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HIGHLY ETCH SELECTIVE AMORPHOUS CARBON FILM

BACKGROUND
Field
[0001] implementations described herein generally relate to the fabrication

of integrated circuits. More particularly, the implementations described herein

provide techniques for deposition of amorphous carbon films on a substrate.

Description of the Related Art

10002] Integrated circuils have evolved into complex devices that can
include millions 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 densitiss
impose corresponding demands on the materials used o fabricate such
integrated circuits.  In particular, as the dimensions of integrated circuit
components are reduced to the sub-micron scale, low resistivity conductive
materials as well as low dislactric constant insulating materials are used to

obtain suilable electrical performance from such componenis.

18003} The demands for greater integrated circuit densities also impose
demands on the process sequences used in the manufacture of inlegraled
circuit components. For example, in process sequences that use
conventional photolithographic techniques, a layer of energy sensitive resist is
formed over g stack of material layers deposited on a subsirate. The energy
sensitive resist layer is exposed {0 an image of a pattern to form a photoresist
mask. Thereafier, the mask pattern is transferred to one or more of the
material layers of the stack using an eich process. The chemical etchant
used in the eich process is selected o have a grealer etch selectivity for the
material layers of the stack than for the mask of energy sensitive resist. That
is, the chemical stchant etches the one or more layers of the material stack at
a rate much faster than the energy sensitive resist. The eich selectivily to the

one or more material layers of the stack over the resist prevenis the energy



WO 2019/108376 PCT/US2018/060628

sensitive resist from being consumed prior o completion of the patiern

transfer.

{00043 As the pattern dimensions are reduced, the thickness of the energy
sensitive resist is correspondingly reduced in order to conirol pattemn
resolution.  Such thin resist layers can be insufficient to mask underlying
material layers during the patiern transfer process due to aftack by the
chemical efchant. An inlermediate layer {e.g., silicon oxynitride, silicon
carbine or carbon film), called a hardmask, is often used between the energy
sensitive resist layer and the underlving material layers to facilitate pattern
transfer because of greater resistance to the chemical etchant. Hardmask
materials having both high etch selectivity and high deposition rates are
desirable. As critical dimensions (CD) decrease, current hardmask materials
lack the targeted etch selectivity relative to underlying malterials (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 mathods for depositing improved hardmask layers.

SUMMARY

180085] implementations described herein generally relate to the fabrication
of integrated circuits. More particularly, the implementations described herein
provide techniques for deposition of amorphous carbon films on a subsirate.
In one implementation, a method of forming an amorphous carbon film is
provided. The method comprises depositing an amorphous carbon film on an
underiaver positioned on a susceptor in a first processing region. The method
further comprises forming a doped amorphous carbon film by implanting a
dopant or inert species into the amorphous carbon film in a second
processing region. The dopant or inert species is selected from carbon,
boron, nitrogen, nitrogen dimer, silicon, phosphorous, argon, helium, neon,
krypton, xenon or combinations therecf The method further comprises

patterning the doped amorphous carbon film and etching the underlayer.
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hirg! in ancther implementation, a method of forming an amorphous
carbon film is provided. The method comprises depositing an amorphous
carbon film on an underlayer positioned on a susceptor in a first processing
region. The method further comprises 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, nitrogen dimer silicon, phosphorous, argon, helium, neon,
kKrypton, xenon or combinations thereof. The method further comprises
patterning the doped amorphous carbon film. The method further comprises
giching the underlayer, wherein the doped amorphous carbon film has a

refractive index at 833 nm of from about 2.1 1o about 2.2.

18008} 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 followed by a carbon
implantation process. The dopant or inert species is selecied from carbon,
horon, nitrogen, nitrogen dimer, silicon, phosphorous, argon, helium, neon,
krypton, xenon or combinations thereof. The amorphous carbon film serves
as a hardmask layer in an etching process for use in semiconductor

applications.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] S0 that the manner in which the above-recited features of the
present disclosure can be understood in detail, a more particular description
of the implementations, briefly summarized above, may be had by reference
to implementations, some of which are illustrated in the appended drawings.
it is to be noted, however, that the appended drawings illustrate only typical
impiementations of this disclosure and are therefore not to be considered
fimiting of its scope, for the disclosure may admit to other equally effeclive

implementations.

[0010] FIG. 1 depicts a schematic illustration of an apparatus that can be

used for the practice of implementations described herein;
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0011} FIG. 2 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 disclosure;

00123 FIGS. 3A-3H depict a schematic cross-sectional view of a substrate
structure Hllustrating a hardmask formation seguence according to one or

more implementations of the present disclosure;

0013} FIG. 4 depicts a process flow diagram of a method for forming an
amorphous carbon hardmask layer on a film stack disposed on a substraie in

accordance with one or more implementations of the present disclosure;

[0014] FIG. BA depicts a plot of in-plane distortion versus film siress (MPa)
for amorphous carbon films formed according o implementations of the
present disclosure in comparison with amorphous carbon films formed using

prior art technigues; and

[0015] FIG. 5B depicts a plot of Young's Modulus (GFa) versus film stress
(MPa) for the amorphous carbon films of FIG. BA.

0016} To faciliiate understanding, identical reference numerals have been
used, where possible, to designate identical elements that are common o the
figures. itis contemplated that elements and features of one implementation
may be beneficially incorporated in other implementations without further

recitation.

DETAILED DESCRIPTION

00171 The following disclosure describes techniques for deposition of
diamond-like carbon films on a substrate. Certain details are set forth in the
following description and in FIGS. 1-5B to provide a thorough understanding
of various implementations of the disclosure. Other details describing well-
known structures and systems offen 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.
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[6018] Many of the details, dimensions, angles and cother features shown
in the Figures are merely illustrative of particular implementations.
Accordingly, other implementations can have other detlails, components,
dimensions, angles and features without departing from the spirit or scope of
the present disclosure. In addition, further implementations of the disclosure

can be practiced without several of the details described below.

18019} implementations described herein will be described below in
reference to a PECYD deposition process and an ion implantation process
that can be carried out using any suitable thin film deposition and implant
systems. Examples of suitable systems include the CENTURA® sysiems
which may use a DXZ® processing chamber, PRECISION 5000® systems,
PRODUCER® systems, PRODUCER® GT™ systems, PRODUCER® XP
Precision'™ systems, FPRODUCER® SE™ systems, Sym3® processing
chamber, and Mesa™ processing chamber, ali of which are commercially
available from Applied Materials, Inc., of Santa Clara, Calif. The ion
implantation process may be performed by a beamiline or plasma implantation
tools. Exemplary systems uillized to perform the implantation process
include, for example, the VARIAN VIISia® TRIDENT system, ViiSta® 3000XP
system, ViiSta® 900XP system, VHSta® HCPF system, ViiSta® Trident
Crion™ system and the VISta® PLAD system, available from Applied
Materials, Inc., Santa Clara, Calif. Other tools capable of performing PECVD
and/or ion implantation processes may also be adapted to benefit from the
implementations described herein.  In addition, any system enabling the
PECVD and/or ion implant processes described herein can be used to
advantage. The apparatus description described herein is illustrative and
should not be construed or interpreted as limiting the scope of the

implementations described herein.

10020} The physical constraints in scaling down of integrated circuits have
resulied in extension of integrated circuils orthogonal to the planar wafer
surface, i.e., high aspect ratio (HAR), three-dimensional utilization of device
space. The nanofabrication strategies to accommodate dynamic etch

selectivity and increasingly stringent fabrication tolerances have resulled in a
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library of hardmask (HM) materials, such as carbon films doped with silicon,
fitanium, tungsten or boron; as well as dislectric silicon oxide- nitride (ON/OP)
films. Used in combination, these materials offer advantages in eich
seleclivity and patterning down to the 1X node. Innovation in amorphous
carbon hardmask materials is desirable for achieving high aspect ratio (HAR)
benchmarks in next generation device structures. In confrast to metal and
dielectric solutions, amorphous carbon is ashable, providing high sslectivity
with respect to underlying ON/OP hardmask films. Ancther 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 demonsirate comparatively poor mechanical
properties relative {o metal doped and dislectric hardmask counterparts. The
highest etch selectivity for the current generation pure carbon films (e.g.,

nanocrysialline diamond, ulira-nanocrystalline diamond, diamond-like carbon,

and physical vapor deposition carbon) is seen for films with high spé content,
analogous to the hybridization of diamond. A long-standing high value

problem in diamond like carbon hardmasks is the »1GPa compressive film

3
stress due {0 sp  hybridized carbon, which limits patterning performance due

to lithographic overlay and electrostatic chucking constraints.

0021} Next generation 3D NAND products with 84x layer slack
applications and aspect ratios of 100:1 demand thin films that aliow
patterning while resisting deformation and simultaneocusly demonstrating
improved lithographic overlay. Diamond-like carbon films couple carbon
species-specific eich selectivity with superior structural integrity. These
diamond-iike carbon films will remain competitive only if their mechanical
properties, the harbinger of which is Young's modulus, can further improve at

reducad siress and in-plane  distortion {IPD"} values.

(00223 Some implementations of the present disclosure provide

processes that use existing hardware with little impact to throughput or
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implementation cost.  Some implementations of the present disclosure solve
the high value problems of lithographic ovearlay, 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 {0 about 138 GPa) by tuning
of the plasma deposition mechanism. Further improvement of key film
properties is achieved through ion-implantation, which increases the Young's
modulus of the amorphous carbon film an additional 30% (~180 GPa) while
decreasing compressive siress 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.

(0023} in improving performance of amorphous carbon hardmask films,
the first aspect of the present disclosure defines a new process window. This
new process window targels low in-plane distortion despite high slress
{(e.g., about -1200 GPa), vet improved modulus. Not {0 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 resulting in a decreased plasma temperature. Higher sheath
potential and Bohm velocity was confirmed by a marked decrease in
deposition rate, despite decreasing synthesis femperalure. This favors
more formation of carbon-fo-carbon bonding while reducing hydrogen
content in the film. In one implementation, the measured extinction
coefficient values at 633 nm post deposition was 0.72, indicating a higher
C=C, graphilic character. Furthermore, decreasing the density of the
plasma increased the mean free path, the bombardment energy and
improved the uniformity of the ion energy distribuiion function across the
wafer surface. in-film properties because of weaker plasma, which
minimized amorphization by bombardment, show an increase in Young's

modulus (E), hardness, and density. Not to be bound by theory, but i is
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believed that the increased mean free path resuits in a lower in-plane distortion

(IPD), which is targeted for lithographic overlay.

[00243 A second aspect of the present disclosure, in-line ion implantation,
sarves 1o diminish the stress component of the amorphous carbon film by up
to approximately 75% (s.g., from about -1200 to about -300 MPa), further
improve the Young's modulus (e.g., from about 138 to about 177 GPa) and
make more centrosymmetric the in-plane distortion profile.  lon implantation
may be performed at a range of temperatures (8.g., from about -100 degrees
Celsius to about 500 degrees Celsius). [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, sp® enhancement and hydrogen
reduction. Mot to be bound by theory, but it is believed that the ion
implantation redisiributes local stresses and helps 10 reduce overall wafer
stress 1o, for example, about 25% of the post-film deposition value. The
correct process regime for implantation, to best enhance modulus while
reducing stress is deveioped based on the incoming wafer modulus to bypass

the HVP of saturation of the film improvement.

[0025] The resulting amorphous carbon film has shown an improvement in
eich selectivity of 30-50% compared to currently available pure carbon

hardmask films, while also malching the previous overlay requirements.

18025] 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 CgHg, with plasma profile and uniformity sustained by argon and
helium gases. The scope of this work also encompasses use of CHg, CiHg,
CiHy CoH,, €O, and CF, among others.  High frequency RF for this
application is 13.58 MHz. The single wafer hardware enables deposition up
to temperatures of 650 degrees Celsius, and maintains plasma stability from
center {0 edge using a gas box, showerhead combination with planar heater-

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

orthogonally to the wafer surface.

o027} in some implementations, ion implantaiion is execuied in a single-
wafer processing fool. A heat exchanger enables temperature control and
development of cold implant techniques to -100 degrees Celsius. The
species vielding high performance shown in the present disclosure is an

ashable ion, maintaining the pure carpon character of the films.

[0028] FIG3. 1is a schematic cross sectional view of a plasma-processing
chamber 100 configured according fo varicus implementations 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 fall within the scope of the
implementations, including other plasma deposition chambers or plasma sich
chambers. The plasma-processing chamber 100 includes walls 102, a botlom
104, and a chamber lid 124 that together enclose a suscepior 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 boltom RF
current tuner 157, and a system controlier 158, each coupled exiernaily to the

plasma-processing chamber 100 as shown.

(0029} The walls 102 and the bottom 104 may comprise an electrically
conductive material, such as aluminum or stainless steel. Through one or
more of the walls 102, a slit valve opening may be present that is configured
o facilitate insertion of a substrate 110 inio and removal of the subsirate 110
from the plasma-processing chamber 100, A slit valve configured to seal siit
valve opening may be disposed either inside or oulside of the plasma-
processing chamber 100. For clarity, no slit valve or slit valve opening is
shown in FIG. 1.

{0036} The vacuum pump 114 is coupled to the plasma-processing
chamber 100 and is configured to adjust the vacuum level therein. As shown,

a valve 116 may be coupled between the plasma-processing chamber 100
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and the vacuum pump 114. The vacuum pump 114 evacuates the plasma-
processing chamber 100 prior to substrate processing and removes process
gas therefrom during processing through the valve 118, The valve 116 may
he adjustable to facilitate regulation of the evacuation raie of the plasma-
processing chamber 100, The evacuation rate through the valve 118 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.

100341 The gas source 154 is coupled to the plasma-processing chamber
100 via a tube 123 that passes through the chamber lid 124. The fube 123 is
fluidly coupled 1o a plenum 148 between a backing plate 106 and a gas
distribution showerhead 128 included in the chamber lid 124, During
opergtion, process gas introduced inte 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 o uniformiy
enter the processing region 148, In alternative implementations, process gas
may be introduced into the processing region 146 via inlets and/or nozzles
{not shown) that are atiached to the wall(s) 102 in addition {o or in lieu of the

gas distribution showerhead 128.

(0032} The susceptor 105 may include any technically 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 to raise and
fower the susceptor 105, In one implementation, the shafl 112 and the
susceptor 105 may be formed at least in part from or contain an electrically
conductive material, such as tungsten, copper, molybdenum, aluminum, or
stainless steel. Aliernatively or additionally, the suscepior 105 may be formed
at least in part from or contain a ceramic material, such as aluminum oxide
(Al,O5), aluminum nitride (AIN), silicon dioxide (Si0g), and the like. 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 conducter is electrically coupled o the electrode 113 and is configured

10
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to provide a portion of a ground path for RF power delivered to the plasma-
processing chamber 100. That is, the mstal rod 115 enables RF power
delivered fo the plasma-processing chamber 100 to pass through the

electrode 113 and out of the plasma-processing chamber 100 to ground.

[0033] In some implementations, the electrode 113 is also configured o
provide an electrical bias from a DC power source (not shown) o enable
glectrostatic clamping of the substrate 110 onio the susceptor 105 during
plasma processing.  In such implementations, the susceptor 105 generally
comprises a body including one or more ceramic materials, such as the
above-described ceramic materials, or any other ceramic material suitable for
use in an electrostatic chuck. In such implementations, the electrode 113
may be a mesh, such as an RF mesh, or a perforated sheet 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
electrode 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.g., within 10-30 mm} 1o form the at ieast partially enclosed the processing

region 146.

0034} The first RF generator 151 is a radio frequency (RF) power source
configured o provide high-frequency powser at a first RF frequency o a
discharge electrode 126 via the RF match 153. Similarly, the second RF
generator 152 is an RF power source configured to provide high-frequency
power at a second RF frequency (o the discharge elecirode 126 via RF maich
153. In some implementations, first RF generator 151 includes an RF power
supply capable of generating RF currents at a high frequency {(HF), for
example, about 13.56 MHz. Alternatively or additionally, the first RF
generator 151 includes a VHF generator capable of generating VHF power,
such as VHF power at frequencies betwesen about 20 MHz to 200 MHz or

more. By contrast, the second RF generator 152 includes an RF power

11
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supply capable of generating RF currents at so-called low frequency (LF) RF,
for example, about 350 kHz. Alternatively or additionally, the second RF
genergtor 152 includes an RF generator capable of generating RF power at
frequencies between about 1 kHz to about 1 MHz. The first RF generator 151
and ihe second RF generalor 152 are configured to facilitate generation of a

plasma between the discharge electrode 128 and the susceptor 105,

[0035] The discharge electrode 126 may include a process gas distribution
element, such as the gas distribution showerhead 128 {(as shown in FIG. 1),
and/or an array of gas injeclion nozzies, through which process gases are
introduced into the processing region 146. The discharge elecirode 126, i.e.,
the gas distribution showerhead 128, may be oriented substantially parallel to
the surface of the substrale 110, and capacitively couples plasma source
power inio the processing region 146, which is disposed between the

subsirate 110 and the gas disiribution showerhead 128,

{00386} The RF maich 153 may be any technically feasible impedance
matching apparatus that is coupled between the first RF generator 181 and
the powered electrode of the plasma-processing chamber 100, ie., the gas
distribution showerhead 128. The RF maich 153 is also coupled between the
second RF generator 152 and the powered electrode of the plasma-
processing chamber 100, The RF match 183 is configured to match a load
impedance (the plasma-processing chamber 100} fo the source or internal
impedance of a driving source (the first RF generator 151, the second RF
generator 1582) to enable the maximum transfer of RF power from the first RF
generator 151 and the second RF generalor 152 o the plasma-processing
chamber 100.

100371 Forming a portion of the walls 102 are an upper isclator 107, a
tuning ring 108, and a lower isolator 108. The upper isolator 107 is configured
to 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 between the backing plaie 108 and the tuning ring

12
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108, and prevents the tuning ring 108 from being energized with RF power via
the backing plate 106. In some implementations, the upper isolator 107 is
configurad as a ceramic ring or annulus that is pesitioned concentrically about
the processing region 148, Similarly, the lower isolator 109 is configured to
elecirically isolate the tuning ring 108 from the wails 102. The walls 102 are
typically formed from an electrically conductive material, and can therefore act
as a ground path for a portion of RF power delivered to the plasma-
processing chamber 100 during processing. Thus, the lower isolator 10¢
enables the tuning ring 108 to be part of a different ground path for RF power
delivered to the plasma-processing chamber 100 than that of the walls 102,
I some implementations, the upper isolator 107 is configured as a ceramic
ring, or is configured to include a ceramic ring that is positioned concentrically

about the processing region 146.

[0038] The tuning ring 108 is disposed between the upper isolator 167 and
the lower isclator 109, is formed from an electrically conductive material, and
is disposed adjacent the processing region 148. For example, in some
impiementations, the tuning ring 108 is formed from a suitable metal, such as
aluminum, copper, titanium, or stainiess stesl. In some implementations, the
tuning ring 108 is a metallic ring or annulus that is positioned concentrically
about the susceptor 105 and the subsirate 110 during processing of the
subsirate 110. In addition, the tuning 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 eleclrode, and is generally disposed outside
of and around the processing region 146, In one exampie, the tuning ring 108
is positioned in a plane substantially parallel with the substrate 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 beiween the gas disiribution showerhead 128 and ground, via the
top RF current tuner 1585, 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 ai that frequency. Therefore, the

13
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shape of plasma in the processing region 146 may be independenily
modulated along the +/- X and Y -directions for the RF frequency associated
with either 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 148 may be independently moduiated for mulliple RF frequencies
across the surface of the substrate 110 by use, for example, of the tuning ring
108 or vertically between the substrate 110 and the gas distribution

showerhead 128 using the elecirode 113.

[0039] The system controller 158 is configured to conirol the componenis
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 botltom
RF current tuner 157. As such, the system coniroller 158 receives sensor
inputs, e.g., voltage-current inputs from the top RF current funer 155 and the
bottom RF current tuner 157, and fransmits control outputs for operation of
the plasma-processing chamber 100, The functionality of the system
controlier 158 may include any technically feasible implementation, including
via software, hardware, and/or firmware, and may be divided between multiple

separate controllers associated with the plasma-processing chamber 100

[0040] Not to be bound by theory, but it is believed that by delivering
different frequencies of RF power 10 a processing region of a plasma-
processing chamber during a plasma enhanced deposition process, the
properties of a deposited film can be adjusted. For example, adjusting the
low-frequency RF plasma power and/or frequency delivered {o the processing
region 148, i.e., forming an RF plasma in the 1 kHz to 1 MHz regime, can be
beneficial to adjust some deposiied fiim properties, such as film stress, while
adjusting the high-frequency RF plasma powsr and/or frequency delivered o
the processing region 146, e, forming an RF plasma in the 1 MHz to 200
MHz regime, can be beneficial to adjust other deposited film properties, such
as thickness uniformity. According to various implementations of the
disclosure, a tuning apparatus enables independent controt of the flow of RF

current in the plasma-processing chamber 100 at multiple RF frequencies. In

14
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some implementations, such a tuning apparaius is emploved at multiple
locations in the plasma-processing chamber 100, i.e., the top RF current tuner
155 and the bottom RF current uner 157.

130413 The top RF current tuner 158, as noted above, is electrically
coupled 1o the tuning ring 108 and is terminated {o ground, thus providing a
controllable RF ground path 141 for the plasma-processing chamber 100.
Sirilarly, the bottom RF current tuner 157 is electrically coupled {o the metal
rod 115 and is ferminated to ground, thus providing a different controllable RF
ground path 142 for the plasma-processing chamber 100. As described
herein, the top RF current tuner 155 and the boltom RF current funer 157 are
each configured to control the flow of RF current to ground at muiltiple RF
frequencies. Thus, the distribution of RF current at a first RF freguency
between the funing ring 108 and the metal rod 115 can be controlled
independently from the distribution of RF current at a second RF freguency

between the tuning ring 108 and the metal rod 115.

00423 A plasma 180 is formed in the processing region 146 in belween
the electrode 113 and the discharge elecirode 126, A distance or “spacing”
between the bottom surface of the electrode 113 and a top surface of the

suscepior 105 is represented by “x’.

0043} 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 layer. For
example, other deposition chambers may have a larger or smaller volume,
requiring gas flow rates that are larger or smalier than those recited for
deposition chambers available from Applied Materials, Inc. in one
implementation, the boron-carbon film may be deposiled using z
PRODUCER® XP Precision™ processing system, which is commercially

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

[0044] The atomic percentage of dopant or ineri species incorporation in
the amorphous carbon film is calculated as follows: (dopant concentration in

e divided by the number of C atoms per cm™ expected for a C film of a

15
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particular density. The amorphous carbon film may contain at least 0.1, 1, or
10 atomnic percentage of dopant or inert species. The amorphous carbon film
may contain up 1o 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 hydrogen. The amorphous carbon film may contain up to 5, 10,
or 15 atomic percentage of hydrogen. The amorphous carbon film may

contain from about 3 1o about 15 atomic percentage of hydrogen.

13045] in one implementation where the dopant is carbon, the atomic
percentage of carbon incorporation in the amorphous carbon film is calculated
as follows: ((C/(H+C)%). The amorphous carbon film may contain at least
85, 80, or 85 atomic percentage of carbon. The amorphous carbon film may
contain up to 90, 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 90 to about 97
atomic percentage of carbon. The amorphous carbon film may contain at
feast 3, 5, or 10 atomic percentage of hydrogen. The amoerphous carbon film
may contain up to 5 10, or 15 atomic percentage of hydrogen. The
amorphous carbon film may contain from about 3 o about 15 atomic

percentage of hydrogen.

[00486] in general, the following exemplary deposition process parameters
may be used to for the PECVD portion of the amorphous carbon film
deposition process described herein. The process parameters may range
from a wafer temperature of about 100 degrees Celsius {0 about 700 degrees
Ceisius {e.g., between about 300 degrees Celsius to about 700 degrees
Ceisiusy. The chamber pressure may range from a chamber pressure of
about 1 Torr to about 20 Torr (e.q., between about 2 Torr and about 8 Torr, or
between about & Torr and about 8 Tor). The flow rate of the hvdrocarbon-
containing gas may be from about 100 scom o about 5000 scom (e.¢.,

between about 100 scem and about 2,000 scom; or between about 160 scem
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and about 500 scom). The flow rate of a dilution gas may individually range
from about 0 scem to about 5,000 scom (e.g., from about 2,000 scem o about
4,080 scem). The flow rate of an inert gas may individually range from about
0 scom to about 10,000 scom {e.g., from about 0 scem to about 2,000 scom;
from about 200 scom (o about 2,000 scem). The RF power may be between
1,000 Watts and 3,000 Watts. The plate spacing between the top surface of
the substrate 110 and the gas distribution showerhead 128 may be sel io
between about 200 mils to about 1,000 mils {e.q., between about 200 mils
and about 800 mils; between about 300 mils o about 1,000 mils; or between
about 400 mils and about 600 mils). The amorphous carbon film may be
deposited to have a thickness between 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.g., from about 1,400 A/minute to about 3,200 A/minute) and can
be implemented on a 200 mm subsirate in & deposition chamber available

from Applied Materials, Inc. of Santa Clara, CA.

(0047} The as-deposited amorphous carbon film prior to implantation may
have a refractive index () (633 nm)) of greater than 1.9, for example
approximately 2.2 {e.g., from about 2.1 to about 2.5). The as-deposiled
amorphous carbon film may have a k-value {(k {at 633 nm)) of less than 1.0,
for example, (e.g., from about 0.6 to about 0.8). The as-deposited amorphous
carbon film may have a Young's modulus (GPa) of from about 50 {o 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 o about 22 GPa (e.g., from about 10 GPa to
about 15 GPa; or from about 12 GPFa to about 14 GPa). The as-deposiled
amorphous carbon film may have a stress (MPa) of from about -1300 MPa o
about 0 MPa (e.q., from about -1300 MPa to about -250 MPa,; from about -
1250 MPa o about -1000 MPa). The as-deposited amorphous carbon filim
may have a density (g/cc) from about 1.7 g/ce to about 1.87 g/ce {e.g., from

about 1.74 g/ce 1o about 1.85 g/cc).
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[0048] The as-deposited amorphous carbon film after carbon implantation
may have a refractive index {n) (633 nm)} of greater than 2.04, for example
approximately 2.2 {e.g., from about 2.1 to about 2.2). The as-deposited
amorphous carbon film may have a k-value {k {at 633 nm)) of less than 1.0,
for exampie, (e.qg., from about 0.5 o about 0.8; from about 0.6 o 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 to about 170 GPa). The as-
deposited amorphous carbon film after implantation may have a hardness
(GPa) of from about 14 GPa to about 22 GPa (e.g., from about 15 GPa to
about 20 GPa; or from about 16 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 0 MPa). The as-deposited amorphous carbon
film may have a densily (g/cc) of greater than 1.8 g/cc, for example

approximately 2.1 g/ce (e.g., from about 1.85 g/cc to about 2.1 g/ce).

[0048] FI3. 2 depicis 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 more implementations of the present disclosure.
FIGS. 3A-3H depict a schematic cross-sectional view of a substrate structure
Hlustrating a hardmask formation sequence according o method 200.
Although the method 200 is described below with reference to a hardmask
layer that may be formed on a film stack utilized to manufacture stair-like
structures in the film stack for three dimensional semiconductor devices, the
method 200 may also be used to advantage in other device manufacturing
applications.  Further, it should alsc be understocd that the operations
depicted in FIG. 2 may be performed simultaneously and/or in a different

order than the order depicted in FIG. 2.

[0050] The method 200 begins at operation 210 by positioning a subslrate
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 substrate 302 may be part of a film stack 300 formed therson.
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(80511 in one implementation, a surface of the substrate 110, as shown in
FiG. 1, is substantially planar. Alternatively, the substrate 110 may have
patterned structures, for example, a surface having trenches, holes, or vias
formed therein. The substrate 110 may also have a substaniially planar
surface having a struciure formed thereon or therein at a targeted elevation.
While the substrate 110 is lllustrated as a single body, it is understood that the
substrate 110 may contain ong or more materiagls used in forming
semiconductor devices such as melal conlacts, french isolations, gates,
bitlines, or any other interconnect features. The subsirate 110 may comprise
one or more metal layers, one or more diglectric materials, semiconductor
material, and combinations thereof utilized to fabricate semiconductor
devices. For example, the substrate 110 may include an oxide material, a
pitride material, a polysilicon material, or the like, depending upon application.
in one implementation where a memory application is targeted, the substrate
110 may include the silicon substrate material, an oxide material, and a nitride

material, with or without polysilicon sandwiched in between.

[0052] in another implementation, the substrate 110 may include a plurality
of alternating oxide and nitride materials (i.e., oxide-nitride-oxide {(ONO)) (not
shown) deposited on the surface of the substrate 110, In various
implementations, the substrate 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 alternating with polysilicon, undoped silicon alternating with doped
silicon, undoped polysilicon allernating with doped polysilicon, or undoped
amorphous silicon alternating with doped amorphous silicon. The substrate
110 may be any subsirate or material surface upon which film processing is
performed. For example, the substrate 110 may be a malerial such as
crystailine silicon, silicon oxide, silicon oxynitride, silicon nitride, strained
siticon, silicon germanium, tungsten, fitanium nitride, doped or undoped
polysilicon, doped or undoped silicon wafers and patierned or non-patierned

wafers, silicon on insulator (SO, carbon doped silicon oxides, silicon nitrides,
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doped silicon, germanium, gallium arsenide, glass, sapphire, low k dielectrics,

and combinations thereof.

0053} The film stack 300 includes the substrate 302 and an underlayer
304. The underiayer 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
underfayer 304, such that the amorphous carbon hardmask 306 and
underlaver 304 are in physical contact with each other in one
implementation, the underlayer 304 comprises a single laver. in another

impiementation, the underiayer 304 comprises a dielectric stack.

[0054] At operation 220, the amorphous carbon hardmask 3006 is formed
on the underlayer 304 disposed over the substrate 302, as lllustrated in FIG.
38, The amorphous 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 o a thickness, which corresponds to the
subsequent 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 um, such as about 1.0 um.

[0055] At operation 230, an ion implantation process dopes the amorphous
carbon hardmask 308 with a dopant to form a doped amorphous carbon
hardmask 312 doped with the dopant, as illustrated in FIG. 3C. Any suitable
doping lechnigue may be used. In one implementation, a plasma immersion
ion implantation technigue is employed to implant dopants or inert species. In
one implementation, a beamline implantation lechnique is employed to
impiant dopants or inert species. In one implementation, a conformal doping
technique, such as a plasma doping (PLAD) technigue, may be empioyed 1o

implant dopants or inert species.

[0058] Suitable ion species may be generated from various precursor

materials, such as carbon, boron, nitrogen, silicon, phosphorous, helium,
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argon, neon, krypton, and xenon containing materials. In one implementation,
the dopant or inert species is selected from carbon, boron, nitrogen, silicon,
phosphorous, argon, helium, neon, krypton, xenon, or combinations thereof.
Examples of carbon containing precursor gases include CHy  In one
impiementation, various precursor materials are generated from combinations
of precursor materials including, for example, CHy/N,, CHyHe, Ni/He,
CHy/Ne, CHy/ArR, CHy/Ne, CHJ/Kr, CHy/Xe.

[0057] In the schematic iHlustration, ions 310 bombard the amorphous
carbon hardmask 306 and generally penetrate the amorphous carbon
hardmask 306 to form the doped amorphous carbon hardmask 312 impianted
with the dopant or inert species. The ions 310 penetrate the amorphous
carbon hardmask 306 to various depths depending on the type and size of the
ions and the power and bias utilized to energize the ions 2310, The species of
ions 310 may be tailored to provide increased eich selectivity of the
underfaver 304, As such, the implanted species may be any monomer or
molecular ion that is adapted to enhance etch seleclivity of the amorphous

carbon hardmask 306,

[0058] 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 ViiSta® Trident
system, VHSta® 3000XAP system, VISta® S00XP system, ViiSta® HCP
system and the VHiSta® PLAD system, available from Applied Materials, inc.,
Santa Clara, Calif. Although described with regard fo the systems mentioned
above, it is contemplated that systems from other manufacturers may also be

utilized to perform the ion implantation process.

I0059] In one implementation, the ion 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, kryplon, xenon, or combinations thereof.
in cne implementation, the implant energy utilized 1o ensrgize the deopant is
between about 1 keV and about 80 keV (e.q., between about 5 keV and about
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60 keV; between about 1 keV 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), 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 one implementation, the ion dosage (ions/cm?) is
between about 5 x 10" jons/cm? and about 5 x 10" ions/cm” {e.g., between
about 1 x 10" lonsfem? and about 3 x 10" ionsiem?; between about 1 x 10™
ions/fcm? and about 5 x 10" ions/om®; between about 1 x 10™ ions/cm® and
about 2 x 10" ions/icm?; between about 1 x 10" ionsfem? and about 1 x 10°
ions/cm?; between about 5 x 10" lons/em?® and about 1 x 10" ionsiem?)
depending on the type of dopant ulilized, the type of material utilized as the
amorphous carbon hardmask 306 and the depth of implantation targeted. 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 80 KV (e.g., between about 5 kV and about 60 KV, belween about 1
KV and about 15 kV; between about 10 kV and about 35 kV: between asbout
20 kV and about 30 kY, or belween about 20 KV and about 25 kV) at an ion
dose range between about 5 x 10" ionsicm® and about 5 x 10" ions/om®
(e.g., between about 1 x 10" jons/cm® and about 3 x 10" ions/cm?; between
about 1 x 10" ions/cm? and about 5 x 108 ions/icm?; between about 1 x 10™
ions/em? and about 2 x 10" ions/cm®; between about 1 x 10" ions/em? and
about 1 x 10" ions/cm?® between about 5 x 10" ions/em? and about 1 x 10
ions/cm?).  In one implementation, where the dopant is helium, the implant
energy ulilized to energize the dopant is betwsen about 1 kV and about 15 kV
at an ion dose range between about 1 x 10" lons/em? and about 3 x 10"
ionsicm®. In one implementation, the target temperature is between about -
100 degrees Celsius and about 500 degrees Celsius {.g., between about -
100 degrees Celsius and about 200 degrees Celsius; between about -100
degrees Celsius and about 0 degrees Celsius; between about -100 degrees
Ceilsius and about 50 degrees Celsius; between about O degrees Celsius and
about 50 degrees Celsius; or between about 50 degrees Celsius and about

400 degrees Celsius.)
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[6060] in general, increased hardness of the amorphous carbon hardmask
308 provides for reduced line bending of high aspect ratio structures in the
underiaver 304 after the amorphous carbon hardmask 308 is opened. it is
helieved that the implanied ions 310 absiract 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
undoped hardmask. Additionally, it is believed the implanted ions 310 occupy
interstitial voids present within the amorphous carbon hardmask 306, which
resulls in an increased density of the amorphous carbon hardmask 3086. The
increased density further increases the mechanical integrity of the amorphous

carbon hardmask 306,

[0061] in one implementation, subseguent to the ion implantation process,
the film stack 300 is thermally freated. Suitable post-ion implant thermal
treatment techniques include UV treatment, thermal annealing, and laser
annealing. The thermal treatment of the doped amorphous carbon hardmask
312 further incorporates the implanied ions 310 inio the framework of the
doped amorphous carbon hardmask 312, For example, the implanted ions
310 may be redistributed within the doped amorphous carbon hardmask 312
for form a more uniform doping profile. It is believed the thermal treatment
may increase inferaction 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 function to further
increase the hardness, densily, and eich 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.

00623 Al operation 240, a photoresist layer 320, which is palterned, is
formed over the doped amorphous carbon hardmask 212 doped with the
dopant or inert species, as illustrated in FIG. 3D. Features or patterns may be

transferred to the pholoresist layer 320 from a photomask utilizing an energy
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source, such as light energy. In one implementation, the photoresist layer
320 is a polymeric material and the patierning process is performed by a 1983-
nanometer Immersion  photolithography  process, or cther  similar
photolithography process. Similarly, lasers may also be utilized to perform the

patterning process.

[0063] At operation 250, the doped amorphous carbon hardmask 312 is
opened by, for example, a plasma eiching process to form a patterned doped
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.

[0064] At operation 260, the photoresist layer 320 is removed as illustrated
in FiG. 3F. The photoresist layer 320 may be removed by various

advantageous pholoresist removal processes.

13085] At operation 270, the underlayer 304 is eiched, as illustrated 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.
18. Efchants, such as fluorocarbons, remove the exposed portions of the
underlayer 304. The active species of the eichants are substantially
unreactive with the malerials, the implanted ions 310, of the patterned doped
amorphous carbon hardmask 322. Thus, the eichanis are selective for the
underiayer 304 material. Suitable examples of sichants include CF,, CHF3,
HBr, BCl;, and Cl; among cothers. The etchants may be provided to with an

inert carrier gas.

100686] Al opergtion 280, the patterned doped amorphous carbon
hardmask 322 is removed. The patierned doped amorphous carbon
hardmask 322 may be removed by any advaniageous hardmask removal
process. In one example, oxygen plasma is utilized {o remove the patlerned
doped amorphous carbon hardmask 322. The resulling film stack 300
includes the undertayer 304 having a feature 324, such as a high aspect ratio
feature, formed therein. The film stack 300 may then be subjected to further

processing to form a functional semiconductor device.
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[0067] FIG. 4 is a process flow diagram depicling one implementation of a
method 400 for depositing an amorphous carbon film  according fo
implementations described herein.  In one implementation, the method 400
may be used to deposit the amorphous carbon film of operation 220. The
method 400 begins at operation 410 by providing a subsirate in a processing
region of a processing chambper. The processing chambper may be the
plasma-processing chamber 100 depicted in FIG. 1. The substrate may be
substrate 110, also depicted in FIG. 1 or the subsirate 302 depicted in FIGS.
3A-3H.

[0068] Al operation 420, a hydrocarbon-containing gas mixture is flowed
into the processing region 146. The hydrocarbon-containing gas mixture may
be fiowed from the gas source 154 into the processing region 148 through the
gas distribution showerhead 128. The gas mixiure may include at least one
hydrocarbon source and/or carpon-containing source. The gas mixiure may
further include an inert gas, a dilution gas, a nitrogen-containing gas, or
combinations thereof. The hydrocarbon and/or carbon-containing source can
be any liquid or gas, though the preferred precursor would be vapor at room
temperature to simplify the hardware needed for material metering, control

and delivery to the chamber.

[0069] 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 CiH,, where x has a range of
between 1 and 20 and y has a range of between 1 and 20. In one
impiementation, the hydrocarbon compound is an alkane. Suitable
hydrocarbon compounds include, for example, methane (CHy), acetylene
(CaHp), ethviene (CoHy), ethane (CoHg), propylene (CiHe), and butylenes
(CsHg), cyclobutane (C4Hg), and methyicyclopropane (CiHg).  Suitable
butylenes include 1-Butene, 2-Butene, and iscbutylene. (Cther suitable
carbon-containing gases include carbon dioxide (COy) and carbon
tetrafluoride (CF4). In one example, CsHs is preferable due fo formation of

more stable intermediate species, which aliows more surface mobility.

25



WO 2019/108376 PCT/US2018/060628

0070} Suitable dilution gases such as helium (He), argon (Ar), hydrogen
(M2}, nitrogen (N2), ammonia (NH3), or combinations thereof, among othars,
may be added o the gas mbdture. Ar, He, and N; are used o control the
density and deposition rate of the amorphous carbon layer. In some cases,
the addition of Nz and/or NH; can be used o control the hydrogen ratio of the
amorphous carbon layer, as discussed below. Alternatively, dilution gases

may not be used during the deposition.

100741 A nitrogen-containing gas may be supplied with the hydrocarbon-
containing gas mixture into the plasma-processing chamber 100. Suitable
pifrogen-comtaining compounds  include, for example, pyridine, aliphatic

amine, amines, nitriles, ammonia and similar compounds.

8072} An inert gas, such as argon {(Ar) andior 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 conirol the densily and deposition rate of the
amorphous carbon layer. Additionally, a variety of other processing gases
may be added to the gas mixture to medify properties of the amorphous
carbon material.  In one implementation, the processing gases may be
reactive gases, such as hydrogen (Hz), ammonia (NHs;), a mixiure of hydrogen
(M2} and nitrogen (N3), or combinations thereof. The addition of H; and/or
MH3 may be used o control the hydrogen ratio {e.¢., carbon to hydrogen ratic)
of the deposited amorphous carbon layer. The hydrogen ratio present in the
amorphous carbon film provides control over layer properties, such as

reflectivity.

[0073] Optionally, at operation 430, the pressure in the processing region
is stabilized for a predefined RF-on delay time-pericd. The predefined RF-on
delay time-period is a fixed time delay defined as the time-period belween
introduction of the hydrocarbon-containing gas mixiure into the processing
region and siriking or generating the plasma in operation 430. Any suitable
fixed time delay may be used to achieve targeted conditions. The length of

the RF-on delay time period is typically selected such that the hydrocarbon-
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corfaining or carbon-containing gas mixture does nol begin to thermally

decompose or substantially thermally decompose in the processing region.

[0074] Al operation 440, RF plasma is generated in the processing region
to deposit an amorphous carbon film, such as 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
power may be a dual-frequency RF power that has a high frequency
componeant 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.qg.,
between about 2,000 W and about 2,500 W), which may be all high-frequency
RF power, for example at a frequency of about 13.56 MHz, or may be a
mixiure of high-frequency power and low frequency power, for example at a
frequency of about 300 kHz. For most application, 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 a targeted thickness of the amorphous carbon film is reached.
The process of operation 440 may be performed simulianeously, seguentially
or may partially overlap with the processes of operation 420 and operation
430.

[0075] In any of the PECVD implementations described herein, during
deposition of the amorphous carbon film, the chamber, the wafer, or both may
he maintained at a temperature between about 200 degrees Celsius to about
700 degrees Celsius (8.g., between about 400 degrees Celsius to about 700
degrees Celsius; or between about 500 degrees Ceisius {0 about 700 degrees
Ceisius). The chamber pressure may range from a chamber pressure of
about 1 Torr to about 10 Torr {e.g., between about 2 Torr and about 8 Torr, or
between about 4 Torr and about 8 Torr). The distance between 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 800
mils; betwean about 300 mils to about 1,000 mils; or between about 400 mils
and about 800 mils).
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(0078} The amorphous carbon film may be deposited to 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)

0077} 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 purge/evacuation process.

0078} FIG. 5A depicts a plot 500 of in-plane distortion versus film siress
{MPa) for amorphous carbon films (520, 522 and 530, 532) formed according
to implementations of the present disclosure 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) formed according to
impiementations of the present disclosure are depicted prior to carbon dopart
implantations. FIG. 5B depicts a plot 550 of Young’s Modulus (GFa) versus
film stress (MPa) for the amorphous carbon films of FIG. 5A. As depicled in
FIGS. 5A-58, the amorphous carbon films (520, 522 and 530, 532) formed
according to implementations described hersin achieved low in-plane
distortion and improved modulus despite high stress {e.g., -1200 MPa). The
subseqguent carbon dopant implantation process described herein reduced the
compressive film stress by approximately 4X while increasing the modulus by

approximatsly 1.4X

15078} The method 200 and the method 400 are useful for processes used
in the front-end-of-line process (FECL) prior to metallization process in a
semiconductor device manufacturing process. The amorphous carbon film
formed by method 200 may serve as a hardmask layer during an etching
process due to their high etching selectivity. Suitable processes include gate
manufacturing applications, contact structure applications, shallow trench
isolation (8T1) process, and the like. In some implementations, where the
amorphous carbon film is used as an etch 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 mest the particular process

nead,
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{0056} Thus, methods for forming a highly etch selective amorphous
carbon film having both targeted in-plane distortion and Young's Modulus with
low stress are provided by a plasma deposition process followed by a carbon
implantation process according to implementations described herein. The
methods advaniageously 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 etching selectivity. Implementations of the present disclosure further
provide a process design that uses existing hardware with little impact to
throughput or implementation cost.  Some implementations of the present
disclosure provide a unique process that increases the modulus of amorphous
carbon films by about 2X (e.q., from about 64 GPa to about 138 GPa) by
tuning of the plasma deposition mechanism. Further improvement of key film
properties is achieved through ion-implantation, which increases the Young's
modulus of the amorphous carbon film an additional 30% {e.g., ~180 GPa)
while decreasing compressive siress by about 75% (e.g., from about -1200
to about -300 MPFa). In addition, the combination of PECVD plus ion
implantation delivered amorphous carbon films that achieved significantly
fower in-plane distorlion (< 3 nanometers overiay error) compared to the
current generation of pure carbon hardmask films. The resulting film
described herein has demonstrated an improvement in etch selectivity of
approximately 30-50% compared o the current generation of elementally
pure amorphous carbon hardmask films, while also matching the previous

overlay requirements.

[0081] When introducing slements of the present disclosure or exemplary
aspects or implementation(s) thereof, the articles “a,” "an,” “the” and "said” are

intendead to mean that there are one or mors of the elements.

10082} The terms “comprising,” “including” and “having” are intended 10 be
inclusive and mean that there may be additional elements other than the listed

glements.

29



WO 2019/108376 PCT/US2018/060628

{0083} While the foregoing is directed to implementations of the present
disclosure, cother and further implementations of the disclosure may be
devised without departing from the basic scope thereof, and the scope thereof

is determined by the claims that follow.
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Claims

1. A method of forming an amorphous carbon film, comprising:

depositing an amorphous carbon film on an underlayer positioned on a susceptor
in a first processing region;

forming a doped amorphous carbon film by implanting a dopant or inert species
into the amorphous carbon film in a second processing region, wherein the dopant or inert
species is selected from carbon, boron, nitrogen, silicon, phosphorous, argon, helium,
neon, krypton, xenon or combinations thereof, wherein a target temperature during
implanting the dopant or inert species is between about -100 degrees Celsius and about
0 degrees Celsius;

patterning the doped amorphous carbon film; and

etching the underlayer.

2. The method of claim 1, wherein the underlayer comprises a single layer or a

dielectric stack.

3. The method of claim 1, wherein depositing the amorphous carbon film on the
underlayer comprises:
flowing a hydrocarbon-containing gas mixture into the first processing region; and
generating an RF plasma in the first processing region to form the amorphous

carbon film on the underlayer.

4. The method of claim 3, wherein a distance between a gas distribution showerhead
positioned in the first processing region and the susceptor is between about 200 mils and
about 1,000 mils.

5. The method of claim 4, wherein a pressure within the first processing region is

between about 4 Torr and about 8 Torr.
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6. The method of claim 1, wherein an implant energy utilized to energize the dopant
or inert species is between about 5 keV and about 60 keV.

7. The method of claim 6, wherein an ion dosage is between about 5 x 10%2 ions/cm?

and about 5 x 106 ions/cm?.

8. The method of claim 6, wherein the dopant is carbon.

9. A method of forming an amorphous carbon film, comprising:

depositing an amorphous carbon film on an underlayer positioned on a susceptor
in a first processing region;

forming a doped amorphous carbon film by implanting a dopant or inert species
into the amorphous carbon film in a second processing region, wherein the dopant or inert
species is selected from carbon, boron, nitrogen, silicon, phosphorous, argon, helium,
neon, krypton, xenon or combinations thereof, wherein a target temperature during
implanting the dopant or inert species is between about -100 degrees Celsius and about
0 degrees Celsius;

patterning the doped amorphous carbon film; and

etching the underlayer, wherein the doped amorphous carbon film has a refractive

index at 633 nm of from about 2.1 to about 2.2.

10. The method of claim 9, wherein the doped amorphous carbon film has a k-value
at 633 nm of less than 1.0.

11. The method of claim 9, wherein the doped amorphous carbon film has a Young’s
modulus (GPa) of from about 70 to about 200 GPa.

12. The method of claim 11, wherein the doped amorphous carbon film has a hardness
(GPa) of from about 14 GPa to about 22 GPa.
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13. The method of claim 12, wherein the doped amorphous carbon film has a stress
(MPa) of from about -600 MPa to about 0 MPa.

14.  The method of claim 13, wherein the doped amorphous carbon film has a density

(g/cc) from about 1.95 g/cc to about 2.1 g/cc.

15. The method of claim 14, wherein the doped amorphous carbon film has a thickness
between about 10 A and about 50,000 A.

16. A method of forming an amorphous carbon film, comprising:

depositing an amorphous carbon film on an underlayer positioned on a susceptor
in a first processing region;

forming a doped amorphous carbon film by implanting a carbon dopant into the
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 0
degrees Celsius;

patterning the doped amorphous carbon film; and

etching the underlayer, wherein the doped amorphous carbon film has a hardness
(GPa) of from about 14 GPa to about 22 GPa.

17. The method of claim 16, wherein the doped amorphous carbon film has a refractive
index at 633 nm of from about 2.1 to about 2.2.

18. The method of claim 17, wherein the doped amorphous carbon film has a k-value
at 633 nm of less than 1.0.

19. The method of claim 16, wherein the doped amorphous carbon film has a Young’s
modulus (GPa) of from about 70 to about 200 GPa.

20. The method of claim 19, wherein the doped amorphous carbon film has:
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a stress (MPa) of from about -600 MPa to about 0 MPa;
a density (g/cc) from about 1.95 g/cc to about 2.1 g/cc; and
a thickness between about 10 A and about 50,000 A.
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