wo 2014/149175 A1 I} 1] A0 00O OO O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/149175 Al

25 September 2014 (25.09.2014) WIPO I PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HOIL 21/205 (2006.01) kind of national protection available): AE, AG, AL, AM,
21) Tat tional Application Number- AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: PCTIUSI014/012379 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
21 January 2014 (21.01.2014) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
- . MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(30) Priority Data: ZW.

61/792,559 15 March 2013 (15.03.2013) Us
(84) Designated States (uniess otherwise indicated, for every
(71) Applicant: APPLIED MATERIALS, INC. [US/US] kind of regional protection available). ARIPO (BW, GH,
3050 Bowers Avenue, Santa Clara, California 95054 (US). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(72) Tnventors: LEE, Kwangduk Douglas; 384 Gunter Lane, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
. . - ; TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

Redwood City, California 94065 (US). LEE, Wonseok;
) EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

2725 Glen Isle Court, Pleasanton, California 94588 (US).
SEAMONS, Martin Jay; 6177 Purple Sage Court, San MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
Tose Califor’nia 95119 (US’) ’ TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,

? ’ KM, ML, MR, NE, SN, TD, TG).
(74) Agents: PATTERSON, B. Todd et al; Patterson & Published:

Sheridan, LLP, 24 Greenway Plaza, Suite 1600, Houston,
TX 77046 (US).

with international search report (Art. 21(3))

(54) Title: AN AMORPHOUS CARBON DEPOSITION PROCESS USING DUAL RF BIAS FREQUENCY APPLICATIONS

(57) Abstract: Methods for forming an amorphous carbon layer with desired

150 | CONTROLLER| |0
< g Syl
150
154~ 160
S N L N
(1 I 5 I S 5 &
% 162 138 190 N ; 102
¢ oz 8/ B4 20 19 J
130 AT
] 1;6\ 2 108
A =
oy ‘;j"o 174,168 w/l—r 160
1 7?@%% I Il 7‘ E
N \.\
162 —~—112
( N G118
2 1o
o] AL AL o128
SOURCE ——— ) N
_ 12t | FLUD 110 <
SOURCE [
172 0
HEATER PUMP
POWER CEgﬁ,‘g;{G SYSTEM
SOURCE SOURCE | 128
18 182
TO -
CONTROLLER
150 184
. MATCHING _@
o189 CIRCUIT 186
\:\.z} 188 Y

FIG. 1

film mechanical strength low film stress as well as optical film propetties are
provided. In one embodiment, a method of forming an amorphous carbon
layer includes forming a plasma of a deposition gas mixture including a hy-
drocarbon gas supplied in a processing chamber by application of a RF
source power, applying a low frequency RF bias power and a high frequency
RF bias power to a first electrode disposed in the processing chamber, con-
trolling a power ratio of the high frequency to the low frequency RF bias
01180 % power, and forming an amorphous carbon layer on a substrate disposed in the
processing chamber.
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AN AMORPHOUS CARBON DEPOSITION PROCESS
USING DUAL RF BIAS FREQUENCY APPLICATIONS

BACKGROUND

Field of the Invention

(6001} The present invention relates to the fabrication of integraled circuits
and o a process for forming a8 hardmask layer with high etching selectivity and
good mechanical strength on a substrate. More specifically, the invention
relates {0 a process for manufaciuring an amorphous carbon layer with high
etching seleclivity, good mechanical strength and low stress on a substrate for

semiconducior applications.

Description of the Background Art

(0002} infegrated circuits have evolved into complex devices that can include
millions of transistors, capacitors and resistors on a single chip. The evolution of
chip designs continually requires faster circuitry and greater circuit density. The
demands for faster circuits with greater circuit densities impose corresponding
demands on the malerials used to fabricale such inlegrated circuils. In
particular, as the dimensions of integrated circuit components are reduced io
the sub-micron scale, it is now necessary 1o use low resistivity conductive
materials {e.g., copper} as well as low dielectric constant insulating materials
{dielectric constant less than about 4} to oblain suitable electrical performance
from such componenis,

{0003} The demands for greater integrated circuil densities also imposs
demands on the process sequences used in the manufacture of integraied
circuit components. For example, in process seguences that use conventional
lithographic techniques, a layer of energy sensitive resist is formed over a stack
of material layers disposed on a substrate. The energy sensitive resist layer is
exposad to an image of a pattern o form a pholoresist mask. Thereafter, the
mask pattern is transferred o one or more of the material layers of the stack
using an etch process. The chemical etchant used in the etch process is
selected to have & grealer eich seleclivity for the material layers of the stack
than for the mask of energy sensitive resist. That is, the chemical etchant

gtches the one or more layers of the malerial stack at a rate much fasier than
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the energy sensitive resist. The eitch selectivity o the one or more material
layers of the stack over the resist prevenis the energy sensitive resist from
being consumed prior {o completion of the pattern transfer. Thus, a highly
selective eichant enhances accurate patiemn transfer.

{0004} As the geometry limils of the structures used to form semiconductor
devices are pushed against technology limits, the need for accurale patlern
transfer for the manufacture of structures having small critical dimensions and
high aspect ratios has become increasingly difficult. For example, the thickness
of the energy sensilive resist has been reduced in order o control pattern
resolution. Such thin resist layers {(e.g., less than about 2000 A) can be
insufficient to mask underlying material layers during the pattern transfer step
due to attack by the chemical etchant. An intermediate layer {e.g., silicon
oxynitride, silicon carbine or carbon film), called a hardmask layer, is often used
between the energy sensitive resist layer and the underlying material layers {o
facilitate paltern transfer because of its greater resistance to chemical efchanis.
When eiching materials to form struciures having aspect ratios greater than
about 5:1 and/or crilical dimensional less than about 50 nm, the hardmask layer
utilized to transfer palterns (o the materials is exposed to aggressive eichants
for a significant period of time. After a long period of exposure (o the aggressive
etchants, the hardmask layer without sufficient etching resislance may be
change, resulling in inaccurate pattern transfer and loss of dimensional control.
18005} Furthermore, the similarity of the materials selecied for the hardmask
layer and the adjacent layers disposed in the film stack may also result in similar
etch properties therebetween, thereby resulling in poor selectivity during
etching. Poor seleclivity between the hardmask layer and adjacent layers may
result in non-uniform, tapered and deformed profile of the hardmask layer,
thereby leading to poor paltern transfer and failure of accurate structure
dimension control.

{0006} Additionally, stress in the deposited film and/or hardmask layer may
also result in stress induced line edge bending and/or ling breakage. Overly
high siress of the hardmask layer may cause substrale bow that resull in
substrate chucking/dschucking problems. Furthermore, high stress of ths

hardmask layer also resull in compressive film structure of the hardmask layer
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which may lead o depth-of-focus problems during a lithography exposure
process, thereby adversely affecting patiern transfer accuracy in the
subsequent processes.

180071 Therefore, there is a need in the art for an improved hardmask layer

with desired film properties for subseguent lithography and etching processes.

SUMMARY

[0008] Methods for forming an amorphous carbon layer with desired film
mechanical strength low film stress as well as optical film properties are
provided. in one embodiment, a method of forming an amorphous carbon layer
inciudes forming a plasma of a deposition gas mixture including a hydrocarbon
gas supplied in a processing chamber by application of a RF source powaer,
applying a low frequency RF bias power and a high frequency RF bias power {0
a first electrode disposed in the processing chamber, controlling a power ratio of
the high frequency to the low frequency RF bias power, and forming an
amorphous carbon layer on a substrate disposed in the processing chamber.
18009} in another embodiment, a method of forming an amaorphous carbon
laver includes forming a plasma in a2 deposilion gas mixiure including a
hydrocarbon gas supplied in a processing chamber having a substrate disposed
therein, applying a low freguency and a high frequency RF bias powers at a
ratio between aboul 1:10 and about 10:1 1o a first elecirode disposed in the
processing chamber, and forming an amorphous carbon layer on the substrale
disposed in the processing chamber, the amorphous carbon layer having a
density greater than 1.6 g/ce and g stress less than 800 mega-pascal (MPa)
compressive.

18010} in yet another embodiment, a method of an amorphous carbon layer
includes providing a substrate having a material layer in a processing chamber,
forming a plasma in a deposition gas mixture in the processing chamber,
applving a low frequency and a high frequency RF bias powers at a ratio
between about 1:10 and about 10:1 0 an electrode disposed in the processing
chamber, forming an amorphous carbon layer on a material layer disposed on a
positioned in the processing chamber, and etching the material layer using the

amorphous carbon layer as a hardmask layer.
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BRIEF DESCRIPTION OF THE DRAWINGS

{8811} 3o that the manner in which the above recited features of the present

invention are altained and can be undersiood in deta, a more particular
description of the invention, briefly summarized above, may be had by
reference {0 the embodiments thereof which are illusirated in the appended
drawings.

{0012} Figure 1 depicts a schematic #lustration of a deposition apparatus
suitable for praclice one embodiment of the present invention;

10813} Figure 2 depicts another embodiment of schematic lustration of a
deposition apparatus suitable for praclice one embodiment of the present
invention;

{0014} Figurg 3 depicts a flow process diagram of a film formation process
according to one embodiment of the present invention, and

{0015} Figures 4A-48 depict a sequence of schemalic cross-sectional views
of a substrate structure incorporating an amorphous carbon layer formed on the
substrale according to the method of Figure 3.

80186} To facilitate understanding, identical reference numerals have been
used, where possible, to designate identical slements that are common to the
figures. it is contemplated that elements and features of one embodiment may
be beneficially incorporaied in other embodiments without further recitation.
{0817} it is 1o be noted, however, that the appendead drawings illusirate only
exemplary embodiments of this invention and are therefore not to be considered
fimiting of its scope, for the invention may admit to other equally effective

embodiments.

DETAILED DESCRIPTION

(0018} The present invention provides a method for forming an amarphous

carbon layer with desired film properties, such as film transparency, mechanical
strength and low siress. In one embodiment, the amorphous carbon layer is
suitable for use as a hardmask layer during an etching process. The amorphous
carbon layer with desired film properties may be obtained by applying dual

frequency RF bias power during the amorphous carbon layer deposition
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process. Dual frequency RF bias power utilized during the amorphous carbon
deposition process may aller bonding structures and bonding energy of the
carbon bonds, thereby efficiently mainiaining the amorphous carbon layer
stress at a low level. Optical film properties, such as desired range of index of
refraction (0} and the absorplion coefficient (k) advantageous for
photolithographic patterning processes, and other film properties may still be
remained substantially at similar dssired ranges for the amorphous carbon layer
formed by the dual frequency RF bias power process,

(96191 Figure 1 is a sectional view of one embodiment of g processing
chamber 100 suitable for depositing an amorphous carbon layer using dual
frequency RF bias power. Suitable processing chambers that may be adapted
for use with the teachings disclosed herein include, for example, a modified
ENABLER® processing chamber available from Applied Materials, Inc. of Santa
Clara, California. Although the processing chamber 100 is shown including a
plurality of fealures that enable an amorphous carbon layer deposition process
using dual frequency RF bias power, it is contemplated that other processing
chambers may be adapted {o benefit from one or more of the inveniive features
disclosed herein.

{00820} The processing chamber 100 includes a chamber body 102 and a lid
104 which enclose an inierior volume 106. The chamber body 102 is typically
fabricated from aluminum, stainless steel or other suitable material.  The
chamber body 102 generally includes sidewalls 108 and a bottom 110, A
substrate access poit {(not shown) is generally defined in a side wall 108 and a
selectively sealed by a slit valve to facilitate entry and egress of a subsirate 101
from the processing chamber 100. An exhaust port 126 is defined in the
chamber body 102 and couples the interior volume 106 to a pump system 128.
The pump system 128 generally includes one or more pumps and throttle
valves utilized to evacuate and regulate the pressure of the interior volume 106
of the processing chamber 100. In one embodiment, the pump system 128
maintains the pressure inside the interior volume 106 at operating pressures
typically between about 10 mTorr to about 20 Torr.

{0021} The lid 104 is sealingly supported on the sidewall 108 of the chamber

body 102, The lid 104 may be opened (o allow excess to the interior volume
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106 of the processing chamber 100. The lid 104 includes a window 142 that
facilitates oplical process monitoring.  In one embodiment, the window 142 is
comprised of quartz or other suilable malerial that is ransmissive 1o a signal
uliized by an oplical monitoring system 140,

{00221 The optical monitoring system 140 is positioned {o view at least ons
of the interior volume 106 of the chamber body 102 andfor the substrate 101
positioned on a subsirate support assembly 148 through the window 142, In
one embodiment, the optical monitoring system 140 is coupled {o the lid 104
and facilitates an integrated deposition process that uses optical metrology o
provide information thal enables process adjusiment o compensate for
incoming substraie patiem feature inconsistencies (such as thickness, and the
like), provide process state monitoring {such as plasma monitoring, temperature
monitoring, and the like) as needed. One optical monitoring system that may be
adapted to benefit from the invention is the EyeD® full-spectrum, interferomatric
metrology module, available from Applied Malerials, Inc., of Santa Clara,
California.

{0623} A gas panel 158 is coupled to the processing chamber 100 {o provide
process and/or cleaning gases to the interior volume 106, In the embodiment
depicied in Figure 1, inlet ports 132, 1327 are provided in the lid 104 1o sllow
gases io be delivered from the gas panel 158 io the interior volume 106 of the
processing chamber 100.

(0024} A showerhead assembly 130 is coupled o an interior surface 114 of
the lid 104. The showsrhead assembly 130 includes a plurality of aperiures that
allow the gases flowing through the showerhead assembly 130 from the inlel
poit 132 into the interior volume 106 of the processing chamber 100 in a
predefined distribution across the surface of the subsirate 101 being processed
in the chamber 100.

{00251 A remote plasma source 177 may be coupled to the gas panel 158 to
facilitate dissocigting gas mixture from a remote plasma prior o entering into the
interior volume 106 for processing. A RF source power 143 is coupled through a
matching network 141 to the showerhead assembly 130. The RF source power
143 typically is capable of producing up to about 3000 W at a tunable frequency

in a range from about 50 kHz to about 13.56 MHz.
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{00286} The showerhead assembly 130 additionally includes a region
transimissive to an optical metrology signal. The optically transmissive region or
passage 138 is suitable for allowing the optical monitoring system 140 o view
the interior volume 106 and/or substralte 101 posilioned on the substrale
support assembly 148. The passage 138 may be a malerial, an aperture or
plurality of apertures formed or disposed in the showerhead assembly 130 thal
is substantially transmissive o the wavelengths of energy generated by, and
reflected back to, the optical measuring system 140. In one embodiment, the
passage 138 includes a window 142 to prevent gas leakage that the passage
138. The window 142 may be a sapphire plate, quartz plate or other suitable
material. The window 142 may alternatively be disposed in the lid 104,

(8027} in one embodiment, the showerhead assembly 130 is configured with
a plurality of zones that allow for separaie control of gas flowing into the interior
volume 106 of the processing chamber 100, In the embodiment Figure 1, the
showerhead assembly 130 as an inner zone 134 and an outer zone 136 that
ars separately coupled {o the gas pansi 158 through separate inlets 132.

{0028} The subsirale support assembly 148 is disposed in the inlerior
volume 106 of the processing chamber 100 below the gas distribution assembly
130, The subsirate support assembly 148 holds the substrate 101 during
processing. The substrate support assembly 148 generally includes a plurality
of lift pins {(not shown) disposed therethrough that are configured {o lift the
substrale 101 from the substrate support assembly 148 and facilitale exchange
of the substrate 101 with a robot {not shown) in a conventional manner. An
inner liner 118 may closely circumscribe the periphery of the substrate support
assembly 148.

{0029} in one embodiment, the substrale supporl assembly 148 includes a
mounting plate 162, a base 164 and an elecirostatic chuck 166. The mounting
plate 162 is coupled to the boltom 110 of the chamber body 102 includes
passages for routing utilities, such as fluids, power lines and sensor leads,
among other, to the base 164 and the electrostatic chuck 166, The electrostatic
chuck 166 comprises at least one clamping electrode 180 for retaining a
substrate 101 below showerhead assembly 130. The slectrostatic chuck 180 is

driven by a chucking powsr source 182 to develop an electrostatic force thal
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holds the subsirate 101 {o the chuck surface, as is conventionally known.
Alternatively, the substrate 101 may be retained to the substrate support
assembly 148 by clamping, vacuum or gravity.

(0030} Al least one of the base 164 or electrosiatic chuck 166 may include at
least one optional embedded heater 176, at least one oplional embedded
isolalor 174 and a plurality of conduits 168, 170 to control the latersl
temperature profile of the substrate support assembly 148. The conduits 168,
170 are fluidly coupled to a fluid source 172 that circulates a temperature
regulating fluid therethrough., The heater 176 is regulated by a power source
178, The conduits 168, 170 and heater 176 are ulilized io control the
temperature of the base 164, thereby heating and/or cooling the electrostatic
chuck 168. The temperature of the electrostatic chuck 166 and the base 164
may be monilored using a plurality of temperature sensors 190, 182, The
electrostatic chuck 166 may further comprise a plurality of gas passages (not
shown), such as grooves, that are formed in a substrate supporting surface of
the chuck 166 and fluidly coupled to a source of a heat transier {or backside)
gas, such as He. in operalion, the backside gas is provided at controlied
pressure into the gas passages to enhance the heat transfer between the
electrostatic chuck 166 and the substrate 101.

{0031} in one embodiment, the subsirate support assembly 148 is configured
as a cathode and includes an electrode 180 that is coupled to a plurality of RF
power bias sources 184, 186, The RF bias power sources 184, 186 are coupled
between the slectrode 180 disposed in the substrate support assembly 148 and
another eleclrode, such as the showerhead assembly 130 or ceiling 104 of the
chamber body 102. The RF bias power exciles and sustains a plasma
discharge formed from the gases disposed in the processing region of the
chamber body 102.

(80323 in the embodiment depicted in Figure 1, the dual RF bias power
sources 184, 186 are coupled {o the electrode 180 disposed in the substrate
support assembly 148 through a matching circuit 188. The signal generated by
the RF bias power 184, 186 is delivered through matching circuit 188 {o the
substrate support assembly 148 through a single feed {0 ionize the gas mixiurs

provided in the plasma processing chamber 100, thereby providing ion energy
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necessary for performing a deposition or other plasma enhanced process. The
RF bias power sources 184, 186 are generally capable of producing an RF
signal having a frequency of from about 530 kHz to about 200 MHz and a power
between about O Watls and about 5000 Watls, An additional bias power source
189 may be coupled 1o the electrode 180 to control the characteristics of the
plasma.

{30333} in one mode of operation, the subsirale 101 is disposed on the
substrale support assembly 148 in the plasma processing chamber 100, A
process gas and/or gas mixiure is introduced into the chamber body 102
through the showerhead assembly 130 from the gas panel 158, Furthermore,
additional gases may be supplied from the remote plasma source 177 through
the showerhead assembly 130 to the processing chamber 100. A vacuum
pumping system 128 maintains the pressure inside the chamber body 102 while
removing deposition by-products. The vacuum pumping system 128 typically
maintains an operating pressure belween about 10 mTorr (o about 20 Torr.
{3034} The RF source power 143 and the RF bias power 184, 188 provide
RF source and bias power at separate frequencies to the anode and/or cathode
through the maiching circuit 141 and 188 respeclively, thereby providing energy
to form the plasma and excite the gas mixiure in the chamber body 102 into
ions to perform a plasma process, in this example, a deposilion process as
further described below with reference o Figure 3.

(0035} Figure 2 is a schemalic representation of another substrale
processing system 232 that can be used to perform amorphous carbon layer
deposition in accordance with embodiments of the present invenlion. Other
examples of systems that may be used {o praclice the invention include
CENTURA®, PRECISION 5000° and PRODUCER® deposition systems, all
available from Applied Materials inc., Santa Clara, California. It is contemplaled
that other processing system, including those available from other
manufacturers, may be adapled to practice the invention.

{0036} The processing sysiem 232 includes a process chamber 200 coupled
o a gas panel 230 and a controller 210, The process chamber 200 generally
includes a iop 224, a side 201 and a botlom wall 222 that define an interior

volume 226. A substrate support assembly 250 is provided in the interior
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volume 226 of the chamber 200. The substrate support assembly 250 may be
fabricated from aluminum, ceramic, and other suiiable materials. In one
embodiment, the substrate support assembly 250 is fabricated by a ceramic
material, such as aluminum nitride, which is a material suitable for use in a high
temperature environment, such as a plasma process environmeni, without
causing thermal damage to the substrate support assembly 250, The substrate
support assembly 250 may be moved in a vertical direction inside the chamber
200 using a it mechanism (not shown).

{00637} The substrale support assembly 250 may include an embedded
heater element 270 suitable for controlling the temperature of a substrate 101
supported on the substrate support assembly 250, In one embodiment, the
substrate support assembly 250 may be resistively heated by applying an
electric current from a power supply 200 to the healer element 270. In one
embodiment, the heater element 270 may be made of a nickel-chromium wire
encapsulated in a nickeliron-chromium alioy {e.g., INCOLOY®) sheath iube.
The electiic current supplied from the power supply 206 is regulated by the
controffer 210 to control the heat generated by the heater glement 270, thereby
maintaining the substrate 101 and the subsirate support assembly 250 at a
substantially constant temperature during film deposition. The supplied electric
current may be adjusied o selectively control the temperature of the substrate
support assembly 250 between about 100 degress Celsius io about 780
degrees Celsius, such as greater than 500 degrees Celsius.

{0038} A temperature sensor 272, such as a thermocoupls, may be
embedded in the substrate support assembly 250 to monilor the temperature of
the subsirate support assembly 250 in a conventional manner. The measured
temperature is used by the coniroller 210 {o control the power supplied to the
heating element 270 {0 maintain the substrate 101 at a desired temperature.
{0038} The substrate support assembly 250 comprises at least one clamping
electrode 239 for retaining the substrate 101 below showerhead assembly 130,
The clamping electrode 239 is driven by a chucking power source 204 io
develop an electrosialic force that holds the substrale 101 to the substrale
surface, as is conventionally known. Allernatively, the subsirate 101 may bs

retained to the subsirate support assembly 250 by clamping, vacuum or gravity.
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{00401 in one embodiment, the subsirate support assembly 250 is configured
as a cathode and is coupled to a plurality of RF power bias power 235, 237. RF
bias powers 235, 237 are coupled between an electrode 239 disposed in the
subsirate support assembly 250 and another electrode, such as a showerhead
assembly 220. The RF bias power excites and susiains a plasma discharge
formed from the gases disposed in the processing chamber 100. In the
embodiment depicted in Figure 2, dual RF bias power sources 235, 237 are
coupled to the electrode 2389 through a malching circuit 231, The signal
generated by the RF bias power sources 235, 237 is delivered through
matching circuit 231 to the electrode 239 disposed in the substrate support
assembly 250 through a single feed to ionize the gas mixture provided in the
plasma processing chamber 200, thereby providing ion energy necessary for
performing a deposition or other plasma enhanced process. The RF bias power
sources 235, 237 are generally capable of producing an RF signal having a
frequency of from about 50 kHz o about 200 MHz and a power between about
0 Walls and sbout 5000 Watts. it is noled that another oplional RF bias or
source power may be used to control the characteristics of the plasma.

(90411 A vacuum pump 202 is coupled 1o a port Tormed in the walls of the
chamber 200. The vacuum pump 202 is used o maintain a desired gas
pressure in the process chamber 200. The vacuum pump 202 also evacusates
post-processing gases and by-products of the process from the chamber 200,
{0042} The showerhead assembly 220 having a plurality of apertures 228 is
coupled to the {op 224 of the process chamber 200 above the substrate support
assembly 250. The aperiures 228 of the showerhead assembly 220 are utilized
o introduce process gases into the chamber 200. The apertures 228 may have
different sizes, number, distributions, shape, design, and diameters to facililale
the flow of the various process gases for different process requirements. The
showerhead assembly 220 is connecied o the gas panel 230 that allows
various gases to supply to the interior volume 226 during process. A remote
plasma socurce 271 may be coupled o the gas panel 230 o facilitale
dissociating gas midiure from a remote plasma prior 1o entering into the interior
volume 226 for processing. A plasma is formed from the process gas mixiure

exiling the showerhead assembly 220 o enhance thermal decompaosition of the

11
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process gases resulting in the deposition of material on a surface 103 of the
substrate 101.

{0043} The showerhead assembly 220 and substrate support assembly 250
may be formed a pair of spaced aparl eleclrodes in the inlerior volume 226,
One or more RF sources 240, 235, 237 provide a source or bias polential
through matching networks 238, 231 respeclively o the showerhead assembly
220, or o the subsirale support assembly 250 to facilitate generation of a
plasma between the showerhead assembly 220 and the substrate support
assembly 250. Alternatively, the RF power sources 240, bias power sources
235, 237 and maiching network 238, may be coupled to the showerhead
assembly 220, substrate support assembly 250, or coupled to both the
showerhead assembly 220 and the substrate support assembly 250, or coupled
to an antenna {(not shown) disposed exterior to the chamber 200 in an
alternative arrangement. In one embodiment, the RF source power 240 may
provide between about 500 Watls and about 3000 Walls at a frequency of
about 50 kHz to about 13.56 MHz.

{0044} The controfler 210 includes a central processing unit (CPU) 212, a
memory 216, and a support circuit 214 utilized to control the process sequence
and regulate the gas flows from the gas panel 230. The CPU 212 may be of any
form of a general purpose computer processor thatl may be used in an industrial
setiing. The sofiware routines can be stored in the memory 216, such as
random access memory, read only memaory, floppy, or hard disk drive, or other
form of digital storage. The support circuit 214 is conventionally coupled to the
CPU 212 and may include cache, clock circuits, input/ouiput systems, power
supplies, and the like. Bi-directional communications between the control unit
210 and the various components of the processing system 232 are handied
through numerous signal cables collectively referred 1o as signal buses 218,
some of which are illustrated in Figure 2.

[08045] The above deposition chambers are described above mainly for
llustrative purposes, and other plasma processing chambers may also be
employed for practicing embodiments of the invention.

{0046} Figure 3 illustrates a process flow diagram of a method 300 for

forming an amorphous carbon layer using dual fregquency RF bias power
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according to one embodiment of the present invention. Figures 4A-4B are
schematic cross-sectional view illustrating a segquence for forming an
amorphous carbon layer using dual frequency RF bias power according o the
method 300.

{00471 The method 300 begins at step 302 by providing a subsirale, such as
the subsirate 101 depicted in Figures 1-2, having a material layer 402 disposed
thereon, as shown in Figure 4A, inlo a suitable processing chamber, such as
the processing chamber 100 depicted in Figure 1 or alternatively the processing
chamber 200 depicted in Figure 2. The substrate 101 may have a subslantially
planar surface, an uneven suwrface, or a substantially planar surface having a
structure formed thereon. in one embodiment, the material layer 402 may be a
part of a film stack ulilized o form a gate struclure, & contact structure, an
interconnection structure or shallow trench isolation (8T1) structure in the front
end or back end processes. in embodiments wherein the material layer 402 is
not present, the process 300 be directly formed in the substrate 101,

[0048] i one embodiment, the material layer 402 maybe a silicon layer
ulilized to form a gate electrode. In ancther embodiment, the material layer 402
may include a silicon oxide layer, a silicon oxide layer deposited over a silicon
layer. In vet another embodiment, the material layer 402 may include one or
more lavers of other dieleciric materials utilized to fabricate semiconductor
devices. Suilable examples of the dielectric layers include silicon oxide, silicon
nitride,  silicon oxynitride, silicon carbide, or any suilable low-k or porous
dielectric material as needed. In still another smbodiment, the material layer
302 does not include any metal layers.

[0045] At step 304, a deposition gas mibdure may be supplied inlo the
processing chamber 100, 132 for the deposition process. The deposition gas
mixture includes at least a hydrocarbon gas and an inert gas. In one
embodimeant, hydrocarbon gas has a formula Gy, where x has & range
between 1 and 12 and y has a range of between 4 and 26. More specifically,
aliphatic hydrocarbons include, for example, alkanes such as methang, ethane,
propane, butane, pentane, hexaneg, heplane, oclane, nonang, decane and the
like: alkenes such as propene, ethviene, propylens, butylene, peniene, and the

like; dienes such as hexadiene butadieneg, isoprene, pentadiene and the like;
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alkynes such as acetylens, vinylacetylene and the like. Alicyclic hydrocarbons
include, for  example, cyclopropane, cyclobutane, cyclopentane,
cyclopentadiene, toluene and the like. Aromatic hydrocarbons include, for
example, benzene, styrene, toluene, xyleneg, pyriding, ethylbenzene,
acetophenons, methyl benzoate, phenyl acetate, phenol, cresol, furan, and the
like. Addilionally, alpha-terpinene, cymene, 1,1,3,3,-letramethylbutyibenzene, -
butylether, t-butylethylene, methyl-methacrylate, and t-butylfurfurylether may be
utilized. Additionally, alpha-terpinens, cymene, 1,1,3,3,-
tetramethyibutylbenzene, t-butylether, t-butylethylene, methvi-methacrylate, and
t-bubylfurfurvlether may be selected. In an exemplary embodiment, the
hydrocarbon  compounds are propene, acslylene, ethylene, propylene,
butylenes, toluene, alpha-terpinene. In & particular embodiment, the
hydrocarbon compound is propene (CsHs) or acelylene.

{0050} Alternatively, one or more hydrocarbon gas may be mixed with the
hydrocarbon gas in the deposilion gas mixiture supplied o the process
chamber. A mixture of two or more hydrocarbon gas may be used {o deposit the
amorphous carbon layer.

{0851} The inert gas, such as argon {Ar} or helium {He), is supplied with the
gas mixture into the process chamber 100, 232. Other carrier gases, such as
nitrogen {Ny) and nifric oxide (NO), hydrogen (H;), ammonia {NH3z), a mixture of
hydrogen {(Hy) and nitrogen (N}, or combinations thereof may also be used {o
control the density and deposition rate of the amorphous carbon layer. The
addition of H: and/or NHs may be used o control the hydrogen ralio {e.g..
carbon to hydrogen ratio} of the deposiled amorphous carbon layer. The
hydrogen ratio present in the amorphous carbon laver provides control over
layer properties, such as reflectivity, slress, transparency and densily.

{0852} in one embodiment, an inert gas, such as argon {Ar} or helium (He)
gas, is supplied with the hydrocarbon gas, such as propene (CsHs) or acetylene,
into the process chamber o deposit the amorphous carbon layer. The inert gas
provided in the deposition gas mixture may assist conlrol of the optical and
mechanical properties of the as-deposited layer, such as the index of refraction
{n) and the absorption coefficient (k), hardness, density and elastic modulus of

the amorphous carbon layer to be deposited on the material layer 402.
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{00853} During deposition, the subslrate lemperature may be controlled
between about 300 degrees Celsius and about 800 degrees Celsius. The
hydrocarbon compound, such as propene (CsHg), may be supplied in the gas
mixture at a rale between aboul 200 scom and about 3000 scom, such as
between about 400 scom and about 2000 scom. The inert gas, such as Ar gas,
may be supplied in the gas mbdure at a rate betwesn about 200 scoem and
about 10000 scem, such as about 1200 scem and about 8000 scom. A RF
source power of belween about 400 Watts {o about 2000 Watls, such as 450
Wails o about 1000 Watts may be applied to maintain a plasma formed from
the gas mixture. The process pressure may be maintained at about 1 Tor to
about 20 Torr, such as about 2 Torr and about 12 Torr, for example, about 4
Torr o about 8 Torr. The spacing between the substrate and showerhead may
be controlled at about 200 mils to about 1000 mils. It is noted that the
hydrocarbon gas may be supplied from a remote plasma source, such as the
remote plasma source 177, 271 depisted in Figures 1 and 2, to assist
dissociating hydrocarbon gas (o be supplied for processing. A remote plasma
RF power of between about 50 Walls to about 5000 Walls.

{0054} in one embodiment, the absorption coefficient (k) of the deposited
amorphous carbon layer may be controlled between about 0.2 and about 1.8 at
a wavelength about 633 nm, and between about 0.4 and about 1.3 at a
wavelength sbout 243 nm, and between about 0.3 and about 4.6 at a
wavelength about 193 nm. The amorphous carbon layer 404 may have s
thickness 408 between about 10 nm and about 300 nm.

{0055] At step 308, a RF source power may be applied {o the processing
chamber to form a plasma from the deposition gas mixture. The RF sowrce
power utilized to deposit the amorphous carbon layer may be controlled at a
range that can provide sufficient ion bombardment to dissociate sufficient
carbon elements to be formed in the amorphous carbon layer, so that the
amorphous carbon layer formed on the subsirate 101 may have desired high
film density. It is believed thatl sufficient RF source power ulilized during the
deposition process may provide higher ion bombardment that may enhance

dissociation of the ions from the deposition gas mbdure, thereby increasing
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amounts of carbon elements formed in the amorphous carbon layer, which is
believed to directly improve resuliant film density.

{0056} Al step 308, while applying the RF source power {0 the processing
chamber, dual RF frequency bias power may be supplied o the processing
chamber 1o assist forming a plasma in the deposition gas mixture. The dusl RF
frequency bias power may be applied o an electrode, such as a showerhead
assembly or a substrale, or both disposed in the processing chamber. The dual
RF frequency bias power may be applied with ralic control in the processing
chamber. In the embodiment depicied herein, the dual RF frequency bias power
is applied to & cathode, such as the substrate support assembly 148 or 250
depicted in Figure 1-2 respeciively.

{0057} in one embodiment, a first RF bias power is selected o generale a
bias power at a first frequency of about 2 MHz and the second RF bias power is
selected to generate power al a second frequency of about 60 MHz. The RF
bias powers provide up io aboul 3000 Watls of total RF power in a
predetermined power ratio for the first bias power to the second bias power of
between 1:10 and 10:1. it is believed that the first and the second bias powers
provide bias power to the subsirate 101 that affect the ion distribution and
density formed across the subsirate surface. Adjusting the ralio between the
first bias power and second bias power as supplied to the processing chamber
controls the characteristics and distribution of the plasma. The plasma, having a
characteristic defined by the power ralic of the bias powers, facilitates
depositing an amorphous carbon layer with adjustable film properties formed on
the substrate 101.

[0058] it is believed that the first frequency of the first RF bias power
provides a broad ion energy distribution {e.g., lower frequency). The second
frequency of the second RF bias power provides a peaked, well defined ion
energy distribution {e.g., higher frequency). The first frequency is selected such
that its cycle time is much larger than the transit fime of an ion in the sheath,
while the second frequency is selected such that ifs period approaches or
surpasses the transit ime of the ion in the sheath. These frequencies are also
selected such that when used in conjunction with a third power source provided

by an independently driven electrode (e.g., the showerhead assembly), they are
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not the primary power contributor for plasma ionization and dissociation. The
combined applied voltage of the two frequency RF bias is used o conirol the
peak-to-peak sheath voltage as well as the self-biased DO potential that is used
for deposition. The mixing of the two bias frequencies is used to tune the energy
distribution about this average acceleration generaied by this DC potential.
Thus, utilizing a plasma enhanced processing chamber with a dual frequency
RF bias power, the ion energy distriibution within the plasma can be controlled.
[0059] in one embodiment, a deposition process window is advantageously
widened by mixing a high frequency (e.g., 13.56 MHz, 60 MHz, 162 MHz, or
higher} and a low frequency {e.g., 2 MHz or lower frequency} bias RF signal
with different mixing ratio in a wide total power range. The ralio of the bias
power of the two bias frequencies can be advantageocusly utilized to control the
ion energy distribution and plasma sheath, thereby facilitating the flexibility io
control amount of carbon elements generated in the process chamber and the
bonding energy as formed. If is believed that higher frequency components
have a progressively much more concentrated ion/plasma density while low
frequency component may advantageously provide more ion energy with
vertical and straight ion profiles. By doing so, film properties, with desired film
density along with film stress and film transparency, may be advaniageously
obtained. Furthermore, as the process window in widened, the bonding energy
formed between the carbon elements may be adjusted by selecting different RF
bias power with different RF frequencies at different ratio so that a relalively
desired stress level of the amorphous carbon layer may be obtained. In one
example, when a 50 percent of 2MHz first RF bias power and g 50 percent 60
MHz second bias power is selected, an effective bias power of about 31MHz RF
bias power may be obtained. By manipulating plasma ion distribution and
sheath as generated at different RF bias frequency, a desired film high density
as formed in the amorphous carbon layer with desired low stress level may be
obiained and balanced.

[0060] in one embodiment, a ratio of a first bias power with a first frequency
to the second bias power with a second frequency may be applied o the
processing chamber at between about 1:10 and 10:1, such as between about

8:1 and aboul 1.5, for example about 7:1 and about 1:1. The first frequency is a
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relatively high frequency greater than 10 MHz, such as betwesn about 10.5
MHz and about 200 MHz. The second frequency is a relatively lower frequency
less than 8 MHz, such as between about 0.1 MHz and about 7MHz. The first
RF bias power of between about 100 Watls {0 about 2000 Wails, such as 150
Watls to about 800 Walls may be applied to the processing chamber. The
second RF bias power of between about 100 Watts to about 3000 Walls, such
as H00 Watts to about 2000 Walls, may be applied {o the processing chamber.
{0081} At step 310, an amorphous carbon layer 404 with desired film
properties may be formed on the substrate 101 under the dual RF bias
frequency power deposition process, as shown in Figure 4B. As discussed
above, under dual RF bias frequency along with desired power ralio between
the high and low RF bias frequency, film properiies, with desired film density
along with film stress and film transparency, may be advantageously obtained.
In one embodiment, a film density greater than 1.6 g/cc, such as between about
1.7 gice and about 2.3 glec may be oblained. Furthermore, hydrogen
dissociated from the hydrocarbon supplied in the deposition gas mixiure is also
believed to assist lowering film siress. The hydrogen ions disrupt into the carbon
bonding may change the bonding struciures and/or the bonding energy of the
carbon bonds in the amorphous carbon layer 404, The mount of the hydrogen
termination bonds and the extents of any missing or dangling carbon bonds
included i the sp3 hvbridized carbons or sp2 hybridized carbons affect how
tightly these carbon atoms are nelworked and packed, thus determining film
density and stress. it is believed that dual RF frequency bias modulation may
place hydrogen atoms at places to reduce spd interconnection of carbon atoms,
s0 as {o reduce film stress. Therefore, the hydrogen atoms incorporated into the
carbon bonds may efficiently maintain a lower stress level of the amorphous
carbon layer 404 less than 800 mega-pascal (MPa) compressive, such as
between aboul 800 mega-pascal (MPa) compressive and aboul 100 mega-
pascal {(MPa) compressive

{0083} Other film properties, such as film transparency, are substantially
remained the same. In one embodiment, the absorption coefficient (k) of the
hydrogen implanied amorphous carbon layer 406 may be controlied at between

aboul 0.2 and about 1.8 at 3 wavelength about 833 nm, and between about 0.4
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and about 1.3 at 2 wavelength about 243 nm, and between about 0.3 and about
0.6 at a wavelength about 183 nm.

[0063] Thus, a method for forming an amorphous carbon layer with dual RF
bias frequency having both desired densily and oplical film properties with low
stress are provided. The method advantageously improves the mechanical
properties, such as low stress and high density, of the amorphous carbon layer.
The improved mechanical properties of the amorphous carbon layer provides
high film seleclivity and quslity for the subsequent eiching process while
maintaining desired range of the film flalness and film optical properties, such
as index of refraction (n) and the absorption coeflicient (K}, for the subsequent
lithography process.

(8084} While the foregoing is directed to embodiments of the present
invention, other and further embodiments of the invention 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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What is claimed is:

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

forming a plasma of a deposilion gas middure including a hydrocarbon
gas supplied in a processing chamber by application of a RF source power;

applying a low frequency RF bias power and a high frequency RF bias
power to g first electrode disposed in the processing chamber,

controfling & power ratio of the high freguency to the low frequency RF
bias power; and

forming an amorphous carbon layer on a substrale disposed in the

processing chamber.

2. The method of claim 1, wherein forming a plasma of a deposition gas
mixture further comprises:
applying the RF source power to a second eleclrode located on an

opposite side of the substrate relalive to the first elecirode.

3. The method of claim 1, wherein the first electrode is disposed in a

substrate.

4. The method of claim 2, wherein the second electrode is a showerhead

assembly.

3. The method of claim 1, wherein a power ratio of the high frequency o the

low frequency RF bias power is conirolled between about 1:10 and about 10:1.

B. The method of claim 1, wherein the high frequency RF bias power has a

frequency greater than 10 MHz.

7. The method of claim 1, wherein the low freguency RF bias power has a

frequency less than 8 MHz.
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8. The method of claim 1, wherein the high frequency RF bias power is at
between about 100 Watls o about 2000 Walls.

g. The method of claim 1, wherein the low frequency RF bias power is at
between aboui 100 Walls to about 3000 Walls, such as 500 Watts fo about
2000 Walls, may be applied to the processing chamber.

10, The method of claim 1, wherein the deposition gas mixiure including the
hydrocarbon gas is supplied from a remote plasma source into the processing

chamber.

11. The method of claim 1, wherein a power ratio of the high frequency io the

low frequency RF bias power is controlied belween about 7:1 and about 1:1.

12.  The method of claim 1, wherein the amorphous carbon layer has a film

density greater than 1.6 g/cc.

13. The method of claim 1, wherein the amorphous carbon layer has a film

stress less than 800 mega-pascal (MPa) compressive.

14. A method of forming an amorphous carbon layer, comprising:

forming a plasma in a deposition gas mixture including a hydrocarbon
gas supplied in a processing chamber having a substrate disposed therein;

applying a low frequency and a high frequency RF bias powers at a ratic
between about 1:10 and about 10:1 o a first electrode disposed in the
processing chamber; and

forming an amorphous carbon layer on the substrale disposed in the
processing chamber, the amorphous carbon layer having a density greater than

than 1.6 g/cc and a siress less than 800 mega-pascal (MPa) compressive.
15, The method of claim 14, wherein the high frequency RF bias power has g

frequency greater than 10 MHz and the low frequency RF bias power has a

frequency less than 8 MHz.
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