bottom RF current tuner 157, As

such, the system controller 158 recaives sensor inputs, e.g., voltage-current inpuls
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from the top RF current tuner 155 and the bottom RF current tuner 157, and transmits
control outputs for operation of the plasma-processing chamber 100, The functionality
of the system confroller 158 may include any technically feasible implementation,
including via software, hardware, andfor firmware, and may be divided between

multiple separate controliers associated with the plasma-processing chamber 100

[0049] Mot to be bound by theory, but it is believed that by delivering different
frequencies of RF power {0 a processing region of a plasma-processing chamber
during a plasma enhanced deposition process, the properties of a deposited film can
be adiusted. For example, adjusting the low-frequency RF plasma power andfor
fragquency deliverad to the processing region 148, L.a., forming an RF plasma in the 1
kHz to 1 MiHz regime, can be beneficial {o adjust some deposited film properties, such
as film stress, while adjusting the high-frequency RF plasma power andfor frequency
delivered to the procassing region 146, ie., forming an RF plasma in the 1 MHz {o
200 MHz regime, can be beneficial to adiust other deposited film properties, such as
thickness uniformity. According to various implementations of the disclosure, a tuning
apparatus enables independent control of the flow of RF current in the plasma-
proceassing chamber 100 ai muitiple RF freguencies. In some implementations, such
a tuning apparatus is employed at mulliple locations in the plasma-processing

chamber 100, i.e., the top RF current tuner 155 and the bottom RF current tuner 157,

{0050} The top RF current tuner 155, as noted above, is elsctrically coupled to the
tuning ring 108 and is terminated to ground, thus providing a controllable RF ground
path 141 for the plasma-processing chamber 100, Similarly, the botiom RF current
tuner 157 is electrically coupled o the metal rod 115 and is terminated {o ground, thus
providing a different controliable RF ground path 142 for the plasma-processing
chamber 100, As described herein, the top RF current tuner 155 and the bottom RF
current tuner 157 are each configured to control the flow of RF current to ground at
muitipie RF frequencies. Thus, the distribution of RF current at a first RF frequency
betwaen the tuning ring 108 and the metal rod 115 can be controlled independently
from the distribution of RF current at a second RF frequency between the tuning ring
108 and the metal rod 115.
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{0051} A plasma 180 is formed in the processing region 146 in between the
electrode 113 and the discharge electrode 126, A distance or “spacing” between the
bottom surface of the electrode 113 and a top surface of the susceptor 105 is

represented by “x".

[0052] Other deposition chambers may also benefit from the present disclosure
and the parameters listed above may vary according to the particular deposition
chamber used {o form the amorphous carbon laver. For example, other deposition
chambers may have a larger or smaller volume, requiring gas flow rates that are larger
or smaller than those recited for deposition chambers available from Applied
Materials, Inc. In one implementation, the boron-carbon film may be deposited using
a PRODUCER® XP Precision™ processing system, which is commercially available

from Applied Materials, Inc., Santa Clara, California.

{0053} The aiomic percertage of dopant or inert species incorporation in the
amorphous carbon film is calculated as follows: (dopant concentration in om® divided
by the number of carbon atoms per cm™ expected for a carbon film of a particular
density. The amorphous carbon film may contain at least 0.1, 1, or 10 atomic
percentage of dopant or inert species. The amorphous carbon film may contain up to
1, 10, or 30 atomic percentage of dopant or inert species. The amorphous carbon film
may contain from about 1 to about 30 atomic percentage of dopant or inert species.
The amorphous carbon film may contain from about 10 to about 30 atomic percentage
of dopant or inert species. The amorphous carbon film may contain at least 3, 5, or
10 atomic percentage of hydregen. The amorphous carbon film may contain up 1o &,
10, or 15 atomic percentage of hydrogen. The amarphous carbon film may contain

from about 3 to about 15 atomic percentage of hydrogen.

[D054] i one implementation where the dopant is carbon, the atomic percentage
of carbon incorporation in the amorphous carbon film is calculated as follows:
{C/H{H+CH%). The amorphous carbon film may contain at least 85, 80, or 85 atomic
percentage of carbon. The amorphous carbon film may contain up to 80, 85, or 97
atomic percentage of carbon. The amorphous carbon film may contain from about 85
to about 87 atomic percentage of carbon. The amorphous carbon film may contain

from about 890 {o about 97 atomic percentage of carbon. The amorphous carbon film
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may contain at least 3, 5, or 10 atomic percentage of hydrogen. The amorphous
carbon film may contain up to §, 10, or 15 atomic percentage of hydrogen. The
amorphous carbon film may cortain from about 3 to about 15 atomic percentage of

hydrogen.

[D055] in general, the following exemplary deposition process parameters may be
used {o for the PECVD portion of the amorphous carbon film deposition process
described herein. The process paramelers may range from a wafer temperature of
about 100 degrees Celsius to about 700 degrees Calsius {e.g., between about 300
degrees Celsius to about 700 degress Celsius). The chamber pressure may range
from about 1 Torr to about 20 Torr {e.g., between about 2 Torr and about 8 Tormr, or
between about 5 Torr and about 8 Torr). The flow raie of the hydrocarbon-containing
gas may be from about 100 scem to about 5,000 scem {(e.g., betwsen about 100 scom
and about 2 000 scem; or betwean about 180 scom and about 500 scom). The flow
rate of a dilution gas may individually range from about 0 scem o about 5,000 scem
{e.g., from about 2,000 scom to about 4,080 scom). The flow rate of an inert gas may
individually range from about 0 scom to about 10,000 scom {e.g., from about 0 scom
to about 2,000 scom; from about 200 scom to about 2,000 scem). The RF power may
be between 1,000 Waits and 3,000 Watis. The plate spacing between the top surface
of the substrate 110 and the gas distribution showerhead 128 may be set to between
about 200 mils to about 1,000 mils (2.q., between about 200 mils and about 600 mils;
between about 300 mils to about 1,000 mils; or between aboui 400 mils and about
800 mils). The amorphous carbon film may be deposited to have a thicknass betwesn
about 10 A and about 50,000 A {e.g., between about 300 A and about 3,000 A; or
between about 500 A to about 1,000 A). The above process parameters provide a
typical deposition rate for the amorphous carbon film in the range of about 100
A/minute to about 5,000 A/minute (e.q., from about 1,400 A/minute to about 3,200
Alminute) and can be implemented on a 300 mm substrate in a deposition chamber

available from Applied Materials, inc. of Santa Clara, CA

[0056] The as-deposited amorphous carbon film prior to implaniation may have a
refractive index (n) (633 nm)) of greater than 1.9, for example approximately 2.2 (e.q.,
from about 2.1 to about 2.5). The as-deposited amorphous carbon film may have a

k-value (k (at 833 nm}) of less than 1.0, for example, (&.g., from about 0.6 {o about
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0.8). The as-deposited amorphous carbon film may have a Young's modulus (GPa)
of from about 50 to about 200 GPa {e.g., from about 60 to about 140 GPa; or from
about 100 to about 140 GPa). The as-deposited amorphous carbon film may have a
hardness {GPa) of from about 10 GPa to about 22 GPa {e.g., from about 10 GPa to
about 15 GPa; or from about 12 GPa to about 14 GPa). Tha as-deposited amorphous
carbon film may have a stress (MPa) of from about -1300 MPa to about 0 MPa {e.g,,
from about -1300 MPa to about -250 MPa: from about -1250 MPa to about -1000
MPa). The as-deposited amorphous carbon film may have a density {(gfce) from about

1.7 glec to about 1.87 gice {e.g., from about 1.74 gfcc to about 1.85 gice).

{0057} The as-deposited amorphous carbon film after carbon implaniation may
have a refraclive index (n) (633 nm)) of greater than 2.04, for example approximately
2.2{e.q., from about 2.1 o about 2.2). The as-deposited amorphous carbon film may
have a k-value (k {(at 633 nm)) of less than 1.0, for example, (g8.¢., from about 0.5 to
about 0.8; from about 0.6 to about 0.7). The as-deposited amorphous carbon film
after implantation may have a Young's modulus (GPa) of from about 70 to about 200
GPa (e.g., from about 120 to about 180 GPa; or from about 130 o about 170 GPa).
The as-deposited amorphous carbon film afier implantation may have a hardness
(GPa) of from about 14 GPa to about 22 GPa (e.g., from gbout 15 GPa to about 20
GPa; or from about 168 GPa to about 18 GPa). The as-deposited amorphous carbon
film after implantation may have a stress (MPa) of from about -600 MPa to about O
MPa (e.g., from about -400 MPa to about 0 Pa; from about -350 MPa to about O MPa).
The as-deposited amorphous carbon film may have a density (g/ce) of greater than
1.9 gfce, for example approximately 2.1 g/ce {e.g., from about 1.95 g/ce to about 2.1

gfce).

[0058] FIG. 2 depicts a process flow diagram of a method 200 for forming an
amorphous carbon hardmask layer on a film stack disposed on a substrate in
accordance with one or mors implementations of the present disciosure. FIGS. 3A-
3H depict a schematic cross-sectional view of a substrate structure illustrating a
hardmask formation seguence according to method 200, Although the method 200 is
dascribed below with reference to a hardmask layer that may be formed on a film
stack utilized to manufaciure stair-like structures in the film stack for three dimensional

semiconductor devices, the method 200 may also be used to advaniage in other

19



WO 2022/026257 PCT/US2021/042466

device manufacturing applications. Further, it should also be understood that the
operations depicted in FIG. 2 may be parformed simultansously and/or in a different

order than the order depicted in FIG. 2.

[6053] The method 200 begins at operation 210 by positioning a substrate 302,
into a process chamber, such as the plasma-processing chamber 100 depicted in FiG.
1. The substrate 302 may be the substrate 110 depicted in FIG. 1. The subsirate 302

may be part of a film stack 300 formed thereon.

0060} In one implementation, a surface of the substrate 110, as shown in FIG. 1,
is substantially planar. Allernatively, the substrate 110 may have patterned struciures,
for example, a surface having trenches, holes, or vias formed thergin. The substrate
110 may also have a substantially planar surface having a structure formed thereon
or therein at a targeted elevation. While the substrate 110 is illustrated as a single
body, it is understood that the substrate 110 may contain one or more materials used
in forming semiconductor davices such as meatal contacts, trench isolations, gates,
bitiines, or any other interconnect fealures. The substrate 110 may comprise oneg or
more metal layers, one or more dieleclric materials, semiconductor material, and
combinations thereof utilized to fabricate semiconductor devices. For example, the
substrate 110 may include an oxide material, a nitride material, a polysilicon material,
or the like, depending upon application.  In one implementation where a memory
application is targeted, the subsirate 110 may include the silicon substrate material,
an oxide material, and a nitride material, with or without polysilicon sandwichad in

between.

{0061} In another implementation, the substrate 110 may include a plurality of
alternating oxide and nitride materials {i.e., oxide-nitride-oxide {ONQ})) (not shown)
deposited on the surface of the subsirate 110, In various implementations, the
subsirate 110 may include a plurality of alternating oxide and nitride materials, one or
more oxide or nitride materials, polysilicon or amorphous silicon materials, oxides
alternating with amorphous silicon, oxides aliernating with polysilicon, undoped silicon
alternating with doped silicon, undopead polysilicon alternating with doped polysilicon,
or undoped amorphous silicon alternating with doped amorphous silicon.  The

subsirate 110 may be any substrate or material surface upon which film processing is
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performed. For example, the substrate 110 may be a material such as crystalline
silicon, silicon oxide, silicon oxynitride, silicon nitride, strained silicon, silicon
germanium, tungsten, titanium nitride, doped or undoped polysilicon, doped or
undoped silicon wafers and patierned or non-patterned wafers, silicon on insulator
{S0O1), carbon doped silicon axides, silicon nitrides, doped silicon, germanium, gailium

arsenide, glass, sapphire, low-K diglectrics, and combinations thereof.

[06062] The film stack 300 includes the substrate 302 and an underiayver 304. The
underlayer 304, as utilized herein, includes any layer, which is disposed beneath an
amorphous carbon hardmask. For example, the amorphous carbon hardmask 306
may be disposed directly above the underlayer 304, such that the amorphous carbon
hardmask 306 and underlayer 304 are in physical contact with each other. In one
implementation, the underlaver 304 includes a single layer. in another

implemantation, the underlayer 304 includes a dielectric stack.

[6063] Al operation 220, the amorphous carbon hardmask 306 is formed on the
underlayer 304 disposed over the substrate 302, as illustrated in FIG. 3B, The
amaorphous carbon hardmask 306 is deposited by a blanket deposition process over
the underlayer 304. In some implementations, the amorphous carbon hardmask 308
is deposited according to the method 400 described in the process flow diagram of
FIG. 4. The amorphous carbon hardmask 306 may be deposited to a thickngss, which
corresponds to the subseguent etching requirements of the underlayer 304, in one
example, the amorphous carbon hardmask has a thickness of between about 0.5 um

and about 1.5 pum, such as about 1.0 um.

[0064) At operation 230, an ion implantation process dopes the amorphous carbon
hardmask 306 with a dopant o form a doped amorphous carbon hardmask 312 doped
with the dopant, as illustrated in FIG. 3C. Any suitable doping technique may be used.
in one implementation, a plasma immaersion ion implantation technique is employed
to implant dopants or inert species. In one implementation, a beamiine implaniation
technigue is employed to implant dopants or inert species. In one implementation, a
conformal doping technique, such as a plasma doping (PLAD) iechnique, may be

employed to implant dopants or inert species.
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[0088] Suitable ion species may be generated from various precursor materials,
such as carbon, boron, nifrogen, silicon, phosphorous, helium, argon, neon, Krypton,
xenon, beryilium, and germanium cortaining materials.  In one implementation, the
dopant or inert species is selected from carbon, boron, nitrogen, silicon, phosphorous,
argon, helium, neon, krypton, xenon, beryllium, germanium or a combination theraof.
Examples of carbon containing precursor gases include CHs. In one implementation,
various precursor materials are generated from combinations of precursor materials
including, for example, CHe/Nz, CHa/He, NofHe, CHa/Ne, CHy/Ar, CHe/Ne, CH4/Kr, or
CHdlXe.

[0066] in the schematic illustration, ions 310 bombard the amorphous carbon
hardmask 308 and generally penelfrate the amorphous carbon hardmask 306 to form
the doped amorphous carbon hardmask 312 implanted with the dopant or inent
species. The ions 310 penetrate the amorphous carbon hardmask 306 {o various
depths depending on the type and size of the ions and the power and bigs utilized to
energize the ions 310, The species of ions 310 may be tailored to provide increased
etch selectivity of the underiayer 304. As such, the implanted species may be any
monomer or molecular ion that is adapied 1o enhance sich sslectivity of the

amorphous carbon hardmask 306,

[B067] The ion implantation process may be performed by beamline or plasma
implantation tools. Exemplary systems utilized o perform the implantation process
inciude, for example, the VARIAN VIISta® Trident system, VARIAN VHSta® Thermion
system, VARIAN ViISta® medium current Thermion system, ViiSta® 3000XP system,
ViiSta® O0CXP system, VHSta® HCOP system and the VHSEa® PLAD system,
available from Applied Materials, Inc., Santa Clara, Calif.  Although described with
regard o the systems mentionad above, it is contamplated that systems from other

manufacturers may alse be utilized to perform the ion implantation process.

[0088] In one implementation, the on implantation process implants a dopant or
inert species into the amorphous carbon hardmask 306, The dopant or inert species
is selected from carbon, boron, nitrogen, silicon, phosphorous, argon, helium, neon,
krypton,  beryllium, germanium, xenon, or combinations thersof in one

implementation, for 3D NAND applications wheare carbon hardmask thickness
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applications are in the range 10kA to 50kA, the implant energy utilized to energize the
dopant is between about 680 keV and about 300 keV (single or multiple implant energy
may be applied. As an example for carbon implant an energy of 300keV will modify
about BkA of the carbon hardmask. Multiple implant energies may be applied to
modify the carbon hardmask, for example, multiple snergies of 80keV, 120ksV,
180keV, 240keV, 300keV, or some variation. The implant species and multiple energy
salaction will depend on the type of dopant utilized, the type of material utilized as the
amorphous carbon hardmask 306 and the required uniform thickness modification of
the carbon hardmask. In another implementation, for DRAM or other tachnologies
such as Logic or emerging memory fechnologies, where the carbon hardmask
thickness may range from 500A to 4kA, the implant energy utilized to energize the
dopant is betwesen about 1 keV and about 60 keV (&.g., between about 5 keV and
about 60 keV,; between about 1 keV and about 15 keV: between about 10 keV and
about 35 keV, betwesn about 20 keV and about 30 keV, or between about 20 ke
and about 25 keV), depending on the type of dopant utilized, the type of material
utilized as the amorphous carbon hardmask 308 and the depth of implantation

targeted.

[D069] In one implementation, for 3D NAND applications where carbon hardmask
thickness may be in the range 10kA to 50kA, the ion dosage (ionsfom?) is between
about 1 x 10" ions/em? and about 5 x 10" jonsfom? (e.q., between about 1 x 10
ionsfcm? and about 3 x 108 ionsfom?; between about 5 x 10" ionsfcm? and about 2 x
10'5 lons/iem?)) depending on the type of dopant utilized, the type of material utilized
as the amorphous carbon hardmask 306 and the depth of implantation targeted. In
another implementation, for DRAM or other technologies, for example, Logic or
emerging memory technologies, where the carbon hardmask thickness may range
from S00A to 4kA, the ion dosage (ionsfcm?) is between about 5 x 10'° ions/em? and
about 5 x 10 ionsfom? (e.g., between about 1 x 10* ions/cm? and about 5 x 1018
ionsfom?; between about 5 x 10" ionsfom? and about 2 x 10'® jons/cm?Z between
about 1 x 10" jonsfem?® and about 1 x 10" jonsicm?; depending on the type of dopant
utiized, the type of material utilized as the amorphous carbon hardmask 306 and the

depth of implantation targeted.
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{0070} In one implementation, wherg a PLAD implant technique is used, the
implant energy utilized to energize the dopant or inert species is batweean about 1 kV
and about 15 kV {e.9., between about 1 kV and about 15 kV; between about 1 kV and
about 15 kV: between about 2 KV and about 12 kV,; betwesn about 4 KV and about 10
kY or batweaen about 20 kV and about 25 kV) at an ion dosa range betwsen about 1
x 10% ionsfem? and about 5 x 10" ionsfem? {(e.g., between about 3 x 10" ionsicm?
and about 3 x 10V ions/om?; between about 5 x 10"%ions/em? and about 5 x 10%
ionsfom?; between about 5 x 10" ions/icm? and about 2 x 108 ions/om?; or between
about 5 x 10" jonsfocm? and about 1 x 10 jons/em?). In one implementation, where
the dopant is helium, the implant energy utilized to energize the dopant is between
about 1 KV and about 15 kV at an ion dose range between about 1 x 10" ionsfcm?

and about 3 x 10Y7 ions/om?.

0071} In one implementation, the target temperature is between about -100
degrees Celsius and about 550 degrees Celsius {e.g., between about -100 degrees
Celsius and about 200 degrees Celsius; betwsen about -100 degreas Celsius and
about 0 degrees Celsius,; betweaen about -100 degrees Celsius and about 50 degrees
Celsius; between about 0 degrees Celsius and about 100 degrees Celsius, or
betwaen about 150 degrees Celsius and about 550 degrees Celsius.) In ancther
implementation, the target temperature is between about -100 degrees Celsius and
about 500 degrees Celsius (a.g., betweaen about -100 degrees Caisius and about 200
degrees Celsius; between about -100 degrees Celsius and about 0 degrees Celsius;
between about -100 degrees Celsius and about 50 degrees Celsius; between about
0 degrees Celsius and about 50 degrees Celsius; or between about 50 degrees
Celsius and about 400 degrees Celsius.) In one example, where a cold implant is
performed, the target temperature for implantation is from about -100 degrees Celsius
to about O degrees Celsius. In another example, wherg a room temperature implant
is performed, the target temperature for implantation is from about 10 degrees Celsius
to about 100 degrees Celsius. In yet another example, where a hot implant is
parformad, the targst temperature for implantation is from about 150 degrees Celsius

to about 550 degrees Celsius.

[6072] In general, increased hardness of the amorphous carbon hardmask 306

provides for reduced iine bending of high aspect ratio structures in the underiayer 304

24



WO 2022/026257 PCT/US2021/042466

after the amorphous carbon hardmask 308 is opened. It is believed that the implanted
ions 310 abstract residual hydrogen atoms from the dangling carbon-hydrogen bonds
of the amorphous carbon hardmask 306 and form a carbide structure within the
amorphous carbon hardmask 306. The carbide structure exhibits increased hardness
when compared to an undopad hardmask. Additionally, it is belisved the implanted
ions 310 occupy interstitial voids present within the amorphous carbon hardmask 306,
which results in an increased density of the amorphous carbon hardmask 306, The
increasead density further increases the mechanical integrity of the amorphous carbon
hardmask 3006.

{0073} in one implementation, subseguent to the ion implantation procsss, the film
stack 300 is thermally treated. Suitable posi-ion implant thermal treatment techniques
include UV treatment, thermal annealing, and laser annealing. The thermal ireatment
of the doped amaorphous carbon hardmask 312 further incorporates the implamted ions
310 into the framework of the doped amorphous carbon hardmask 312, For example,
the implanted ions 310 may be redistributed within the doped amaorphous carbon
hardmask 312 for form a more uniform doping profile. |t is believed the thermal
treatment may increase interaction and bonding between the amorphous carbon of
the doped amorphous carbon hardmask 312 and the implanted ions 310, The
redistribution and bonding of the implanted ions 310 may funclion to further increase
the hardness, density, and etch selectivity of the doped amorphous carbon hardmask
312, In one implementation, the anneal process is performed in a plasma-processing
chamber, such as the plasma-processing chamber 100, In another implementation,

the anneal process is performed in a separate anneal chamber.

[0074] At operation 240, a photoresist layer 320, which is patterned, is formed over
the doped amorphous carbon hardmask 312 doped with the dopant or inert spacias,
as illustrated in FIG. 3D. Features or patterns may be transferred to the photoresist
fayer 320 from a photomask utilizing an energy source, such as light energy. Inone
implemantation, the photoresist laver 320 is a polymeric material and the patlerning
process is performed by a 193-nanometer immersion photolithography process, or
other similar photolithography process.  Similarly, lasers may also be utilized to

perform the patterning process.

25



WO 2022/026257 PCT/US2021/042466

[0075] At operation 250, the doped amorphous carbon hardmask 312 is opened
by, for example, a plasma siching process o form a doped patterned amorphous
carbon hardmask 322 as illustrated in FIG. 3E. The plasma etching process may be

performed in a chamber similar to the chambers described with regard to FiG. 3C.

[0076] At operation 260, the photoresist layer 320 is removed as illustrated in FIG.
3F. The photoresist layer 320 may be ramoved by various advantageous photoresist

removal processeas.

[6077) At operation 270, the underiayer 304 is etched, as llustrated in FIG. 3G
The underlayer 304 etching may be performed in a plasma-processing chamber, such
as the chambers and systems described with regard to FIG. 1B. Eichants, such as
fluorocarbons, remove the exposed portions of the underlayer 304, The actlive
species of the stchants are substantially urreactive with the materials, the implanted
ions 310, of the doped patlerned amorphous carbon hardmask 322, Thus, the
atchants are selective for the underlayer 304 material. Suitable examples of etchants
include CF4, CHF3, HBr, BCls, and Cl among others. The efchants may be provided

to with an inert carrier gas.

[0078] At operation 280, the doped patterned amorphous carbon hardmask 322 is
removed. The doped patternad amorphous carbon hardmask 322 may be removed
by any advaniageous hardmask removal process. In one example, oxygen plasma is
utilized to remove the doped pattermed amorphous carbon hardmask 322, The
resulting film stack 300 includes the underiayer 304 having a feature 324, such as a
high aspsct ratio feature, formed therein. The film stack 300 may then be subjected

to further processing o form a functional semiconductor device.

[o079] FiG. 4 is a process flow diagram depicting one implementation of a method
400 for depositing an amorphous carbon film according to implementations described
herein.  In one implementation, the method 400 may be used to deposit the
amaorphous carbon film of operation 220. The method 400 begins at opseration 410 by
providing a substrate in a processing region of a procassing chamber. The processing
chamber may be the plasma-processing chamber 100 depicted in FiG. 1. The
substrate may be substrate 110, also depicted in FIG. 1 or the substrate 302 dapicted
in FIGS. 3A-3H.
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[0080] At operation 420, a hydrocarbon-cortaining gas mixture is flowed into the
procassing region 146. The hydrocarbon-cortaining gas mixture may be flowed from
the gas source 154 into the processing region 146 through the gas distribution
showerhead 128. The gas mixiure may include at least one hydrocarbon source
and/or carbon-containing source. The gas mixture may furthar include an inert gas,
a dilution gas, a nitroger-containing gas, or combinations thereof. The hydrocarbon
andfor carbon-containing source can be any liquid or gas. In one example, the
precursor is vapor at room temperature, which simplifies the hardware for material

metering, controf and delivery to the chamber.

{0081} In one implementation, the hydrocarbon source is a gaseous hydrocarbon,
such as a linear hydrocarbon.  In one implementation, the hydrocarbon compound
has a general formula CxdHy, where x has a range of between 1 and 20 and v has a
range of between 1 and 20, In one implementation, the hydrocarbon compound is an
alkane. Suitable hydrocarbon compounds include, for example, methane (CHa),
acatylene (CaHz), ethylens (CaHa), ethane (CzHs), propylena (CaHe), and butylenses
{CaHg), cyclobutane {(C4Ms), and methyloyclopropane (CaHa).  Suitable butylenes
include 1-Butene, 2-Butene, and ischutylens. Other suitable carbon-containing gases
include carbon dioxide (CCz) and carbon tetrafluoride (CFs). In one example, CaHs is
preferable due to formation of more stable intermediate species, which allows more

surface mobility.

{0082} Suitable dilution gases such as helium (Ha), argon (Arn), hydrogen (Hz),
nitrogen {Nz), ammonia (NHs), or combinations thereof, among others, may be added
to the gas mixture. Ar, He, and Nz are used to control the density and deposition rate
of the amorphous carbon layer. In some cases, the addition of N2 andfor NHs can be
usad to control the hydrogen ratio of the amorphous carbon layer, as discussed below.

Alternatively, dilution gases may not be used during the deposition.

[0083] A nifrogen-containing gas may be supplied with the hydrocarbon-containing
gas mixture into the plasma-processing chamber 100, Suitable nitrogen-containing
compounds include, for example, pyridine, aliphatic amine, amines, nitriles, ammonia

and similar compounds.
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[o084] An inert gas, such as argon {Ar) andfor helium (He) may be supplied with
the hydrocarbon-containing gas mixture into the plasma-processing chamber 100,
Other inert gases, such as nitrogen (N2) and nitric oxide (NO), may also be used to
control the density and deposition rate of the amorphous carbon layer. Additionally,
a varisty of other processing gases may be added to the gas mixture (o maodify
properties of the amorphous carbon material. In one implementation, the processing
gases may be reactive gases, such as hydrogen (Hz), ammonia {NHs), a mixture of
hydrogen (Hz) and nitrogen (Nz), or combinations thereof. The addition of H: and/or
NHa may be used to control the hydrogen ratio (e.g., carbon to hydrogen ratio) of the
deposited amorphous carbon layer. The hydrogen ratio present in the amorphous

carbon film provides control over layer properties, such as reflectivity.

[0085] Optionally, at operation 430, the pressure in the processing region is
stabilized for a predefined RF-on delay time-period. The predefined RF-on delay time-
period is a fixed time delay defined as the time-period between introduction of the
hydrocarbon-containing gas mixture into the processing region and striking or
generating the plasma in operation 430, Any suitable fixed time delay may be used
to achigve targeted conditions. The length of the RF-on delay time period is typically
selected such that the hydrocarbon-cortaining or carbon-containing gas mixture does
not begin o thermally decompose or subsiantially thermally decompose in the

processing region.

{0086} At operation 440, RF plasma is generated in the processing region to
deposit an amorphous carbon film, such as the amorphous carbon hardmask 306.
The plasma may be formed by capacitive or inductive means, and may be energized
by coupling RF power into the precursor gas mixture. The RF powsr may be a dual-
fraquency RF power that has a high frequency component and a low frequency
component. The RF power is typically applied at a power level between about 50 W
and about 2,500 W {e.g., between about 2 000 W and about 2 500 W), which may be
all high-frequancy RF power, for example at a frequency of about 13.56 MHz, or may
be a mixture of high-freguency power and low frequency power, for exampie, at a
frequency of about 300 kHz. For most applications, the plasma is maintained for a
time period to deposit a an amorphous carbon layer having a thickness between about

100 A and about 5,000 A, The flow of hydrocarbon-containing gas mixiure may be
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stopped when a targeted thickness of the amorphous carbon film is reached. The
procaess of operation 440 may be performed simultanecusly, segquentially or may

partially overlap with the processes of operation 420 and operation 430,

[B087] in any of the PECVD implamentations described hersin, during deposition
of the amorphous carbon film, the chamber, the wafer, or both may be maintained at
a temperature between about 200 degrees Celsius to about 700 dagrees Celsius
{e.g., between about 400 degrees Celsius to aboul 700 degrees Celsius; or between
about 500 degrees Celsius to about 700 degrees Celsius). The chamber pressure
may range from about 1 Torr to about 10 Torr {e.q., between about 2 Torr and about

8 Torr; or hetwsen agbout 4 Torr and about 8 Torr). The distance betwsen the

susceptor and gas distribution showerhead (i.e., “spacing”) may be set to between
about 200 mils to about 1,000 mils {e.g., between about 200 mils and about 600 mils;
betwaen about 300 mils to about 1,000 mils; or betweaen about 400 mils and about

600 mils).

[0088] The amorphous carbon film may be deposited o have a thickness between
about 10 A and about 50,000 A {e.g., between about 300 A and about 30,000 A
between about 500 A to about 1,000 A)

[0089] Any excess process gases and by-products from the deposition of the
season layer may then be removed from the processing region by performing an

optional purgs/evacuation process.

[6090] FiG. 5A depicts a plot 500 of in-plane distortion versus film stress (MPa) for
amorphous  carbon  films (520, 522 and 530, 532) formed according to
implementations of the present disclosurs in comparison with amorphous carbon films
{510, 512 and 514) formed using prior art technigues. It is noted that the amorphous
carbon films (520, 522 and 530, 532) formsd according o implementations of the
present disclosure are depicted prior to carbon dopant implantations. FIG. 5B depicts
a plot 550 of Young's Modulus (GPa) versus film stress (MPa) for the amorphous
carbon films of FIG. BA. As depicted in FIGS. S5A-58, the amorphous carbon films
(520, 522 and 530, 532) formed according to implementations described herein
achievad low in-plana distortion and improved modulus despite high stress (a.g., -
1200 MPa). The subsequent carbon dopart implantation process described herein
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reduced the compressive film stress by approximately 4X while increasing the

maoduius by approximately 1.4X.

[0691] FiG. 6 depicts a process flow diagram of a method 800 for forming an
amorphous carbon hardmask layer on a film stack disposed on a subsirate in
accordance with one or more implementations of the present disclosure. FIGS. 7TA-Y
1 depict a schematic cross-seactional view of a substrate structure illustrating a
hardmask formation sequence according to method 600, The method 800 and FIGS.
7A-7T depict a post-patterning implant, where the amorphous carbon film is implantad
after patierning the amorphous carbon film. The post-patterning implant can be
performed at an implantation tilt angle of zero degress or at some angle into the
amorphous carbon film, with an associated twist angle from 0 to about 360 degrees
that enables the ions (o only penetrate the hardmask. In one example, for a carbon
hardmask line and space feature that runs in one direction and not two perpendicular
directions, the implantation is divided into two separate implants, with each implant at
one half of the desired dose, so for example, a dose of 1 x 10 jonsiem? becomes a
dose of 50 x 10" ions/fom?. The substrate experiences implantation every 180
degrees of rotation thus building up to the desired dose of 1 x 10" ionsfem? As a
result, both sides of the carbon hardmask feature are implanted uniformly.  Although
the method 200 is described below with reference to a hardmask layer that may be
formed on a film stack ulilized to manufacture stair-like structures in the film stack for
three dimensional semiconductor devices, the method 600 may also be used o
advaniage in other device manufacturing applications.  Further, it should aiso be
understood that the operations depicted in FIG. 6 may be performed simultaneously

and/or in a different order than the order depicted in FIG. 8.

{0092} The method 800 begins at operation 810 by positioning a substrate 702,
into @ process chamber, such as the plasma-processing chamber 100 depicted in FIG.
1. The substrate 702 can be the substrate 110 depicted in FIG. 1. The substrate 702

can be part of a film stack 700 having additional layers formed therson.

[0083] in ona implementation, a surface of tha substrate 702, as shown in FIG. 1,
is substantially planar. Alternatively, the substrate 702 may have patterned structures,

for example, a surface having trenches, holes, or vias formed therein. The substrate
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702 may also have a substantially planar surface having & structure formed thereon
or therein at a targeted elevation. While the substrate 702 is illustrated as a singie
body, it is understood that the substrate 702 may contain one or more materials used
in forming semiconductor devices such as metal contacts, trench isolations, gales,
bitiines, or any other interconnect featuras. The subsirate 702 may comprise one or
more metal layers, one or more dielectric materials, semiconductor material, and
combinations thereof utilized to fabricate semiconductor devices. For example, the
substrate 702 may include an oxide material, a nilride material, a polysilicon material,
or the like, depending upon application.  in one implementation, where a memory
application is fargeted, the substrate 702 may include the silicon substrate material,
an oxide material, and a nitride material, with or without polysilicon sandwiched in

betweaen.

{0094} In ancther implementation, the substrate 702 may include a plurality of
alternating oxide and nitride materials (i.e., oxide-nitride-oxide {(ONQO)) (not shown)
daposited on the surface of the substrate 702, In various implementations, the
substrate 702 may include a plurality of alternating oxide and nitride materials, one or
maore oxide or nitride materials, polysilicon or amorphous silicon materials, oxides
alternating with amorphous silicon, oxides alternating with polysilicon, undoped silicon
alternating with doped silicon, undoped polysilicon alternating with doped polysilicon,
or undoped amorphous silicon alternating with doped amaorphous silicon.  The
substrate 702 may be any substrate or material surface upon which film processing is
performed. For example, the substrate 702 may be a material such as crysialline
silicon, silicon oxide, silicon oxynitride, silicon nitride, strained silicon, silicon
germanium, tungsten, iitanium nitride, doped or undoped polysilicon, doped or
undoped silicon wafers and patterned or non-paiterned wafers, silicon on insulator
(SO, carbon doped silicon oxides, silicon nitrides, doped silicon, germanium, gallium

arsenide, glass, sapphire, low-k dielectrics, and combinations thergof.

[0095] The film stack 700 includes the substrate 702 and an underlayer 704, The
underiayer 704, as utilized herein, includes any laver, which is disposed beneath an
amorphous carbon hardmask. For example, the amaorphous carbon hardmask 708
may be disposed directly above the underlayer 704, such that the amorphous carbon

hardmask 706 and underlayer 704 are in physical contact with each other. In one
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example, the underlayer 704 includes a single layer. In another example, the

underiayer 704 includes multiple layers such as a dislectric stack.

[0086] At operation 620, the amorphous carbon hardmask 708 is formed on the
underiayer 704 disposad over the substrate 702, as illustrated in FIG. 7B. The
amorphous carbon hardmask 708 can be deposited by a blanket deposition process
over the underlayer 704, In some implementations, the amorphous carbon hardmask
706 is deposited according fo the method 400 described in the process flow diagram
of FIG. 4. The amorphous carbon hardmask 706 may be deposited to & thickness,
which corresponds to the subsequert stching requirements of the underlayer 704, In
one example, the amorphous carbon hardmask has a thickness of between about 0.5

um and about 1.5 um, such as about 1.0 pm.

[0097] At operation 830, a photoresist layer 720, which is patterned, is formed over
the amorphous carbon hardmask 708, as illustrated in FIG. 7C. Features or patterns
may be transferred to the photoresist layer 720 from a photomask utilizing an energy
source, such as light energy. In one implementation, the photoresist layer 320 is a
polymeric material and the palterning process is performed by a 183-nanometer
immaersion photolithography process, or other similar photolithography process.

Similarly, lasers may also be utilized to perform the patterning process.

[6093] At operation 640, the amorphous carbon hardmask 7086 is opened by, for
sxample, a plasma etching process to form a patterned amorphous carbon hardmask
722 having openings or apertures as illustrated in FiG. 7D, Any suitable plasma
etching process can be used. In one example, the plasma eiching process may be

performed in a chamber similar to the chambers described with regard to FiG. 7F.

[0099] At operation 650, the photoresist layer 720 is removed 1o exposed a top
surface of the patterned amorphous carbon hardmask 722 as illustrated in FIG. 7E.
The photoresist layer 320 may be removed by various advantageous photoresist

removal processes.

[001007 Al operation 660, an ion implantation process dopes the patierned
amorphous carbon hardmask 722 with a dopant or an inert species {o form a doped

patterned amorphous carbon hardmask 732 doped with the dopant or inert species,
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as illustrated in FIG. 7F. The ion implantation process of operation 860 can be
performed at either an implantation tilt angle of zero degrees {(normal o the plane
defined by the top surface of the patterned amorphous carbon hardmask 7223 or at
an implantation tilt angle greater than zero degrees (+© normal to the plane defined
by the top surface of the patlerned amorphous carbon hardmask 722). As is shown
in FIG. 7F, for some ion species that enhance the etch rate of underlayer 704, the
implant process can be performed at zero degrees resulting in modified portions 742a
and 742b being modified andfor doped. In some exampleas, the selective modification
of the underiayer 704 results in improved etch characteristics of the modified portions
742a, 742b. In another example, for some ion species that result in slowing down the
gtch rate of the underlayer 704, the ion implantation process can be performed at an
implantation tilt angle such that the exposed portions of the underiayer 704 are not
modified or doped as shown in FIG. 7G. The implantation tilt angle generally depends
on the size of the opening in the patierned amorphous carbon hardmask. The post-
patterning implant can be performed at an implantation tilt angle of zero degress or at
some angie into the amorphous carbon film, with an associated twist angle between
0 and 380 degrees that enables the ions to only penetrate the hardmask., The
implantation can be divided into multiple implants, with each implant performed at a
different tilt angle. The total desired dose can be divided by the multiple implants o
determine the dose for each of the multiple implarts. For example, for a carbon
hardmask line and space feature that runs in one direction and not two perpendicular
directions, thae implantation can be divided info two separate implants, with each
implant at one half of the desired dose, so for example, a dose of 1 x 10'° ionsfom?
becomes a dose of 5.0 x 10"% jonsfem?. The substrate sees implantation every 180
degrees rotation thus building up the desired dose of 1 x 10'® jons/cm?. As a result,
both sides of the carbon hardmask feature are implanted uniformly. A wide range of
implantation tilt angles are possible, for example, implantation angles from about 0.1
degrees to about 80 degrees {e.g., about 1 degree to about 80 degress; or from about

10 degrees o about 50 degrees), excluding zero degrees, can be used.

Bei01]  Any suitable doping technique can be used. In one example, a plasma
immersion ion implantation technigue is employed to implant dopants or inert species.

In ancther sxample, a beamiine implantation technique is employed to implant
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dopants or inert species. In yel another example, a conformal doping technique, such
as a plasma doping (PLAD) technique, is employed to implant dopants or inert

species.

ooy Suitable ion species may be generated from various precursor materials,
such as carbon, boron, nitrogen, silicon, phosphorous, helium, argon, neon, Krypton,
xenon, beryilium, and germanium containing materials.  In one implementation, the
dopant or inert species is selected from carbon, boron, nifrogen, silicon, phosphorous,
argon, helium, neon, krypton, xenon, beryllium, germanium, or a combination thereof.
Examples of carbon containing precursor gases include CHa. In one implementation,
various precursor materials are generated from combinations of precursor materials
including, for example, CHa/Nz, CHafHe, NofHe, CH4a/Ne, CHa/Ar, CHa/Ne, CHa/Kr, or
CH4/Xe.

[001031 In the schematic illustration of FIG. 7F, ions 710 bombard the patterned
amorphous carbon hardmask 722 at an implantation tilt angle of zero degrees and
generally penetrate the patterned amorphous carbon hardmask 722 and exposed
portions of the underlayer 704 o form the doped palterned amorphous carbon
hardmask 732 and modified portions 7423, 7420, which are modified and/or implanted
with the dopant or inert species. The ions 710 penatrate the patterned amorphous
carbon hardmask 722 and the underiayer 704 {o various depths depending on the
type and size of the ions and the power and bias ulilized 1o energize the ions 710.
The species of ions 710 can be tailored 1o provide increased etch selectivity of the
underiayer 704, As such, the impianted species can be any monomer or molecular
ion that is adapted (o enhance eich salectivity of the patterned amorphous carbon
hardmask 722.

[001041  Alternately, as shown in the schematic illustration of FiG. 7G the
implantation process or operation 660 is performed at an angle such that the exposed
portions of the underlayer 704 are not modified or doped. The implantation tilt angle
depends on the size of the opening. The implantation can further inciude a twist angle.
Awidea range of implantation tilt angles are possible, for example, implantation angles
from about 0.1 degrees to about 80 degrees {e.g., about 1 degree to about 80

daegrees) and from about -0.1 degrees to about -80 degress {e.q., about -1 degres to

34



WO 2022/026257 PCT/US2021/042466

about -80 degrees), excluding zero degrees, can be used. The twist angle can be
between G and 360 degrees, which enables the ions to only penetrats the hardmask.
As shown in FIG. 76, the ions 750 bombard the patterned amorphous carbon
hardmask 722 and generally penetrate the patterned amorphous carbon hardmask

722 but generally do not penetrate the exposed portions of the undariayer 704,

[pei0s]  The ion implantation process may be performed by beamline or plasma
implantation tools. Exemplary systems utilized to perform the implantation process
include, for example, the VARIAN VHSIa® Trident system, VARIAN VIISta® Thermion
system, VARIAN ViHSta® medium current Thermion system VIiSta® 3000XP system,
ViISta® 900XP system, ViISta® HCP system and the ViSta® PLAD system,
available from Applied Materials, Inc., Santa Clara, Calif. Although described with
regard to the systems mentioned above, it is contemplaied that systems from other

manufacturers may also be utilized to perform the ion implantation process.

feeies}  In one implementation, the ion implantation process of operation 660
implants a dopant or inert species into the patlerned amorphous carbon hardmask
722. The dopant or inert species is selectad from carbon, boron, nitrogen, silicon,
phosphorous, argon, helium, neon, krypton, xenon, beryilium, germanium or a
combination thereof. In one implementation, the implant energy utilized {0 energize
the dopant is between gbout 60 keV and about 300 keV (g.g., between aboul 80 key
and about 300 keV). The implant can be performed at a single energy or multiple
energies between 80 keV and 300keV dapending on the type of dopant utilized, the
type of material utilized as the patterned amorphous carbon hardmask 722 and the
depth of implantation targeted. In another implementation, the implant energy utilized
to energize the dopant is between about 1 keV and about 80 keV {e.g., between about
5 keV and about 80 keV. between ahout 1 kel and about 15 keV; between about 10
keV and about 35 keV: between about 20 keV and about 30 keV,; or between about
20 keV and about 25 keV). The implant can be performed at a single energy or muitiple
anargies ranging betwaen 1 keV and 80 keV depending on the type of dopant utilized,
the type of material utilized as the patterned amorphous carbon hardmask 722 and

the depth of implantation targsted.
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(801871  In one implementation, the ion dosage (ionsfcm?) is between about 1 x 102
ionsfom? and about 5 x 107 jons/cm? (e.g., between about 1 x 10" jons/em? and about
3 x 1077 jonsfem?; belween about 1 x 10" jonsiom?® and about 5 x 10'¢ jonsfem?;
between about 1 x 10" jonsfem? and about 2 x 10'° ionsfom?; between about 1 x 10°
ionsfom? and about 1 x 10" lons/om?; batween about 5 x 10" jons/em? and about 1 x
108 jonsfcm?) depending on the type of dopant utilized, the type of material utilized
as the amorphous carbon hardmask 306 and the depth of implantation largeted. In
anocther implementation, the ion dosage (ionsfcm?) is between about 5 x 10" ionsfem?
and about 5 x 10" jons/em? (e.q., between about 1 x 10'% ions/em? and about 3 x 107
ionsfcm?; between about 1 x 10' ionsfem? and about 5 x 108 jonsiem? between
about 1 x 10" ionsicm? and about 2 x 10 ionsfom?, betwaen about 1 x 10" ions/cm?
and about 1 x 10" jons/cm? between about 5 x 10'% jonsfom? and about 1 x 101
ions/om?) depending on the type of dopant utilized, the type of material utilized as the

patternad amarphous carbon hardmask 722 and the depth of implantation targeted.

[ooi08; In one implementation, where a PLAD implant technique is used, the
implant energy utilized to energize the dopant or inert species is between about 1 kY
and about 15 kV {e.g., between about 1 kV and about 12 kV; between about 2 kV and
about 10 kV; at an ion dose range between about 1 x 10" ionsfem? and about 5 x 107
ionsfom? (e.q., between about 2 x 10" jonsfcm? and about 2 x 107 ions/em?; between
about 5 x 10'° ionsfom? and about 5 x 108 jonsfem?; or between about 1 x 10%
ions/cm? and about 1 x 10V ions/cm?. In one example, where the dopant is helium,
the implant energy utilized {0 energize the dopant is betweean about 1 kV and about
15 kV at an ion dose range between about 1 x 10% ionsfocm? and about 3 x 10V

ionsfom®.

o108 In one implementation, the targst temperature for the implantation process
or operation 660 is between about -100 degrees Celsius and about 550 degrees
Celsius {e.g., between about -100 degrees Celsius and about 200 degrees Celsius;
betwaen about -100 degrees Celsius and about 0 degress Calsius; between about -
100 degrees Celsius and about 50 degress Celsius; between about 0 degrees Celsius
and about 100 degress Celsius; or between about 150 degrees Celsius and about
550 degrees Celsius.) In another implementation, the target temperature for

implantation is between about -100 degrees Celsius and about 500 degrees Celsius
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{e.g., between about -100 degrees Ceisius and about 200 degrees Celsius, between
about -100 degrees Celsius and about 0 degrees Celsius; between about ~100
degrees Celsius and about 50 degrees Celsius; between about 0 degrees Celsius and
about 50 degrees Celsius; or betwsen aboul 50 degrees Cesisius and about 400
degraes Celsius) In onse example, where a cold implant is performed, the targst
temperature for implantation is from about ~100 degrees Celsius to about 0 degress
Celsius. In another example, wherg a room temperature implant is performad, the
target temperature for implantation is from about 10 degrees Celsius to about 100
dagrees Celsius. In yet ancther example, where a hot impiant is performed, the target
temperature for implantation is from about 150 degrees Celsius {0 about 550 degrees

Celsius.

601101 In one implementation, subsequent {0 the ion implantation process, the film
stack 700 is thermally treated. Suitable post-ion implant thermal freatment techniques
include UY treatment, thermal annealing, andior laser annealing. The thermal
treatment of the doped patterned amorphous carbon hardmask 732 further
incorporates the implanted ions 710 into the framework of the doped patterned
amorphous carbon hardmask 732, For example, the implanted ions 710 may be
redistributed within the doped patterned amorphous carbon hardmask 732 to form a
more uniform doping profile. 1 is believed the thermal treatment may increase
interaction and bonding betwesn the amorphous carbon of the doped patterned
amorphous carbon hardmask 732 and the implanted ions 710. The redistribution and
bonding of the mplanted ions 710 can function o further increase the hardness,
density, and elch selectivity of the doped patterned amorphous carbon hardmask 732.
in one implementation, the anneal process is performed in a plasma-processing
chamber, such as the plasma-processing chamber 100, In another implementation,

the anneal process is performed in a separate anneal chamber,

801111 In general, increased hardness of the doped patterned amorphous carbon
hardmask 732 provides for reduced line bending of high aspect ratio structures in the
underlayer 704, 1t is believed that the implanted ions 710, 750 absiract residual
hydrogen atoms from the dangling carbon-hydrogen bonds of tha amorphous carbon
hardmask 706 and form a carbide structure within the amorphous carbon hardmask

706. The carbide structure exhibils increased hardness when compared o an
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undoped hardmask. Additionally, it is believed the implanted ions 710, 750 occupy
interstitial voids present within the doped patterned amorphous carbon hardmask 732,
which results in an increased density of the doped patterned amorphous carbon
hardmask 732. Additionally, it is believed the implanted ions 710, 750 increase the
formation of SP° carbon to carbon bonds in the amorphous carban hardmask 708
The increased density further increases the mechanical integrity of the doped

patterned amorphous carbon hardmask 732,

[00112] At operation 870, the underlayer 304 is etched, as illustrated in FIG. 7H.
The underlayer 704 stching may be performed in a plasma-processing chamber, such
as the chambers and systems described with regard to FIG. 1. Efchants, such as
fluorocarbons, remove the exposed portions of the underfayer 704, The active
species of the etchants are substantially unreactive with the materials, the implanted
ions 710, of the doped patterned amorphous carbon hardmask 732, Thus, the
gtchants are selective for the underlayer 704 material. Suitable examples of efchanis
include CF4, CHF3, HBr, BCls, and Clz among others. The etchants may be provided

with an inert carrier gas.

[001431 Al operation 680, the doped patterned amorphous carbon hardmask 732 is
ramoved as illustrated in FIG. 71 The doped patterned amorphous carbon hardmask
732 may be removed by any advaniageous hardmask removal process. In one
gxample, oxygen plasma is utilized to remove the doped patterned amorphous carbon
hardmask 732. The resulling film stack 700 includes the underlayer 704 having a
feature 724, such as a high aspect ratio feature, formed therein. The film stack 700
may then be subjected to further processing to form a functional semiconductor

device.

091141 The method 200, the method 400, and the method 600 are useful for
processes used in the front-end-of-line process (FEOL) prior to metallization process
in a semiconductor device manufacturing process.  The amorphous carborn film
formed by method 400 may serve as a hardmask layer during an etching process due
to their high stching selectivity. Suitable procasses include gate manufacturing
applications, contact structure applications, shaliow french isolation (ST} process,

and the like. In some implementations, where the amorphous carbon film is used as
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an eich stop layer or used as different films for different process purposes, the
mechanical or oplical properties of the amorphous carbon film may be adjusted as

well to meet the particular process need.

80148 Thus, methods for forming a highly eich selective amorphous carbon film
having both targeted in-plane distortion and Young's Modulus with low stress are
provided by a plasma deposition proceass followad by a carbon implantation process
according to implementations described herein.  The methods advantageously
provide an amorphous carbon film with targeted mechanical properties, such as low
stress and high Young's Modulus, changes in carbon-to-carbon bonding and
hydrogen incorporation, as well as high efching selectivity.  Implementations of the
present disclosure further provide a process design that uses existing hardware with
fittle impact to throughput or implementation cost.  Some implementations of the
present disclosurs provide a unique process that increases the modulus of amorphous
carbon films by about 2X {&.g., from about 64 GPa to about 138 GPa) by tuning of
the plasma deposition mechanism. Further improvement of film properties is achisved
through ion-implaniation, which increases the Young's modulus of the amorphous
carbon film an additional 30% (e.g., ~180 GPa) while decreasing comprassive stress
by about 75% {e.q., from aboul -1200 io about -300 MPa). In addition, the
combination of PECVD plus ion implantation delivered amorphous carbon films that
achisved significantly lower in-plane distortion (< 3 nanomesters overlay error)
compared to the current generation of pure carbon hardmask films. The resulting
film described herein has demonstrated  an improvement in etch selectivity of
approximaiely 30-50% compared o the current generation of elementally pure
amorphous carbon  hardmask films, while also maiching the previous overlay

requiremeantis.

jpot18;  When introducing elements of the present disclosure or exemplary aspects

» o

or implementation{(s) thereof, the arlicles “a” "an,” “the” and "said” are intended {0

mean that there are one or more of the slements.

T

o117} The terms “comprising,” "including” and “having” are intended to be
inclusive and mean that there may be additional elements other than the listed

slemeants.

39



WO 2022/026257 PCT/US2021/042466

jpo118;  While the foregoing is directed to implementations of the present disclosure,
other and further impiementiations of the disclosure may be devised without departing
from the basic scope thereof, and the scope thergof is determined by the claims that

follow.
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