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(57) Abstract: A deposited amorphous carbon film includes at least 95% car-
bon. A percentage of sp3 carbon-carbon bonds present in the amorphous carbon
film exceeds 30%, and a hydrogen content of the amorphous carbon film is less
than 5%. A process of depositing amorphous carbon on a workpiece includes
positioning the workpiece within a process chamber and positioning a magnetron
assembly adjacent to the process chamber. The magnetron assembly projects a
magnetic field into the process chamber. The method further includes providing
a carbon target such that the magnetic field extends through the carbon target
toward the workpiece. The method further includes providing a source gas to the
process chamber, and providing pulses of DC power to a plasma formed from
the source gas within the process chamber. The pulses of DC power are supplied
in pulses of 40 microseconds or less, that repeat at a frequency of at least 4 kHz.
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HIGH DERSITY, LOW STRESS AMUORPHUOUS CARBON FILM, AND PROCESS
AND EQUIPMENT FOR I'TS BEPOSITION

CROSS REFERENCE TO RELATED APPLICATIONS
{80661] This application claims the benefit of U.S. Provisional Patent Application No.
62/377,325, {ifed August 19, 2016, and U.S. Patent Application No.: 15/600,247 filed May
19, 2017, which the entire disclosure of which is incorporated by reference herein for all

purposes.
TECHNICAL FIELD

[0082] The present disclosure applies broadly to the field of processes and equipment
for depositing {ilms, and the filims themselves. More specifically, sputiering systems and
methods for depositing high density, low stress amorphous carbon films on a workpiece are

disclosed.

BACKGROUND

18063] Integrated circuits and other semiconductor products are often fabricated on

surfaces of substrates called “wafers.” Semuconductor wafer sizes have increased while

eature sizes have decreased significantly over the vears, so that more integrated circuits with
greater functionality can be harvested per wafer processed. Typical wafer diameters
mereased from about 2 or 3 inches in the 1970s {0 12 inches or more in the 2010s. Over the
same time frame, typical mimimum feature sizes of commercial integrated circuits decreased
from about 5 microns to about 0.015 microns. Processing smaller features while wafers grow
targer requires significant improvemenis in many types of processing capabilities. For
exarnple, for lithographic systems to become capable of printing the smaller features, wafers
have had to become much flatter as they have become larger, and film deposition and etch

processes have had to improve in umiformity .

[8084] Some waler processing includes eiching of layers that are masked by
photoresist, which can be patterned by projecting light through a stencil or mask. However,
etching thick and/or multiple lavers can erode photoresist, which can degrade precise
geometric control of the eiched lavers. One technique used to maintain geometric control

over etched layers is (o pattern a “hardmask”™ layer atop the layer {o be etched. The patterned



W

10

20

Y]
A

WO 2018/034811 PCT/US2017/043930

hardmask layer can better withstand etching, as compared to photoresist, so that geometric

control of the etched lavers can be maintained.

18065] Amorphous carbon has been considered for use as a hardmask laver, but
present techniques for amorphous carbon deposition often result in films with one or more of
low density, low percentage of bonds within the amorphous layer that are sp3 bonds, high
hydrogen content and/or high siress. Each of these characteristics can be problematic. Sp3
bonds are the type of carbon-carbon bonds that are present in the diamond form of carbon,
while sp2 bonds are the type of carbon-carbon bonds that are present in graphite. Low film
density and/or low sp3 carbon-carbon bond percentage can result in poor etch selectivity with
respect to underlying layers, which can defeat the purpose of using a hardmask. Also, some
present svsterns for depositing amorphous carbon are chencal vapor deposition (CVD)
systems that decompose hvdrocarbon precursors, which results in high hydrogen content in
the deposited carbon film. Hydrogen content of CVD films can be as high as 20% to 70%.
This also promotes poor etch selectivity with respect to underlying layers, and can cause
other process mtegration issues due to the tendency of hydrogen to migrate into adjacent
structures. High siress can cause issues such as film peeling (causing particulate
contamination that can, in turn, cause masprinting of etched features) and/or wafer warpage
{(which degrades wafer flatness, leading to lithography focus related issues and loss of
geometric control in printing}. Undesirably high temperatures may also occur during CVD
processing. In many processes that deposit amorphous carbon, certain process changes aimed
at process improvement such as improving density, sp3 carbon-carbon percentage and/or

improving {(that is, reducing) hydrogen content, tend to mcrease film stress.

SUMMARY

{8006] In an embodiment, a deposited amorphous carbon film mcludes at least 95%
carbon, a percentage of sp3 carbon-carbon bonds present in the amorphous carbon film

exceeds 30%, and a hvdrogen content of the amorphous carbon film 15 less than 5%.

[80667] In an embodiment, a high power impulse magnetron sputiering system
includes a process chamber, a padestal configured to position a workpiece within the process
chamber, a magnetron assembly, a gas supply svstem and a power supply that provides pulses
of DC power to a plasma within the process chamber. The magnetron assembly includes a
backing plate, first magnets that have their north poles coupled with the backing plate, a

south pole piece coupled with south poles of each of the first magnets, second magnets that
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have their south poles coupled with the backing plate, a north pole piece coupled with north
poles of each of the second magnets, with the north pole piece and the south pole piece
spatially separated so as to project a magnetic field across one or more gaps between the
north pole piece and the south pole piece, a magnetron assembly surround that is configured
to envelop, and to circulate a heat exchange fluid around, the magnetron assembly, and a
carbon target disposed on a surface of the magnetron assembly swrround such that the
magnetic field projects through the carbon target. The gas supply svstem provides a source
gas to the process chamber. The power supply provides pulses of BC power {0 a plasma
formed from the source gas within the process chamber. The pulses of DC power are
supplied in pulses of 40 microseconds or less, and the pulses are repeated al a frequency of at

least 4 kHz

{0008 In an embodiment, a process of depositing an amorphous carbon filmon a
workpiece includes positioning the workpiece on a pedestal within a process chamber and
positioning a magnetron assembly within a magnetron assembly surround adjacent to the
process chamber. The magnetron assembly includes a south pole piece and anorth pole piece
arranged so that the north pole piece and the south pole piece project a magnetic field across
one or more gaps between the north pole pilece and the south pole piece. The method further
mncludes couphing a carbon target with the magnetron assembly surround such that the
magnetic field extends through the carbon target toward the workpiece, and the carbon target
is electrically coupled with the magnetron assembly surround. The method further includes
providing a source gas to the process chamber, and providing pulses of DC power (0 a plasma
formed from the source gas within the process chamber. The pulses of DC power are

supplied in pulses of 40 microseconds or legs, that repeat at a frequency of at least 4 kHz,

BRIEF DESCRIPTION OF THE DRAWINGS

[866%] FIG. 1 schematically iHlustrates major elements of a processing svstem,
according to an embodiment.

[8016] FIG. 2 1s a more detailed schematic cross-sectional illustration of a process
chamber and a sputtering apparatus as portions of the processing system of FIG. 1, according
1o an embodiment.

[8011] FIG. 3 illustrates the magnetron assembly 265 shown in FIG. 2, in still greater

detail, according to an embodiment.

(53
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{98012] FIG. 4 15 a bar chart illustrating an sp3 carbon-carbon bond percentage
increase in films deposited using HiPIMS deposition using a cyclic mode, relative to
amorphous carbon films that are deposited using continuous HiPIMS deposition, or by

cherical vapor deposition (CVD), according to an ernbodiment.

[8013] FIGS. 5 and 6 show scanning electron microscope {SEM) cross-sections that
iHustrate the superior performance of an amorphous carbon film deposited according to the
techniques herein, as compared with performance of a CVD amorphous carbon film,

according to an embodiment.

{0014} FIGS. 7, 8, 9 and 10 are SEM micrographs that illustrate how filmm granularity

and refractive index vary with deposition temperature, according to embodiments.

18015] FIG. 11 1s a flowchart of a method of depositing an amorphous carbon film on

a workpiece, in accord with an embodiment.

DETANWED DESCRIPTION

[8016] The present disclosure may be undersiood by reference to the following
detailed description taken in conjunction with the drawings described below, wherein like
reference numerals are used throughout the several drawings to refer to similar components.
It is noted that, for purposes of illustrative clarity, certain elements 1n the drawings may not
be drawn to scale. Specific instances of an item mayv be referred to by use of a numeral in
parentheses {e.g., north pole ptece 258(1} and south pole pieces 258(2) )} while numerals
without parentheses refer to any such tiem (e.g., pole pieces 258). In instances where
multiple instances of an item are shown, only some of the instances may be labeled, for

clarity of tHustration.

[8017] Embodiments herein provide new and uselud {unctionality for processing of
wafers and other workpieces. Processes and equipment now described are capable of
depositing films of amorphous carbon that simultaneousily have high density, a high sp3
carbon-carbon bond percentage, fow stress and are extremely low in hydrogen. FIG. 1
schematically iltustrates major elements of a processing system 100, System 10015 a
HiPIMS (High Power Impulse Magnetron Sputtering) system for depositing amorphous
carbon, and includes custom hardware such as a sputtering apparatus 180, discussed below, 1o
produce the film characteristics noted. Svystem 100 13 depicied as a single wafer,

semiconductor wafer processing system, but 1t will be apparent to one skilled in the art that
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the technigues and principles herein are applicable to similar processing systems that process
workpieces of other types, not necessarily wafers or semiconductors). It should also be
undersiood that FIG. 1 1s a diagram intended to illustrate selected, major elemenis of system
100 schematically; accordingly, an actual processing system will look different, will be
arranged differently and will likely contain additional elements ag comparad with svstem 100

as shown in FIG. 1.

[8018] Processing system 100 15 serviced by one or more uiilities such as process
flud(s) 10 {e.g., gas sources), external power 20, vacuum 30 and heat exchange fluid(s) 35.
Processing system 100 includes a housing 110 and an interface 115 that receives workpieces
30 from external sources, and positions them within a process chamber 160, {Throughoul the
discussion below, workpieces 50 are assumed to be wafers, but any other type of workpiece
may be processed.) Processing system 100 may also include a user interface 145, and a
system coniroller 135 that typically includes a microprocessor, memory and the like, may
take input from user interface 145 and/or other sources, and provides computer based control
over the hardware elements of processing svstem 100, Controller 135 may interface with
external networks and/or computers over one or more data links 40 that may be physical
{wires or optical conneclors) or wireless connections. Processing systern 100 may also
include one or more internal power supplies 150 that transform or condition power supplied

by external power 20 for use by the hardware elemenis of the system.

[0019] Process chamber 160 receives each wafer 50 onto a pedastal or wafer chuck
170 that mcludes at least a puck 175 that supporis wafer 50, Wafer 50 is physically
positioned on, and 1in embodiments is heated, cooled and/or secured by, puck 175, Wafer
chuck 170 is also, in embodiments, configured to manipulate wafer 50 for access to wafer
handling tools. For example, in embodiments, wafer chuck 170 may raise or lower puck 175
to receive walfer 50 thereon, and subsequently lower or raise puck 1735 to another height for
processing, or the reverse. In these or other embodiments, wafer chuck 170 may include
actuaiors that raise or lower wafer 50 relative to a top surface of puck 175, such as Lift pins that
can exiend from or retract within puck 175, such that a wafer tool may be inserted between
wafer 50 and the top surface. Wafer chuck 170 mav also include electrical connections with
puck 175 for electrostatic clamping of wafer 50. Wafer chuck 170 may also include flnd

connections {e.g., {0 a circulating heat exchange fluid) for temperature conirol of puck 175,
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9028] Depositing films of amorphous carbon that simultaneously have high density,
a high sp3 carbon-carbon bond percentage, low stress and are extremely fow in hydrogen on
workpieces other than wafers 13 also considered within the scope of the present disclosure,
Thus, characterization of the chucks herein as “wafer chucks” for holding “wafers” should be
understood as equivalent to chucks or pedestals for positioning workpieces of any sort, and

“wafer processing systems” as similarly equivalent to any “processing systems.”

[08021] Although FIG. 1 illustrales processing sysiem 100 as inclading certain
elements “mside” the outline that denotes a single housing 110, it 1s understood that some of
these elements may be remotely situated, may be disposed in multiple housings, may exist in
multiples within system 110, and/or may be shared with other processing systems. For
exarnple, housing 110 may include process chamber 160 and sputtering apparatus 180, with
other elements such as the system controller 135, user interface 145 and power supplies 150
disposed at remote locations and connected by electronic, optical, radio frequency and/or free
space optical methods. Similarly, although gas sources 10, power 20, vacuum 30 and heat
exchange fluids 35 are tlustrated as remotely situated, these elements could also be provided
within housing 110, Multiple process chambers 160 may exist within a single system 100,
and may be served by single or multiple instances of controller 135, user interface 145,
and/or wafer 1nterface 115. Housing 110 may be configured for “bulkhead” mstallation with
a cleanroom wall, wherein certain portions of system 100 are accessible on a first side of the

wall and other portions are accessible on a second side of the wall.

[8022] Sputtering apparatus 180 may be mitegrated with process chamber 160,
Sputtering apparatus 180 includes a carbon target that is bombarded by a plasma, the action
of which tears carbon atoms from the target; some of the carbon atoms deposit on water 30,
while others of the carbon atoms deposit on other surfaces of process chamber 160.
Sputiering apparatus 180 also includes a magnetron that focuses the plasma inio a
predeterruined pattern against the carbon target, and optionally includes a roechanism that
moves and/or rotates the magnetron within apparatus 180 so that the sputtering action on the

target and the film coverage on wafer 50 are uniform, as explained {further below.

[8023] FIG. 2 15 a more detailed schematic cross-sectional llustration of process
chamber 160 and sputiering apparatus 180 as portions of processing system 100, and
iHustrating exemplary component parts thereof. FIG. 2 is not drawn to scale; certain

components therein are exaggerated or diminished 1n size, not every instance of each
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component is shown and/or labeled. and not all intemal connections among components are
shown, for tlustrative clarity. Simlarly the divisions indicaied between process chamber 160
and sputtering apparatus 180 are arbitrary; process chamber 160 and sputtering apparatus 180

may be physically implemented without a clear physical distinction between the parts thereof.

{0024} Within processing system 100, process chamber 160 includes sidewalls 202
and a bottom wall 204, Sidewalls 202 and bottom wall 204 are typically fabricated from
stainless steel or aluminum (or alloys thereof); for example sidewalls 202 may include
alumimum while bottom wall 204 includes stainless steel. When processing system 10015 a
wafer processing system, sidewalls 202 may be generally cylindrical and bottom wall 204
may be generally round, (o match the geometry of a wafer disposed on puck 175, however
other shapes of sidewalls 202 and bottom wall 204 may be preferred when other workpieces
are to be processed. Sidewalls 202 may form an opening (out of the cross sectional plane
tHustrated in FIG. 2) through which a workpiece such as wafer 50 mav be moved in and out
of process chamber 160, Sidewalls 202 and bottom wall 204 are typically maintained at
ground potential. A grounded shield 210, that helps to confine a plasma formed during
operation of sputtering apparatus 180, couples with sidewalls 202 A processing region 200,
above the Hustrated level of wafer 30, is configured to process wafer 50; a shaft 172 15
capable of raising wafer 50 from the position shown to a processing posttion within region
200. As shaft 172 raises wafer 50 into the processing position, a deposition ning 177 lifis a
cover ring 212 to further confine the plasma within region 200, Puck 175 may be
substantially flat and parallel with a target 240 of spultering apparatus 180, to provide
thermal comununication between wafer 50 and puck 175, and so that sputtering products from
target 240 are received untformly at wafer 50. Puck 175 may include a dielectric upper
surface and may include electrodes such as electrodes 1784, 178B that are operable through
application of a DC voltage to electrostatically clamp water 50 to puck 175 to mantain
thermal communication and parallelism of wafer 50 with target 240. Chuck 170 may also
include fhud connections 176A, 1768 1o circulate heat exchange fluid for temperature control
of puck 175, Chuck 170 may also include circuitry 179 for estabhishing and/or monitonng
electrical bias of puck 175 with respect to other components of charnber 160, Process
chamber 160 is sealable such that if can be evacuated by a vacuum pump 30; a gas source 10

is also provided.
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[98025] Sputtering apparatus 180 may be disposed above process chamber 160, as
shown in FIG. 2, although this is not required. When sputtening apparatus 180 is disposed
above process chamber 160, it may be configured as a lid assembly with a hinge or other
mecharisro that allows it to be removably lifted from process chamber 160 for cleaning or
other maintenance purposes. An overall shape of sputtering apparatus 180 generally
corresponds 1o a shape of process chamber 160 {e.g., round, when wafer 50 is the intended
workpiece). Sputtering apparatus includes target 240, a magnetron assembly 265, a
magnetron surround 270 and an optional motor 275, Target 240 is typically formed of the
graphite form of carbon {e.g., the carbon is bonded with sp2 bonds) and ts bonded to a

metallic plate that couples with peripheral walls of magnetron surround 270

[8026] Magnetron surround 270 and target 240 operably couple with a HiPIMS
pulsed direct current (DC) power supply 150(1). In embodiments, power supply 150(1}
provides pulses of extremely high DC power to target 240 with respect to process chamber
160. For example, while power supply 150(1) operates, a DPC voltage 151 i3 generated, and a
switch 152 closes briefly, providing DC power into pulses that are less than 40 ruicroseconds
in duration. If a high pulse frequency is used, pulse length mav be 35 microseconds, 33
microseconds, 30 microseconds, 25 microseconds, 20 microseconds, duraiions intermediate
to these values, or shorter durations. Closure of swiich 152 repeats at intervals, so that power
supply 1530(1) provides pulses of power delivered at a frequency that is generally between 20
Hz 1o over 40 kHz. That is, the actual pulse repetition frequency may be set at 20 Hz, 40 Hz,
75 Hz, 100Hz, 200Hz, 400Hz, S00Hz, 300Hz, 1kHz, 2kHz, 4 kHz, S kHz, 8 kHz, 10 kHz, 15
kHz, 20 kHz, 25 kHz, 30 kHz, 35 kHz 40 kHz or higher, or frequencies intermediate to those
specifically noted. The duration of the power pulses and/or the frequency of repetition of the
pulses may be established through hardware or firmware of power supply 150(1}, or may be
controlled through system controller 135 (FIG. 1), DC voltage 151 is typically in the range
of -500V 1o -2000V, and ofien in the range of -1200V 1o -1600V. HiPIMS power supplies
often provide high power DC pulses of a given pulse duration, such that increasing the
frequency with which the pulses are delivered increases the net duty cycle, that s, provides a
higher ratio of time that the high DC power 1s on to the time that the high DC power is off.
The higher net duty cycle improves both deposition time and filn quality, as discussed

below,



W

10

15

20

WO 2018/034811 PCT/US2017/043930

{9027] It may be advantageous to provide connections betweaen power supply 150(1)
and magnetron surround 270 that are elecincally as clean as possible, io maximize the
amount of power delivered in a very brief pulse. Because the cuwrent driven by power supply
150(1) may be on the order of 100A during pulses, cable 154 that brings the power from
power supply 150(1) to target 240 may be a custom cable featuring an inductance in a range
of 0.02nH/ft to 75nH/ft. The length of cable 154 shown in FIG. 2 1s not to scale; cable 154
may be very short or much longer (e.g., so that a single power supply 1501} can be located at
any distance from spuitering apparatus 180 and/or process chamber 160}, For example,
power supply 150(1) may be disposed remotely from processing svsiem 100 (and in some
cases a single power supply 150(1) may be a shared resource across several processing
gystems 100}, At sputiering apparatus 180, the conductor that carries the power pulses enters
magnetron surround 270 through a feedthrough 272 to connect with backing plate 242 and

target 240,

[8028] As shown in FEG. 2, an isolator 260 insulates magnetron surround 270 and
target 240 {from sidewalls 202 of process chamber 160 so that power supply 150(1) can bias
magnetron surround 270 and target 240 with respect to process chamber 160. Magnetron
surround 270 and at least a backing plate 242 of target 240 form an enclosure through which
a heat exchange fluid 335 passes to remove heat generated by target 240 and/or components of
magnetron assembly 265 during operation, as discussed below. Heat exchange fhuid 35 may
be water or a glveol/water mix, and may be supplied at a temperature of 10C to 25C, or more

specifically within a range of 15C to 22C.

[08029] FIG. 3 illustrates magnetron assembly 265 in greater detail, in an angled view
from below as compared with the side view shown in FIG. 2. A base plate 252 connects with
a rod 254 (hidden in the view of FIG. 3, but shown in FIG. 2). When present, optional motor
275 1s capable of rotating rod 254 and magnetron assernbly 263 n a direction noted as R in
FIG. 2. A plurality of lugh strength magnets (e.g., neodymum iron boride magnets) 256(1),
256(2} extend between pole pieces 258(1}, 258(2) and base plate 252. Magnets 256(1},
256(2) are alike but placed in sets having opposite polarity from one another. That is, for
example most or all of maguoets 256(1) have thewr south poles facing base plate 252 and their
north poles facing north pole piace 258(1}, and most or all of magnets 256({2) have their north
poles facing base plate 252 and their south poles facing south pole piece 258(2), or vice

versa. {In certain embodiments, some magnets face in the opposiie direction as compared

9
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with other magnets attached to the same pole piece, for the purpose of locally altering the
magnetic fields.) Thus, magnetron assembly 265 establishes a pattern of magnetic field lines
between north and south pole pieces 258(1), 258(2). The spiral patterns formed by gaps

between pole pieces 258 may be referred to as racetrack 259,

{0038] When installed in proxinuty to target 240, the magnetic field lines extend
through target 240 into processing region 200 so that the plasma generated therein 1s wrged
ito proximuty to target 240. In cases where magnetron assembly 265 is static (that s, rod
254 does not rotate magnetron assernbly 265} the plasma will be confined to areas within
processing region 200 that are directly across the surface of target 240 from racetrack 259,
such that the target material will erode in a pattern matching racetrack 259, However, in
maost cases motor 275 will drive rod 254 so that magnetron assembly 265 rotates, sweeping the
magnetic fields of magnetron assembly 265 across target 240, promofing deposition uniformity
and even wear of target 240, In embodiments, magnetron assembly 265 rotates at a rate that is
sufficient to provide at least several revolutions during each deposition cycle, such as a rate
of 40 to 150 revolutions per munute, or more specifically 40, 50, 63, 80, 100, 115, 130 or 150

revolutions per minute.

{8631] In use, a workpiece such as wafer 50 is loaded onto chuck 170 and brought to
a process position within process chamber 160. The process position of wafer 50 is typically
within the range of 20 to 100 mm frorm target 240, such as for example 20, 30, 40, 50, 60, 70,
80 or 100 mm from target 240, and may be adjusiable within a range {e.g.. may be set at any
T increment from 40 to 60 mm). Process chamber 160 is at least partially evacuated by
vacuum pump 390, and gas source 10 admits a process gas therein. At least power supply
150(1) provides power t0 magnetron swround 270 and target 240, and a plasma forms from the
process gas within process chamber 160, The magnetic field from magnetron assembly 265
concentrates the plasma near target 240, as explained above., Energetic atoms {rom the
plasma strike and knock carbon atoms out of target 240. Some of the carbon atoros land on the

workpiece and form a film thereon.

{0032] The present inventors have found a combination of process conditions that
unexpectedly provides a deposited amorphous carbon film with high density, high sp3
carbon-carbon bond percentage, low hydrogen content and fow stress. For example, density
of the deposited amorphous carbon film may be between 2.0 - 2.4 grams/cm’. Sp3 carbon-

carbon bond percentage can be higher than 30%, and in some cases, higher than 40%. (Sp3

10
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content can be calculated from a Raman shift spectrum of a deposited film by deconvoluting
the G and D peaks of the film, determining the wavenumber wg of the G peak in cm™, and
using the formula: Sp3 content = 0.24 - 48.9 (05/10000 ~ 0.1580). y Related film parameters
such as Young's modulus and hardness of the fili are also high, as thev correlate to density
and sp3 carbon-carbon bond percentage. The deposited amorphous carbon film may have a
Young's modulus exceeding 190GPa (sometimes exceeding 200 GPa) and a hardness
exceeding 17 GPa (sometimes exceeding 18 GPa). Because the amorphous carbon film s
generated by sputtering a carbon target (e.g., not by decomposition of a hvdrocarbon} the
amorphous carbon film is at least 95% carbon, often 98% or 99% carbon, and hvdrogen
content may be very low, for example, less than 5%, less than 2% or less than 1%. Stress in
the armorphous carbon film 1s also low as compared with arsorphous carbon films having
equivalent density that are deposited by other means. Stress in the film remains related to the
thickness of the film, with thinner films exhibiting relatively higher stress than thicker films.
For example, films deposited using the present techmques that are within a thickness range of
R00A to 1200A may have a compressive stress that is less than 350 MPa or sometimes less
than 300 MPa, while films within a thickness range of ¢.8um to 1.2um may have a
compressive stress that 1s less than 300 MPa, sometimes less than 240 MPa or less than 200

MPa.

{0033] HiPIMS deposition tends fo heat both target 240 and wafer 50. However, it 1s
believed that keeping target 240 and/or wafer 30 cool during deposition are advantageous for
fitm quality, possibly because the wafer and flm will not undergo a large temperature change
to revert to room temperature after the deposition 1s complete. Both target 240 and/or wafer
50 can be maintained at cooler temperatures by operating power supply 150(1} in a cychic
mode, alternating “on-periods” {when HiPIMS deposition occurs) with “off-periods.” Here,
the on-pertods are time periods on the order of seconds that the HiPIMS power supply cyveles
with the pulse lengths and frequencies discussed above, not the brief momenis between
HiPIMS power pulses. The off-periods are periods of time when no deposition occurs.
Using the cyclic mode, in the on-periods, heat exchange fluid 35 in magnetron surround 27¢
reduces the temperature of target 240, and the cooling apparatus within puck 175 reduces the
temperature of wafer 50. The present inventors have found that it is important to cool both
puck 175 and target 240. Cooling only puck 175, but allowing target 240 to mcrease in

temperature, may result in heat radiating from target 240 back to workpiece 50 on puck 175
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Also, high temperature mav damage target 240. Typical cyclic mode parameters alternate
on-periods of 30 seconds to 2 minutes, with off-periods of 5 seconds {0 one mimite. Cooling
efficacy of both magnetron surround 270 and puck 175 may affect the length of off-pertods
needed for cooling; that is, when the respective cooling systems are capable of cooling
rapidly, the off-periods can be shortened. Increasing the net duty cycle during which the
HiPIMS DC power s on, for example by increasing frequency with which fixed-duration DC
pulses are delivered, also appears to increase the need for cooling. Typical setpoints for the
temperature of puck 175 may be within the range of -20C to 200C, and n particular within
the range of -20C to 50C. Process controls for implementing the cycling of power supply
150¢1) and setpoints {or temperature conirol of magnetron surround 270 and puck 175 may be
implersented through svstem controller 135 (FIG. 1). A film with high density and high sp3
carbon-carbon bond percentage can be generated using the cyclic mode, while maintaining fow

stress in the film.

{0034} Another significant factor contrnibuting to high sp3 bond percentage in the
deposited film is use of krypton as at least part of the source gas from which the plasma s
formed. Argon is typically used as a source gas for spuitering processes, but krypion is much
more expensive. But krypton, while expensive, has about double the atomic weight of argon.
The higher atomic weight of krypton provides higher kinetic energy with each iropact of a
source gas atom upon target 240, so as to efficiently dislodge carbon atoms from target 240.
Similarly, because of the higher kinetic energy per impact, it is believed that krypton
imcreases a percentage of carbon atoms that are dislodged as single atoms, rather than bonded
multiples. Reducing the number of carbon atoms coming from target 240 as sp2-bonded

multiples, helps raise the percentage of carbon sp3 bonds in the resulting film.

{8635] FIG. 4 15 a bar chart ittustrating the sp3 carbon-carbon bond percentage
mcrease in films deposited using HiPIMS deposition using cyche mode, relative to amorphous
carbon filns that are deposited using continuous HiPIMS deposition, or by chemical vapor
deposition {CVD). The sp3 carbon-carbon bond percentages are extracted from a Raman
spectrum of each film, as discussed above.

[8036] FIGS. 5 and 6 show scanning electron microscope {SEM) cross-sections that
iHustrate the superior performance of an amorphous carbon film deposited according to the

techniques herein, as compared with performance of a CVD amorphous carbon film.

HiPIMS films deposited according to the techniques herein, and CVD films, were used as

12
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hardmask layers for deep etching of oxide-polysilicon {OP} layers to form contact holes.
Thicknesses of the HiPIMS and CVD hardmask layers and the OP layers were comparable,
and the composition of the OP layvers and etch recipes used were identical, for the HiPIMS and
CVD samples. In each of the series shown in FIGS. 5 and 6, SEM micrograph (A) depicts an
amorphous carbon hardmask layer that has been masked (with identical sized and shaped
patterns) using photoresist, and etched through the hardmask layer only. In each series,
micrograph (B) depicts the structure after the photoresist is removed and after 10 seconds of
oxide-polysilicon etch; micrograph (C) depicts the structure after 60 seconds of oxide-
polysilicon eich; micrograph (D) depicts the structure after 240 seconds of oxide-polysilicon
etch; and micrograph (E) depicts the structure after 240 seconds of oxide~polysilicon etch.
Reference lines that extend through all nucrographs (A} through (E) in each series denote the
original surface and botiom of the hardmask layer. Where measurable, micrographs (B)
through (E) indicate depth of removal of the OP laver and the hardmask layer, and the ratio of

the two, that 15, the etch selectivity of the hardmask layer over the OP layer.

{0037} The removal depths of the hardmask and OP layers, and the corresponding
etch selectivities, are summarized in Table 1 below. One skilled in the art will appreciate not
only the superiority of the HiPIMS hardmask laver as measured by selectivity that is nearly
double that of the selectivity for the CVD hardmask layer, but also the fact that dimensional
stability is maintained much better by the HiPIMS layer than the UV layer (that 1s, the
etched OP features rematn nearly as wide as the original patiern in the hardmask layer, FIG.

6, as compared with the corresponding OP features shown in FIG. 5).

Micrograph H ardmgsk OP layer Hardmask Selectivity
~ deposition removal removal hardmask OF
5(B) CVD 661A Mot Not
measurable | measurable
5¢C) CVD 3602A 6344 1:5.7
5 (D) CVD 1.30um 33324 1:3.9
5 (B} CVD L7 um 4465 A 1:3.8
6 (B) HiPIMS 540A Mot Not
measurable | measurable
6 () HiPIMS 3710A 269A 1:13.8
6 (D) HiPIMS 1.20um 1693A 17.0
6 (E) HiPIMS 1.74um 2685A 1.65

ever gxide polysilicon (OP) lavers
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{0038} FIGS. 7, 8, 9 and 10 are SEM micrographs that illustrate how filmm granularity
and refractive index vary with deposition temperature. Each of FIGS. 7, 8, 9 and 10 shows
an amorphous carbon layer deposiied on an underlying structure (featureless gray area at the
bottom of each micrograph). The carbon layers deposited in FIGS. 7, 8, 9 and 10 were
deposited at successively lower temperatures T4, T3, T2 and T1 and respectively. A white
bar on each micrograph indicates a measured thickness of the deposited layer. Refractive
ndex (R} of each sample 1s provided in the lower left comer of each micrograph. The FIG.
10 sample, deposited at the lowest temperature T1, 15 the smoothest and has the highest RI,
while the FIG. 7 sample, deposited at the highest temperature T4, is the grainiest and has the
towest RI. The FIG. 10 sample would generally be judged the most suitable fora
semiconductor hardmask application, based on its highest density (as inferred from s highest

RI} as well as its smooth morphology.

[0039] FIG. 11 is a flowchart of a method 300 of deposiiing an amorphous carbon
film on a workpiece. Tn 310, the workpiece is positioned within a process chamber. An
example of 310 is posttioning wafer 50 on pedestal or wafer chuck 170, FIG. 2. Optionally, a
temperature of the pedestal 1s controlied within a range of -20C to 50C. In 320, a magnetron
assembly is positioned within a magnetron assembly surround adjacent (o the process
charober, such that north and south pole pieces of the magnetron assembly project a magnetic
field. An example of 320 is positioning magnetron assembly 265 within magnetron assembly
surround 270, FIG. 2. Optionally, a heat exchange fluid is provided at a temperature within
the range of -10C to 25C, within the magnetron assembly surround, to regulate temperature
of the magnetron assembly. An exarople of this is providing heat exchange fluid 35 within
magnetron assembly swrround 270, FIG. 2. In 330, a carbon target couples with the
magneiron assembly swrround adjacent to the process chamber, such that the magnetic field
from the magnetron assembly extends through the carbon target. An example of 330 1s
coupling carbon target 240 with a backing plate 242, FIG. 2, with carbon target 240 heing
adjacent io process chamber 160, an opposite side of backing plate 242 being adjacent o
magnetron assembly 265 within magnetron assembly surround 270, In 340, a source gas is
provided to the process chamber. Optionally, krypton 1s at least a portion of the source gas.

An example of 340 is providing a source gas to process chamber 160, FIG. 2.

{0848} In 350, pulses of BC power are provided in pulses of 40 microseconds or less,

repeating at a frequency of at least 4kHz, to a plasma within the process chamber. An
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example of 350 is HiPIMS power supply 130(1) providing pulses of DC power to a plasma
within process chamber 160, FIG. 2. Optionally, the pulses of BC power are provided at a
hgher frequency, such as but not limited o at least 30kHz.  Also, optionally, the BC power is
pulses are provided during on-periods of 30 seconds to 2 nunutes, alternating with oft-periods
of 5 seconds to one minute, where the DC power pulse turns off, to promote cooling of the

workpiece and the carbon target.

{0841} Having described several embodiments, it will be recognized by those of skill
in the art that vanous modifications, alternative constructions, and equivalenis may be used
without departing from the spirit of the invention. Additionally, a number of well-known
processes and elements have not been described in order (o avoid unnecessarnily obscuring the
present invention. Accordingly, the above description should not be taken as imiting the

scope of the invention.

[8042] Where a range of values is provided, it is understood that each intervening
value, to the tenth of the umt of the lower hmit undess the context clearly dictates otherwise,
between the upper and lower limits of that range 1s also specifically disclosed. Each smaller
range between any stated value or intervening value i a stated range and any other stated or
intervening value in that stated range is encompassed. The upper and lower himits of these
smaller ranges may independently be included or excluded in the range, and each range
where either, neither or both limuts are included m the smaller ranges 1s also encompassed
within the mvention, subject to any specifically excluded limit in the stated range. Where the
stated range includes one or both of the himits, ranges excluding etther or both of those
ncluded limits are also included.

[IPNTINT

[8043] As used herein and n the appended claims, the singular forms "a", "an”, and
"the" include plural referents unless the context clearly dictates otherwise. Thus, for
example, reference o "a process” includes a plurality of such processes and equivalents
thereof known 1o those skilled i the art, and so forth. Also, the words "comprise,”
"comprising.” "include.” "including * and "includes” when used in this specification and in
the following claims are intended to specify the presence of stated features, integers,

components, or steps, but they do not preclude the presence or addition of one or more other

features, integers, components, sieps, acts. or groups.

[
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CLAIMS:
WE CLAIM:
I. A deposited film, wherein:
the deposited film 1s an amorphous carbon {ilm comprising at least 93%
carbon;

a percentage of sp3 carbon-carbon bonds present in the amorphous carbon
film exceeds 30%,; and

a hydrogen content of the amorphous carbon film 15 less than 5%,

2. The deposited filim of claim 1, wherein a Young’s modulus of the

amorphous carbon film exceads 190GPa.

)
3

The deposited film of claim 1, wherein:

the amorphous carbon film forms a thickness within a range of 800A to
1200A. and a stress of the amorphous carbon film is Tess than 350MPg;

or wherein:

the amorphous carbon fiim forms a thickness within a range of ¢.8um to

1.2um, and a stress of the amorphous carbon film is less than 240MPa.

4. The deposited film of claim 1, wherein a hardness of the amorphous

carbon filin exceeds 16 GPa.

5. The deposited film of claim 1, wherein the percentage of sp3 carbon-

carbon bonds present in the amorphous carbon film exceeds 40%.

6. The deposited film of claim 1, wherein the hydrogen content of the

amorphous carbon film is less than 1%.

7. A high power imipulse magnetron spuitering svster, comprising:
a process chamber;

a pedestal configured o position a workpiece within the process chamber;
a magnetron asserably including:

a backing plate,

a plurality of first magnets. wherein north poles of each of the first

magnets couple with the backing plate,

16
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a south pole piece coupled with south poles of each of the first
magnets,

a plurality of second magnets, wherein south poles of each of the
second magnets couple with the backing plate,

a north pole piece coupled with north poles of each of the second
magnets, wherein the north pole piece and the south pole piece are spatially separated
s0 as 1o project a magnetic field across one or more gaps between the north pole piece
and the south pole piece,

a magnetron assembly surround that i1s configured to envelop, and to
circulate a heat exchange fhid around, the magnetron assembly, and

a carbon target disposed on a surface of the magnetron assembly
surround such that the magnetic field projects through the carbon target;

a gas supply system for providing a source gas to the process chamber; and
a power supply that provides pulses of DC power to a plasma formed from the
source gas within the process chamber, wherein:

the pulses of BC power are supplied in pulses of 40 microseconds or
less, and

the pulses are repeated at a frequency of at least 4 kHz.

8. The high power impulse magnetron sputtering svstem of claim 7,

wherein the source gas comprises krypton.

9. The high power impulse magnetron sputtering svstem of claim 7,
wherein the pedestal 13 configured {0 control a temperature of the workpiece within a range of
~20C to 200C; especially, wherein the pedestal 1s configured fo control the teraperature of the

workpiece within a range of -20C to 50C.

10. The high power impulse magnetron sputtering system of claim 7,

wherein the frequency is at least 30 kHz.

Tt The high power imipulse magnetron sputtering system of claim 7,
wherein the power supply is configured to operate in cycles, each cvcle comprising:
an on-period during which the pulses repeat at the frequency, the on-period

being 30 seconds to 2 mimites in duration; and
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an oft-period during which the pulses cease, the off-period being of 5 seconds

to one minute in duration.

12, A process of depositing an amorphous carbon film on a workpiece,
comprising;
positioning the workpiece within a process chamber;
positioning a magnetron assembly within a magnetron assembiy surround
adjacent 1o the process chamber, wherein the magnetron assembly comprises a south pole
piece and a north pole piece arranged so that the north pole piece and the south pole piece
project a magnetic field across one or more gaps between the north pole piece and the south
pole piece;
coupling a carbon target with the magnetron assembly surround, wherein the
magnetic field extends through the carbon target toward the workpiece, and the carbon target
is electrically coupled with the magnetron assembly surround;
providing a source gas to the process chamber; and
providing pulses of DC power to a plasma formed from the source gas within
the process chamber, wherein providing the pulses of DC power comprises:
supplying the pulses of DC power in pulses of 40 microseconds or less,
and

repeating the pulses at a frequency of at least 4 kHz

13. The process of depositing an amorphous carbon film of claim 12,
wherein providing the pulses of DC power comprises:

providing the pulses during on-~pertods of 30 seconds to 2 munuies, the on-
pertods alternating with

ceasing the pulses during off-periods of 5 seconds to one minute.

14, The process of depositing an amorphous carbon film of claim 12,
wherein providing the pulses of DC power comprises repeating the pulses at a frequency of at

feast 30 kHz.

1S, The process of depositing an amorphous carbon film of claim 12,
wherein providing the source gas comprises providing krypton as at least a portion of the

SQUICE gas.

18
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AMENDED CLAIMS
received by the International Bureau on 30 December 2017 (30.12.2017)

Listing of Claims:

1. A high power impulse magnetron sputtering system, comprising:
a process chamber;

a pedestal configured to position a workpiece within the process

chamber;
a magnetron assembly including:
a backing plate,

a plurality of first magnets, wherein north poles of each of the

first magnets couple with the backing plate,

a south pole piece coupled with south poles of each of the first

magnets,

a plurality of second magnets, wherein south poles of each of the

second magnets couple with the backing plate,

a north pole piece coupled with north poles of each of the second
magnets, wherein the north pole piece and the south pole piece are spatially
separated so as to project a magnetic field across one or more gaps between the

north pole piece and the south pole piece,

a magnetron assembly surround that is configured to envelop, and

to circulate a heat exchange fluid around, the magnetron assembly, and

a carbon target disposed on a surface of the magnetron assembly

surround such that the magnetic field projects through the carbon target;

a gas supply system for providing a source gas to the process chamber;

and

a power supply that provides pulses of DC power to a plasma formed

from the source gas within the process chamber, wherein:

the pulses of DC power are supplied in pulses of 40 microseconds

or less, and

the pulses are repeated at a frequency of at least 4 kHz.

AMENDED SHEET (ARTICLE 19)
19
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2. The high power impulse magnetron sputtering system of claim 1,

wherein the source gas comprises krypton.

3. The high power impulse magnetron sputtering system of claim 1,
wherein the pedestal is configured to control a temperature of the workpiece within a
range of -20C to 200C; especially, wherein the pedestal is configured to control the

temperature of the workpiece within a range of -20C to 50C.

4. The high power impulse magnetron sputtering system of claim 1,

wherein the frequency is at least 30 kHz.

5. The high power impulse magnetron sputtering system of claim 1,

wherein the power supply is configured to operate in cycles, each cycle comprising:

an on-period during which the pulses repeat at the frequency, the on-

period being 30 seconds to 2 minutes in duration; and

an off-period during which the pulses cease, the off-period being of 5

seconds to one minute in duration.

6. A process of depositing an amorphous carbon film on a

workpiece, comprising:
positioning the workpiece within a process chamber;

positioning a magnetron assembly within a magnetron assembly
surround adjacent to the process chamber, wherein the magnetron assembly comprises a
south pole piece and a north pole piece arranged so that the north pole piece and the
south pole piece project a magnetic field across one or more gaps between the north

pole piece and the south pole piece;

coupling a carbon target with the magnetron assembly surround, wherein
the magnetic field extends through the carbon target toward the workpiece, and the

carbon target is electrically coupled with the magnetron assembly surround;
providing a source gas to the process chamber; and

providing pulses of DC power to a plasma formed from the source gas

within the process chamber, wherein providing the pulses of DC power comprises:

supplying the pulses of DC power in pulses of 40 microseconds

or less, and

repeating the pulses at a frequency of at least 4 kHz.

AMENDED SHEET (ARTICLE 19)
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7. The process of depositing an amorphous carbon film of claim 6,

wherein providing the pulses of DC power comprises:

providing the pulses during on-periods of 30 seconds to 2 minutes, the

on-periods alternating with

ceasing the pulses during off-periods of 5 seconds to one minute.

8. The process of depositing an amorphous carbon film of claim 6,
wherein providing the pulses of DC power comprises repeating the pulses at a

frequency of at least 30 kHz.

9. The process of depositing an amorphous carbon film of claim 6,
wherein providing the source gas comprises providing krypton as at least a portion of

the source gas.

AMENDED SHEET (ARTICLE 19)
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POSITION WORKPIECE WITHIN PROCESS CHAMBER

CONTROL TEMPERATURE OF PEDESTAL WITHIN -20C TO 50C
POSITION MAGNETRON ASSEMBLY WITHIN MAGNETRON ASSEMBLY
SURROUND ADJACENT TO PROCESS CHAMBER WHEREIN
390 NORTH AND SCOUTH POLE PIECES PROJECT AMAGNETIC FIELD

PROVIDE HEAT EXCHANGE FLUID AT A TEMPERATURE WITHIN -10C TO 25C
WITHIN MAGNETRON ASSEMBLY SURROUND

l

COUPLE CARBON TARGET WITH MAGNETRON ASSEMBLY SURROUND
F30 xat™ ADJACENT TO PROCESS CHAMBER WHEREIN
MAGNETIC FIELD EXTENDS THROUGH CARBON TARGET TOWARD WORKPIECE

L

PROVIDE SOURCE GAS TO PROCESS CHAMBER

340\/”“3
| PROVIDE KRYPTON AS AT LEAST A PORTION OF SOURCE GAS
PROVIDE PULSED DC POWER IN PULSES OF 40 MICROSECONDS OR LESS
REPEATING AT A FREQUENCY OF AT LEAST 4 KHZ
TOIGNITE A PLASMA WITHIN THE PROCESS CHAMBER
F50 ™ PROVIDE DC POWER PULSES AT AFREQUENCY OF AT LEAST 30 KHZ

PROVIDE DC POWER PULSES DURING ON PERIODS OF 30 SEC TO Z MIN,
CEASE PROVIDING PULSES DURING OFF PERIODS OF 5 SEC TO 1 MIN

FIG. 11
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