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(57) Abstract: Techniques disclosed herein include ap-
paratus and processes for generating a plasma having a
uniform electron density across an electrode used to gen-
erate the plasma. An upper electrode (hot electrode), of a
capacitively coupled plasma system can include structural
features configured to assist in generating the uniform
plasma. Such structural features define a surface shape, on
a surface that faces the plasma. Such structural features
can include a set of concentric rings having an approxim-
ately rectangular cross section, and protruding from the
surface of the upper electrode. Such structural features can
also include nested elongated protrusions having a cross-
sectional size and shape, with spacing of the protrusions
selected to result in a system that generates a uniform
density plasma.
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CAPACITIVELY COUPLED PLASMA EQUIPMENT WITH UNIFORM
PLASMA DENSITY

FIELD OF INVENTION

{00011  This disclosure pertains {0 plasma processing of workpieces,
inciuding plasma processing using capacitively coupled plasma systems.
BACKGROUND OF THE INVENTION

00021  In a semiconductor device manufacturing process, plasma
processes such as etching, sputtering, CVD {chemical vapor deposition)
and the like are routingly performed on a subsirate to be processed, 8.g., a
semiconductor water. Among plasma processing apparatuses for carrying
out such plasma processes, capacitively coupled parallel plate plasma
Drocessing apparatuses are widely used.
(00031  In capacitively coupled parallel plate plasma processing
apparatus, a pair of parallel plate electrodes {(an upper glectrode and a
lower electrode) is disposed in a chamber, and & processing gas is
introduced into the chamber. By applying radio frequency (RF) electric
power to at least one of the electrodes, & high-frequency electric field is
formed between the electrodes resulling in a plasma of the processing gas
being generated by means of the high-frequency electric field.
Subsegquently, a plasma process is performed on a wafer by using or
manipulating the plasma.

SUMMARY OF THE INVENTION
{00041 Plasma etching of semiconductor wafers is commonly executed
using a parallel plate capacitively coupled plasma tool. The
semiconductor indusiry is moving toward making narrower or smaller

nodes (critical features) on wafers, as well as using larger watler sizes. For
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example, the industry is transitioning from working with 300 mm diameter
wafers (o 450 mm diameler wafers. With smaller node sizes and larger
wafers, the macroscopic and microscopic uniformity of plasma and
radicais becomes increasingly important (o avoid defeclts in treated wafers.
{0005]  In capacitively coupled plasma {(CCP}, a significant challenge is
plasma non-uniformity. i is becoming more deasirable to use Very High
Freguency plasma (30-300 MHz) in the wafer process, and Radio
Frequency (RF) plasma (3-30 MHz) in the flat panel display process.

Such higher frequency plasmas, however, tend o be non-uniform at least
in part due 1o a standing wave created in the plasma.

{00061 Conventional attempts at addressing non-uniformity of COP
systems include using a hot electrode with a Gaussian lens structure, and
phase control technologies. These atlempts, however, are complicated
and expensive.

{00071 Techniques disclosed herein include an upper elecirode (hot
electrode), of a capacitively coupled plasma system, with structural
features configured to assist in generating a uniform plasma. Such
structural features define a surface shape, on a surface that faces the
plasma, that assists in disrupting standing waves and/or prevenis standing
waves from forming within the plasma space. For example, such
structural features can include a set of concentric rings having an
approximately rectangular cross section, and protruding from the surface
of the upper electrode. The cross sectional size, shaps, dimensions, as
well as spacing of the rings, are all selected (o result in a sysiem that
generates a uniform density plasma.

0008] One embodiment includes an electrode plate configured for use
in a parallel-plate capacitively coupled plasma processing apparatus. The
plasma processing apparatus including a processing chamber that forms a
Drocess space (o accommodate a farget substrate. A processing gas
supply unit is included and configured o supply a processing gas into the
processing chamber. An exhaust unit, connected {0 an exhaust port of the

processing chamber, vacuum exhausts gas from inside the processing
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chamber. A first electrode and a second electrode are disposed opposite
each other within the processing chamber. The first electrode is an upper
electrode and the second elecirode is a lower electrode. The second
elactrode is configured {o support the target substrate via a mounting
table. A first radio frequency (RF) power application unit is configured to
apply a first RF power o the first electrode, and a second RF power
application unit is configurad o apply a second RF power to the second
glectrode. The elecirode plate is mountable to the first electrode. The
electrode plate has a surface area that faces the second electrode when
mounted to the first electrode. The surface area is substantially planar
and includes a set of concentric rings protruding from the surface area.
Each concentric ring has a predetermined cross-sectional shape, and
gach concentric ring is spaced at a predetermined gap distance from an
adjacent concentric ring.

{00091  Ancther embodiment includes a plasma processing apparatus.
This can include several components. A processing chamber forms a
Orocess space o accommodate a target substrate. A processing gas
supply unit is configured 1o supply a processing gas into the processing
chamber. An exhaust unit is connected (o an exhaust port of the
processing chamber to vacuum-exhaust gas from inside the processing
chamber. A first glectrode and a second glectrode are disposed opposite
each other within the processing chamber. The first electrode is an upper
electrode and the second electrode is a lower electrode. The second
electrode is configured o support the target substrate via a mounting
table. The first electrode includes an electrode plate having a surface that
faces the second electrode. The surface is substantially planar and has
an external boundary of a predetermined shape. The surface includes a
set of elongated protrusions. Each elongated protrusion extends a
predetermined height from the surface. Each elongated protrusion
extends along the planar surface and around a center point of the first
electrode. Atleast a portion of the elongated profrusions have an
elongated shape substantially similar 1o the external boundary of the
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surface. The set of protrusions is positioned on the surface such that s
portion of the protrusions are surrounded by at least one other protrusion.
Each given elongated protrusion can be positioned a predetermined
distance from an adjacent elongated protrusion. A first radio frequency
(RF} power application unit can be configured to apply a first RF power to
the first electrode.

10010}  Another embodiment includes a method for generating a uniform
plasma for processing a substrate using a plasma processing apparatus.
The plasma processing apparaius including a vacuum-evacuable
pracessing chamber, 8 lower electrode disposed in the processing
chamber and serving as a mounting table for a target substrate, an upper
electrode disposed to face the lower electrode in the processing chamber,
and a first radio frequency (RF) power supply connected to the upper
electrode. The first RF power supplies a first RF power to the upper
electrode. A target substrate is loaded into the processing chamber and
mourited on the lower electrode. An initial gas is evacuated from the
orocessing chamber. A processing gas is supplied into the processing
chamber. A plasma is generated from the processing gas by applying the
first RF power to the upper electrode. The upper electrode has a surface
area that faces the second electrode. The surface area is substantially
planar and includes a set of concentric rings protruding from the surface
area, the sel of concentric rings is located at a predetermined spacing
distribution, each concentric ring has a predetermined cross-sectional
shape.

{0011}  Of course, the order of discussion of the different steps as
described herein has been presented for clarity sake. In general, these
steps can be performed in any suilable order. Additionally, although each
of the different features, techniques, configurations, etc. herein may be
discussed in different places of this disclosure, it is intended that gach of
the concepts can be executed independently of each other or in
combination with each other. Accordingly, the present invention can be
embodied and viewed in many different ways.
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i0012] Note that this summary section does not specify every
embodiment and/or incrementally novel aspect of the present disclosure or
claimed invention. Instead, this summary only provides a preliminary
discussion of different embodiments and corresponding points of novelty
over conventional techniques. For additional details and/or possible
perspectives of the invention and embadiments, the reader is directed to
the Detailed Description section and corresponding figures of the present
disclosure as further discussed below.

BRIEF DESCRIPTION OF THE DRAWINGS
0013] A more complete appreciation of various embodiments of the
invention and many of the attendant advantages thereof will become
readily apparent with reference 1o the following detailed description
considered in conjunction with the accompanying drawings. The drawings
are not necessarily (o scale, with emphasis instead being placed upon
iflustrating the features, principles and concepts.
{0014]  FIG. 1 is 8 cross-sectional view showing a schematic
configuration of a plasma processing apparatus in accordance with
embodiments disclosed herein.
0015] FIG. 2 is a side cross-sectional view of an upper elecirode
according to embodimenis disclosed herein.
{00181 FIG. 3 is a bottom view of an upper electrode according to
embodiments disclosed herein.
(00171 FiG. 4 is an enlarged side cross-sectional view of an upper
electrode according to embodiments disclosed hergin.
{0018} FIG. 5 is a perspective cross-sectional view of an upper
glectrode according to embodiments disclosed herein.
00191 FIGS. 6A-6D show side cross-sectional views of example upper
electrode profrusions according to embodiments disclosed herein.
(0020] FIGS. 7A and 7B show example side cross-sectional views of
shapes of upper electrodes according 1o embodiments disclosed herain.
00211  FIGS. 8A and 8B are bottom views of upper electrodes showing

various protrusion patterns.
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00221 FIGS. BA and 9B are line plots of electron density without using
embodiments herein.
(00231  FIGS. 10A and 10C are contour plots of electron density without
using embaodiments herein.
(0024] FIGS. 10B and 10D are contour plots of electron density results
according to embodimenis herein.
(0025] FIG. 11 is a side cross-sectional view of an upper electrode
according o embodiments disclosed hergin.
100261 FiG. 12 is a botiom view of an upper electrode according (o
embodiments disclosed herein.

DETAILED DESCRIPTION OF SEVERAL EMBODIMENTS
(00271  In the foliowing description specific details are set forth, such as
a particular geometry of a processing sysiem and descriptions of various
components and processes used therein. i shouid be undersiood,
however, that the invention may be practiced in other embadiments that
depart from these specific details, and that such details are for purposes of
gxpiansation and not limitation. Embodiments disclosed herain will be
described with reference to the accompanying drawings. Similarly, for
purpases of explanation, specific numbers, materials, and configurations
are set forth in order to provide a thorough understanding. Nevertheless,
embodiments may be practiced without such specific details. Components
having substantially the same functional constructions are denoted by like
reference characiers, and thus any redundant descriptions may be
omitted.
[0028] Various technigues will be described as multiple discrete
operations o assist in understanding the various embaoediments. The order
of description should not be construed as to imply that these operations
are necessarily order dependent. Indeed, these operations need not be
performed in the order of presentation. Operations described may be
performed in a different order than the described embodiment. Various
additional operations may be performed and/or described operations may
be omitled in additional embodiments.
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100281 “Substrate” or "target substrate” as used herein generically
refers to the object being processed in accordance with the invention. The
substrate may inciude any material portion or structure of a device,
particularly a semiconductor or other electronics device, and may, for
example, be a base substrate structure, such as a semiconductor wafer, or
a layer on or overlying a base substrate structure such as a thin film.
Thus, substrate is not limited to any particular base structure, underlving
layer or overlying layer, patierned or un-patterned, but rather, is
contemplated to include any such layer or base struciure, and any
combination of layers and/or base structures. The description below may
reference particular types of substrates, but this is for illustrative purposes
only.

{0030] Technigues disclosed herein include a plasma processing
system and accompanying slectrode plate structured o enable uniform
plasma generation. The electrode plate has a surface that faces the
plasma generation space, and this plasma-facing surface includes
structures that promote plasma uniformity, even when using Very High
Frequency (VHEF) RF {radio frequency) power to create the plasma. Such
surface structures can include raised concentric rings, nested loops, or
other protrusions that provide a radial barrier. kach ring, from a set of
congentric rings, can have a cross-sectional height, cross-sectional width,
and cross-sectional shape, as well as spacing from adjacent rings,
designed to promote both macroscopic and microscopic plasma
uniformity.

{00311  There exist multiple different plasma processing apparatuses
using different approaches to create plasma. For example, various
approaches can include inductively coupled plasma (ICP), radial line slot
antenna (RLSA), and capacitively coupled plasma (CCP), among others.
For convenience, embodiments presented herein will be described in the
context of a parallel plate capacitively coupled plasma (COP) system,
though other approaches using electrodes can also be used with various

embodiments.
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00321 FIG. 1 is a cross sectional view showing a schematic
configuration of a plasma processing apparatus in accordance with
embodiments herein. The plasma processing apparatus 100 in FIG. 1is a
capacitively coupled paraliel plate plasma etching apparaius having an
upper electrode with a patiern of protrusions or struciures projecting from
the upper electrode inio the plasma space. Note that technigues herein
can be used with other plasma processing apparatuses such as for
plasma cleaning, plasma polymerization, plasma assisted chemical vapor
deposition, and so forth.

{00331 More specifically, the plasma processing apparaius 100 has a
processing chamber 110 defining a processing vessel providing a process
space having, for example, a substantially cylindrical shape. The
processing vessel can be formed of, &.g., an aluminum alioy, and can be
electrically grounded. An inner wall of the processing vessel can be
coated with alumina (Al.sub.20.sub.3), vitria (Y.sub.20.sub.3}, or other
protectant. A susceptor 418 forms part of a lower electrode 400 {lower
glactrode assembly} as an example of a second electrode acting as a
mounting table for mounting a wafer W thereon as a substrate.
Specifically, the susceptor 416 is supporied on a susceptor support 114,
which is provided at substantially the center of the bollom in the
processing chamber 110 via an insulating plate 112, The susceplor
support 114 can be cylindrical. The susceptor 416 can be formed of, e.g.,
an aluminum alloy.

i0034] Susceptor 416 is provided thereon with an electrostatic chuck
418 {as part of the lower electrode assembly} for holding the wafer W.
The electrostatic chuck 418 is provided with an electrode 410, Electrode
410 is elecirically connected with a DO {direct current) power supply 122.
The electrostatic chuck 418 atltracts the wafer W thereio via a Coulomb
force generated when DC voltage from the DC power supply 122 is
applied (o the electrode 410.

100351  Afocus ring 424 is provided on an upper surface of the
susceptor 416 to surround the electrostatic chuck 418. A cylindrical inner
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wall member 126 formed of, e.g., quariz, is attached to the outer
peripheral side of the elecirostatic chuck 418 and the susceptor support
114. The susceptor support 114 includes an annular coolant path 128.
The annular coolant path 128 communicates with a chiller unit (not
shown), installed outside the processing chamber 110, for example, via
tines 130a and 130b. Annuiar coolant path 128 is supplied with coolant
{cooling liguid or cooling water) circulating through the lines 130a and
130b. Accordingly, the temperature of the wafer W mounted on/above the
suscepior 416 can be controlled.

{0038] A gas supply line 132, which passes through the susceplor 416
and the susceptor support 114, is configured to supply heat transfer gas (o
an upper surface of the electrostatic chuck 418, A heal transfer gas
{backside gas) such as He {(helium} can be supplied between the wafer W
and the electrostatic chuck 418 via the gas supply line 132 o assist in
healing wafer W.

(00371 An upper electrode 300 {(that is, an upper electrode assembly),
which is an example of a first glectrode, is provided vertically above the
lower electrode 400 to face the lower glectrode 400 in parailel. The
plasma generation space or plasma space (PS) is defined between the
iower electrode 400 and the upper electrode 300. The upper elecirode
300 includes an inner upper electrode 302 having a disk shape, and an
outer upper electrode 304 can be annular surrounding the outside of the
inner upper electrode 302. The inner upper electrode 302 also functions
as a processing gas inlet for injecting a specific amount of processing gas
towards the plasma generation space P3S on the wafer W mounted on the
lower electrade 400, The upper electrode 300 thereby forms a shower
head.

[0038] More specifically, the inner upper elaectrode 302 includes
electrode plate 310 (which is typically circular) having a plurality of gas
injection openings 324 and protrusions 314, The protrusions 314 and
configurations thereof will be described later in more detail. Inner upper
electrode 302 also includes an electrode support 320 detachably
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supparting the upper side of the electrode plate 310, The electrode
support 320 can be formed in the shape of a disk having substantially the
same diameter as the electrode plate 310 when electrode plate 310 is
circular in shape. In alternative embodiments, electrode plate 310 can be
sguare, rectangular, polygonal, etc. The electrode support 320 can be
formed of, e.g., aluminum, and c¢an include a buffer chamber 322. Buffer
chamber 322 is used for diffusing gas and has a space having a disk
shape. The processing gas from a gas supply system 200 is introduced
into the buffer chamber 322. The processing gas can then move from the
buffer chamber 322 {0 the gas injection openings 324 at & lower surface
thereof. The inner upper electrode then essentially provides a
showerhead electrode.

{00391 A dielectric 306, having a ring shape, is interposed between the
inner upper electrode 302 and the ocuter upper electrode 304. An
insulating shield member 308, which has a ring shape and is formed of,
e.g., aluming, is interposad belween the cuter upper electrode 304 and the
inner peripheral wall of the processing chamber 110 in an air tight manner.
(00407  The outer upper electrode 304 is electrically connected with a
first high-frequency power supply 154 via a power feader 152, a connector
150, an upper power feed rod 148, and a matching unit 146, The first
high-frequency power supply 154 can output a high-frequency voliage
having a frequency of 40 MHz (megahertz) or higher {e.g. 60 MHz), or can
output a very high frequency {(VHF} voitage having a frequency of 30-300
MHz. The power feeder 152 can be formed inlo, e.g., a subsiantially
cvlindrical shape having an open lower surface. The power feeder can be
connected to the ouler upper slectrode 304 al the lower end portion
thereof. The power feader 152 is electrically connected with the lower end
portion of the upper power feed rod 148 at the center portion of the upper
surface thereof by means of the connector 150. The upper power feed rod
148 is connected o the output side of the matching unit 146 at the upper
end portion thereof. The maitching unit 146 is connected {o the first high-
frequency power supply 154, and can maich load impedance with the

10
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internal impedance of the first high-frequency power supply 154, Notg,
however, that outer upper electrode 304 is optional and embodiments can
function with a single upper electrode.

{0041} Power fesder 152 is covered on the outside thereof by a ground
conductor 111, which can be cylindrical having a sidewall whose diameter
is substantially the same as that of the processing chamber 110. The
ground conductor 111 is connected o the upper portion of a sidewall of
the processing chamber 110 at the lower end portion thereof. The upper
power feed rod 148 passes through the center portion of the upper surface
of the ground conductor 111, An insulating member 1586 is interposed at
the contact portion between the ground conductor 111 and the upper
power feed rod 148.

{0042] The electrode support 320 is electrically connected with the
lower power feed rod 170 on the upper surface thereof. The lower power
feed rod 170 is connected to the upper power Teed rod 148 via the
connector 180, The upper power feed rod 148 and the lower powsr feed
rod 170 form a power feed rod for supplying the high-frequency electric
power from the first high-frequency power supply 154 o the upper
electrode 300 {collectively referred o as "power feed rod"). A variable
condenser 172 is provided in the lower power feed rod 170, By adjusting
the capacitance of the variable condenser 172, when the high-frequency
electric power is applied from the Tirst high-frequency power supply 154,
the relative ratio of an electric field strength formed directly under the cuter
upper electrode 304 to an electric field strength formed directly under the
inner upper electrode 302 can be adjusied.

{0043] A gas exhaust port 174 is formed at the botiom portion of the
processing chamber 110, The gas exhaust port 174 is connected io a gas
exhaust unit 178 that can include, e.g., a8 vacuum pump, via a gas exhaust
ling 176. The gas exhaust unit 178 evacuales the inside of the processing
chamber 110 to thereby depressurize the inner pressure thereof up to the
desired degree of vacuum. The susceptor 416 can be elecirically
connected with a second high-freguency power supply 182 via a matching

11
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unit 180. The second high-frequency power supply 182 can oulput a high-
frequency voltage in a range from 2 MHz to 20 MHz, e.g., 2 MHz.

{0044} The inner upper elecirode 302 of the upper electrode 300 is
electrically connected with an LPF {low pass filter) 184, The LPF 184
blocks high frequencies from the first high-frequency power supply 154
while passing low frequencies from the second high-frequency power
supply 182 o the ground. Meanwhile, the susceptor 418, forming part of
the iower electrode, is electrically connected with an HPF (high pass filter)
186. The HPF 186 passes high frequencies from the first high-frequency
power supply 154 1o the ground. The gas supply system 200 supplies gas
to the upper electrode 300. The gas supply system 200 includes, e.g., a
orocessing gas supply unit 210 supplying a processing gas for performing
specific processes, such as film-forming, etching and the like, on the
water, as shown in FIG. 1. The processing gas supply unit 210 is
connected with a processing gas supply line 202 forming a processing gas
supply path. The processing gas supply line 202 is connected to the
buffer chamber 322 of the inner upper electrode 302,

{0045]  The plasma processing apparatus 100 is connected with a
control unit 500 that controls each component of the plasma processing
apparatus 100, For example, the control unit 500 conirols the DC power
supply 122, the first high-frequency {or VHF) power supply 154, the
second high-frequency (or VHE) power supply 182, efc. in addition to the
processing gas supply unit 210, ete., of the gas supply system 200.
i0048] Note that the inner upper elecirode 302 includes the electrode
plate 310 facing the lower electrode 400, thereby forming parallel plates
for a capacitively coupled plasma {ool. The electrode support 320 is in
cortact with a back surface of the electrode plate 310 opposiie (o the
iower electrode 400 (here, the rear surface of the electrode plate), and
detachably supports the electrode plate 310, In altemative embodiments,
the electrode plate 310 can be integral with the upper electrode 300.
Having the electrode plate 310 being detachable, however, is beneficial
because plasma is chemically reactive and can erade a surface area that

12



WO 2014/078393 PCT/US2013/069862

faces the lower electrode. Accordingly, electrode plates can be removed
for replacement, or to select an elecirode plate of various different types of
materials appropriate for a specific type of plasma process.

{00471 The upper electrode 300 can also include a cooling plate or
mechanism {not shown) to control temperature of the electrode plate 310.
The electrode plate 310 can be formed of a conducior or semiconductor
material, such as Si, SIC, dopped Si, Aluminum, and so forth.

{0048] In operation, the plasma processing apparatus 100 uses the
upper and lower electrodes to generate a plasma in the PS. This
generated plasma can then be used for processing a target substrate,
such as wafer W or any material to be processed, in various types of
treatments such as plasma elching, chemical vapor deposition, treatment
of glass material and treatment of large panels, etc. For convenience, this
plasma generation will be described in the context of etching an oxide film
formed on the wafer W. First, the wafer W is loaded into the processing
chamber 110 from a load lock chamber {not shown), after a gate valve {not
shown}, is opened, and is mounted on the electrostatic chuck 418, Then,
when the DC voltage is applied from the DO power supply 122, the waler
W is electrostatically attached o the electrostatic chuck 418, After that,
the gate valve is closed, and the processing chamber 110 is evacuated to
a specific vacuum level by the gas exhaust unit 178,

{00491  Thereafter, the processing gas is introduced into the buffer
chamber 322 in the upper electrode 300 from the processing gas supply
unit 210 via the processing gas supply line 202 while the flow rate thereof
is adjusted by, 2.g., a mass flow controlier. Further, the processing gas
introduced into the buffer chamber 322 is uniformly discharged from the
gas injection openings 324 of the electrode plate 310 (showerhead
electrode) to the wafer W, and then the inner pressure of the processing
chamber 110 is maintained at a specific level.

{00501 High-freguency electric power in a range from 3 {o 150 MHz,
e.g., 60 MHz, is applied from the first high-frequency power supply 154 to
the upper electrode 300, Thereby, a high-freguency electric field is
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gengrated between the upper electrode 300 and the susceplor 116,
forming the lower electrode, and the processing gas is dissociated and
converted into a plasma. A low frequency eleciric power in a range from
0.2 to 20 MHz, e.g., 2 MHz, is applied from the second high-frequency
power supply 182 to the susceptor 116 forming the lower electrode. In
other words, a dual frequency system can be used. As aresult, ions in the
plasma are atiracted toward the susceptor 116, and the anisotropy of
etching is increased by ion assist.

{00511 A major challenge with capacitively coupled plasma tools is
plasma non-uniformity. Certain plasma processes can benefit from using
Very High Freguency (VHF) electric power in the range of 30-300 MHz.
Such VHF electric power, howeaver, tends 1o create a non-uniform electric
field. At higher frequencies the wavelength decreases while non-
uniformity increases, especially as the wavelength becomes relatively
small compared 1o a diameter of the electrode. Such non-uniformity is
problematic because it resulls in non-uniform exposure of the wafer W,
which in turn leads o defects in the wafer WL

{00521  Generating uniform plasma is complicated. In ideal plasma,
there is an equal distribution of ions and electrons moving within the
plasma. There are different variables al play that can affect plasma
uniformity. These variables include power, frequency, pressure, materials,
and so forth. One measure of non-uniformity is electron density within the
plasma at various locations. FIG. 9A shows a line plot of electron density
{plasma intensity} relative to iocations on an electrode plate. In this line
piot, the X-axis indicates distance from a center point of a wafer {aligned
with the elecirode plate), with § being the center of the wafer. The Y-axis
identifies relative electron density. Note that there is a significant electron
density difference 602 betweean the center and the edge of the wafer.
There is a sharp center peak, as the eleciron density in the center of the
wafer is about three to four times greater than the electron density at the
edge.

14
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{00531 Likewise in FIG. 9B there is a similar center peak or center high
distribution of electrons. Figure 98 differs from Figure 9A in that a higher
pressure is used. With higher pressures, there is still a center peak that
has about three to four times the electron density at the edge {electron
density difference 604), but note that there is also a second peak near the
edge of the wafer or electrode at this higher pressure.

10054] FIG. 10A is a contour illustration showing eleciron density in a
plasma space relative to an upper electrode 308 and lower electrode 400.
Note that upper electrode 309 (or electrode plate) has a generally flat
surface as with conventional electrode plates. Figure 10A correlates o
Figure 9A. Darker spaces in the coniour plot represent higher electron
density. Accordingly, Figure 10A shows a high electron density in the
center of the plasma space, with a relalively low electron densily toward
the edges of the electrodes. FIG. 10C is similar to Figure 10A, except that
Figure 10C correlates to Figure 9B, As such, note that there is a high
center electron density, as well as secondary peaks (albeit smaller} on the
edges of the plasma space.

(0055] Technigues herein have thus been conceived to promote
uniform electron density within the plasma, such as by eliminating and/or
controlling this wave. Technigues include using one or more structures on
electrode plate 310. Such structures are located on a plasma facing
surface of electrode plate 310, Such structures can be configured o
provide one or more barriers in a radial direction, or rather, from a center
point of the electrode plate 310 oulward,

{0056] Referring now to FIG. 2, there is iHustrated a side cross-
sectional view of an example electrode plate 310. On surface area 312
there are multiple protrusions 314, Note that these struciures {protrusions)
form a type of barrier when moving along surface area 312 from center
point 318 towards external boundary 316.

f0057]  FIG. 3 shows boltom view of electrode plate 310, In this view,
protrusions 314 are illustrated as a set of concentric rings centered around
center point 318, In some embodiments, the set of concentric rings ¢an
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have even or equidistant spacing. In other embaodiments, the spacing can
be variable. The cross sectional size and shape, as well as gap distance
between concentric rings, can be based on a plasma wavelength or
expected plasma wave length. The number of conceniric rings can aise
vary based on a diameter of the surface area 312. The rings or
protrusions 314 can be mounted or affixed {(welded, fused, fastened) onio
the surface area 312, or can be integral with the electrode piate 310 such
as by machining the protrusions or casling the electrode plale.

100581 FiG. 4 is an enlarged cross-sectional view of electrode plate
310, In this view, protrusions 314 are shown as having an approximate
rectangular cross-sectional shape, with a round 332 and fillet 334. Such
rounding is not required, but can have a beneficial effect on controlling
wave propagation. Each protrusion can have a cross-seclional width 336
and a cross-sectional height 338, Adjacent protrusions are separated from
each other a gap distance 340. Such a gap distance 340 can be
measurad from adge, to edge, center {0 center, or otherwise. Values for
these dimensions can be absolute or relative. For example, values can be
selected from a particular range of dimension, based on elecirode plate
diameter, based on a particular etch/deposition process, or basead on
plasma wavelength of a generated plasma. For VHF plasmas that have a
wavelength of one to 10 centimeters, protrusion dimensions and gap
distances can be determined based on that wavelength to vield optimal
plasma uniformity.

{00591 FIG. 5 is an enlarged cross-sectional perspective view of
electrode plate 310 showing surface arga 312 that faces the plasma
space.

{0060} There are various cross-sectional shapes that can be selected
for use in embodiments hergin. For example, FIG. BA shows a relatively
thin cross-sectional shape such that protrusions 314 are essentially fins
projecting from surface area 312, FIG. 6B shows a trapezoidal shape of
protrusions 314, In FiG. 6C, protrusion 314 is a rounded or semicircular
shape. In FIG. 80, protrusion 314 is a triangular shape.
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{00611  In addition to various cross-sectional shapes of protrusions 314,
electrode plate 310 can have alternative cross-sectional shapes. For
example, FIG. 7A shows electrode plate 310 having a Gaussian lens
shape in that surface area 312 has a concave curvature (relative o the
plasma space PS). In FIG. 7B, electrode plate has a surface ares 312 that
is stepped in that different portions of surface area 312 are different
vertical distances from lower elecirode 400.

f0062] FIG. 8A is a bottom view of an alternative embodiment of
electrode plate 310. Instead of a set of concentric rings, Figure 8A shows
electrode plate 310 has having a surface area 312 that is rectangular with
rectangular and elliptical elongated protrusions surrounding the center of
the elecirode plate. In FIG. 8B profrusions 314 are concentric rings that
are not continuous, but have openings but such that protrusions 314 still
provide a barrier approximately perpendicular to a given radial direction on
the surface area 312. In other embodiments, the rings or profrusions are
continuous.

{00631  With such protrusions on the electrode plate in 2 corresponding
plasma processing apparatus, the plasma processing apparatus can
provide a uniform electron density, even at VHF powers. FIG. 10B and
FIG. 10D show an example contour plot of eleciron density in a plasma
Orocessing apparatus using an glectrode plate 310 having concentric rings
or other elongated protrusions. Note that the result of such electrode plate
protrusions is a generally uniform electron density across that plasma
space. Without technigues herein, plasma non-uniformity can be as high
as 200% or more, while technigues herein can provide plasma non-
uniformity of less than 10%.

100641  FIGS. 11 and 12 illustrate an alternative example arrangement
of elecirode plate 310, Figure 11 is a side cross-sectional view of an
example electrode plate 310. Figure 12 is a bottom view of the electrode
plate 310. On surface 312 there are multiple protrusions 314 (such as
fins} projecting from the surface or otherwise attached {o the surface.

Note that protrusions 324 are arranged within an outer portion of surface
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312. Thus, an inner circular portion of surface 312 is free from
protrusions, while an outer ring-shaped portion of surface 312 {(an edge
region} includes multiple concentric rings of profrusions 324. Note also
that protrusions 314 have an approximately trianguiar or conical cross-
sectional shape. Instead of sidewalls of protrusions 314 being
perpendicular to surface 312, sidewalls have an obtuse angle relalive o
surface 312. For example such an obtuse angle can be between about
100 degrees and 160 degrees from surface 312 {0 an adjacent sidewali.
Having angled sidewalis can further promote plasma uniformily. For
example, higher frequency electromagnetic waves traveling near or across
surface area 312 can be deflected into a plasma space, thereby increasing
uniformity. In this embodiment, a higher frequency RF can be supplied
from the upper electrode and a lower RF frequency from a lower electrode,
as is typical. This embodiment, however, can also function effectively
when applying the higher frequency from the bottom electrode, and &
lower frequency from the fop electrode.

[0065] As is evident, therg are various altermnative embodimeants
provided by techniques herein.

0068] Ones embodiment includes an electrode for use in a plasma
processing apparatus. This electrode can be a removable electrode or a
more permanent elecirode. The electrode includes an electrode plate
configured for use in a parallel-plate capacitively coupled plasma
processing apparatus. The plasma processing apparatus includes a
processing chamber that forms a process space to accommadate a target
substrate such as a semiconductor wafer or flat panel. A processing gas
supply unit is configured o supply a processing gas into the processing
chamber. An exhaust unit is connecied (o an exhaust port of the
processing chamber to vacuum-exhaust gas from inside the processing
chamber. A first electrode and a second elecirode are disposed opposite
each other within the processing chamber. The first electrode being is
upper electrode (300) and the second electrode is a lower electrode (400).
The second electrode is configured to support the targe! substrate via a
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mounting table. A first radio frequency (RF} power application unit is
configured to apply a first RF power 1o the first electrode. This first RF
power application unit can include a power supply, or circuitry 1o receive
and apply an external power supply. A second RF power application unit
is configured to apply a second R power o the second electrode. The
electrode plate is mountable to the first electrode. The electrode plate has
a surface area that faces the second elecirode when mounted to the first
glectrode. The surface area of the elecirode plate is substantially planar
and includes a set of concentric rings protruding from the surface area.
Each concentric ring has a predetermined cross-sectional shape, and
each concentric ring is spaced al a predetermined gap distance, such as a
particular radial distance, from an adjacent concentric ring.

{0067} A cross-sectional height of each concentric ring can be greater
than about 0.5 millimeters and less that about 10.0 millimeters. Also, a
cross-sectional width of each concentric ring can be greater than about 1.0
millimeters and less than about 20.0 millimeters. The predetermined gap
distance can then be greater than about 1.0 millimeters and less that
about 50.0 millimeters. Other embodiments have narrower ranges. For
example, the cross-sectional height of each concentric ring is greater than
about 1.0 millimeters and less that about 3.0 millimeters, with the cross-
sectional width of each concentric ring being greater than about 2.0
millimeters and less than about 5.0 millimeters, while the predstermined
gap distance is greater than about 8.0 millimeters and less that about 20.0
millimeters.

{0068} The first RF power applied can be between 3 MHz and 300
MHz, or between 30 MHz and 300 MHz for VHF applications. Technigues
herein can be effective for RF frequencies and lower. A cross-sectional
height of each concentric ring, & cross-sectional width of each concentric
ring, and the predetermined gap distance can all be selected based on a
diameter of the surface area of the glectrode plate. Forexample a
different configuration for 300 mm diameter wafers might be used as
compared o 450 mm diameter wafers. The cross-sectional shape of each
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concentric ring can be approximately rectangular. This approximately
rectangular cross-sectional shape can have a round with a radius of
between 0.2 millimeters and 1.0 millimeters, and have a fillef with a radius
of between about 0.2 millimeters and 1.0 millimeters.

{0063]  In another embodiment, a plasma processing apparatus
inciudes a processing chamber that forms a process space to
accommodate a target substraie, a processing gas supply unit configured
to supply a processing gas into the processing chamber, an exhaust unit
connected {o an exhaust port of the processing chamber o vacuum-
exhaust gas from inside the processing chamber; a first electrode and a
first RF power application unit. The first electrode and a second electrode
are disposead opposite each other within the processing chamber. The first
glectrode is an upper {(hot) electrode and the second electrode is a lower
electrode. The second elecirode is configured o support the target
substrate via a mounting table, which can be an electrostatic chuck. The
first elecirode includes an electrode plate having a surface that faces the
second electrode, with this surface being substantially planar and having
an external boundary of a predetermined shape. This surface includes a
set of elongated protrusions. Each elongated protrusion extends or
projects a predetermined height from the surface, each elongated
profrusion extends along the planar surface and around a center point of
the first electrode. At least a portion of the elongated protrusions have an
elongated shape substantially similar to the external boundary of the
surface. Thus, for circular electrodes, the elongated protrusions are
substantially circular, for elliptical elecirodes at least a few of the
protrusions are elliptical, and for rectanguiar electrodes at least a portion
of the elongated protrusions are rectangular. This portion can be ali or
iess than all of the set of elongated protrusions.  The set of elongated
protrusions are positioned on the surface such that a portion of the
profrusions are surrounded by at least one other protrusion. In other
words, all or some of the elongated proirusions are nested (if rectangular)
or concentric {if round). Each given elongated profrusion can be
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pasitionaed a predetermined distance from an adjacent elongated
protrusion. Thus, there can be equal or variable spacing between each
elongated profrusion. A first radio frequency (RF) power application unit is
configured o apply a first RF power to the first elecirode. A second RF
power application unit can also be configured 1o apply a second RE power
to the second electrode.

{00701  The predetermined height of each protrusion can be greater
than about 0.5 millimeters and less that about 10.0 millimeters, with a
cross-sectional width of each protrusion being greater than about 1.0
millimeters and less than about 20.0 millimeters, and while a gap distance
between adjacent protrusions is greater than about 1.0 millimeters and
less that about 50.0 millimeters. Allernatively, the predetermined height of
gach protrusion is greater than about 1.0 millimeters and less that about
3.0 millimeters, the cross-sectional width being greater than about 2.0
millimeters and less than about 5.0 millimeters, and the gap distance
between adjacent protrusions being greater than about 6.0 millimeters and
less that about 20.0 millimeters.

{0071]  Plasma processing can be executed with the first RF power
between 3 MHz and 300 MHz, or the first RF power between 30 MHz and
300 MHz. The predetermined height of each protrusion and the cross-
sectional width of each protrusion can be selected based on a frequeancy
range of the first RF power such that a plasma generated via the plasma
processing apparatus has a substantially uniform electron density across
the first electrode. The height can also be determined based on a
wavelength of a plasma wave from plasma generated in the process
space. Atieasi a portion of the set of elongated protrusions can have a
substantially rectanguiar elongated shape.

i0072] The glactrode plate can comprise a material sglected from the
group consisting of aluminum, silicon, and doped silicon. Other materials
include stainless stegl, carbon, chrome, tungsten, or other semiconductive
or conductive material. The electrode plate can include a protective
coating.
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00731  Other embodiments can include methods for plasma processing
using electrodes with protrusions. For example, in a plasma processing
apparatus as described above, processing can begin by loading the target
substrate into the processing chamber, and mounting the target substrate
on the lower electrode. An initial gas from the processing chamber is
evacuated. Thus any gas present upon ioading the target substrate can
be removed. Then processing gas is supplied into the processing
chamber. A plasma is generaled from the processing gas (such as argon)
by applying the first RF power to the upper electrode. This upper
electrode has a surface area that faces the second electrode. This
surface area is substantially planar and includes a set of concentric rings
profruding from the surface area. The set of congentric rings is located at
a predetermined spacing distribution, with each concentric ring having a
predetermined cross-sectional shape. The process can include using a
second RF power supply connected (o the lower elecirade, the second RF
power supply applies a second RE power 1o the lower electrode, thereby
biasing the lower electrode. The first frequency can be adjusted as well as
an operating pressure within the processing chamber such that the plasma
generated has a specific electron density non-uniformity across the
second electrode of less than about 10%.

[0074]  In allernative embodiments, the number of rings included on the
electrode can be based on a diameter of the electrode. Likewise, cross-
sectional dimensions of the protrusions can be based on slectrode
diameter. In some embodiments, an electrode plate for use in treating a
300 mm diameter wafer includes between about 2 and 30 rings, while an
glectrode plate used for processing 450 mm diameter wafers includes
between about 3 and 45 rings. In some embodiments, the gap distance
{spacing distance belween adjacent rows or rings of protrusions) is smaller
than a wavelength or frequency of the plasma wavelength generated
within the processing chamber. In other embodiments, dimensions can be

based on quarter wavelengths.
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0075]  In some embodiments, the cross-sectional dimensions and/or fin
spacing can be based on a frequency applied o the upper electrode. For
example, when plasma is generated by using a freguency of 3-30 MHz
applied o the upper electrode, then fin spacing can have a first
predetermined fin spacing. Then, when plasma is generated by using a
frequency of 30-300 MHz applied to the upper electrode, a second
predetermined fin spacing is used, wherein the second predetermined fin
spacing is smaller than the first predetermined fin spacing. Applying
higher frequencies to the upper elecirode can result in plasma
wavelengths significantly smaller than the electrode plate. For example,
with applied frequencies between 3-30 MHz, a generated plasma can
have wavelengths of 15 centimeters or maore, while with applied
frequencies of between 30-300 MHz {or more), a generated plasma can
have wavelengths less than 15 cm, and even less than 1-3 cm due o the
effect of higher harmonics. Thus, dimensions of the upper elecirode plate
can be based on {ailored applied power having a particular frequency.
{00781 Selecting an optimal cross-sectional height of protrusions is
beneficial. With a relatively small protrusion height, there can still be a
center high electron density. If the protrusions, however, are oo high, the
electron density will remain edge high. Typical spacing between the upper
glactrode and the lower electrode (spacing batween the surface of the
electrode place and the surface of g target substrate) can be between
about 10 and 100 mm. Typical power ranges for the upper electrode are
between 50 watts and 20,000 walts, while pressure can range from 1
rTorr {millitorr) to 10 Torr.

00771  Although only certain embodiments of this invention have been
described in detail above, those skilled in the art will readily appreciate that
many modifications are possibie in the embodimeants without materially
departing from the novel feachings and advantages of this invention.
Accordingly, all such modifications are intended to be included within the
scope of this invention,
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CLAIMS:

1. An electrode for use in a plasma processing apparatus, comprising:

an electrode plate configured for use in a parailel-plate capacitively
coupled plasma processing apparatus, the plasma processing apparatus
including a processing chamber that forms a process space to
accommodate a target substrate, a processing gas supply unit configured
to supply a processing gas into the processing chamber, an exhaust unit
connected (o an exhaust port of the processing chamber to vacuum-
exhaust gas from inside the processing chamber, a first electrode and a
second elecirode disposed opposite each other within the processing
chamber, the first electrode being an upper electrode and the second
elactrode being a lower electrode, the second electrode being configured
to support the target substrate via 8 mounting {able, a first radio frequency
{RF)} power application unit configured (o apply a first RF power to the first
electrode, and a second RF power application unit configured o apply a
second RF power {o the second electrode, wherein the electrode plate is
mountable o the first electrode, the electrode plate having a surface ares
that faces the second electrode when mounted o the first electrode, the
surface area is substantially planar and includes a set of concentric rings
protruding from the surface area, each concentric ring having a
predetermined cross-sectional shape, and each concentric ring being
spaced at a predetermined gap distance from an adjacent concentric ring.
2. The electrode of claim 1, whergin a cross-sectional height of each
concentric ring is greater than about 0.5 millimeters and less that about
10.0 millimeters, and whereain a cross-sectional width of each concentric
ring is greater than about 1.0 millimeters and less than about 20.0
millimeters, and wherein the predetermined gap distance is greater than
about 1.0 millimeters and iess that about 50.0 millimeters.

3. The electrode of claim 2, wherein the cross-sectional height of each
congcentric ring is greater than about 1.0 millimeters and less that about 3.0

miliimeters, and wherein the cross-sectional width of each concentric ring

24



WO 2014/078393 PCT/US2013/069862

is greater than about 2.0 millimeters and less than about 5.0 millimeters,
and wherein the predetermined gap distance is greater than about 6.0
millimeters and less that about 20.0 millimeters.

4. The electrode of claim 1, wherein the first RF power is between 3 MHz
and 300 MHz.

5. The electrode of claim 4, whergin the first RF power is between 30 MHz
and 300 MHz.

6. The electrode of claim 1, wherein a cross-sectional height of each
congcentric ring, a cross-sectional width of each concentric ring, and the
predetermined gap distance are all selected based on a diameter of the
surface area of the elecirode plate.

7. The electrode of claim 1, wherein & cross-sectionsl shape of each
concentric ring is approximately triangular or trapezoidal such that side
walls of gach concentric ring project at an obtuse angle relative 1o the
surface area.

8. The electrode of claim 1, wherein 3 cross-sectional shape of each
congentric ring is approximately rectangular, and wherein the
approximately rectangular cross-sectional shape has a round with a radius
of batween 0.2 millimeters and 1.0 millimeters, and has a fillet with a
radius of between about 0.2 millimeters and 1.0 millimeters.

8. A plasma processing apparatus comprising:

a processing chamber that forms a process space o accommodate
a target substrate;

a processing gas supply unit configured o supply & processing gas
into the processing chamber;

an exhaust unit connected to an exhaust port of the processing
chamber o vacuum-exhaust gas from inside the processing chamber;

a first electrode and a second electrode disposed opposite each
other within the processing chamber, the first electrode being an upper
glactrode and the second electrode being & lower electrode, the second
electrode being configured to support the target substrate via a mounting
table, the first electrode including an electrode plate having a surface that
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faces the second electrode, the surface being substantially planar and
having an external boundary of a predetermined shape, the surface
including a set of elongated protrusions, each elongated protrusion
extending a predetermined height from the surface, each elongated
protrusion extending along the planar surface and around a center point of
the first electrode, at least a portion of the elongated protrusions having an
elongated shape substantially similar to the external boundary of the
surface, the set of protrusions being positioned on the surface such that a
portion of the protrusions are surrounded by at least one other protrusion,
each given elongated protrusion being positioned a predetermined
distance from an adjacent elongated protrusion; and

a first radio frequency (RF) power application unit configured to apply a
first RF power to the first electrode.

10. The plasma processing apparatus of claim @, wherein the
predetermingd height of each protrusion is greater than about 0.5
millimeters and less than about 10.0 millimeters, and wherein a cross-
sectional width of each protrusion varies lingarly in that a cross-sectional
width at the surface of the electrode plate is greater than a cross-sectional
width at the predetermined height from the surface, and wherein a gap
distance between adjacent protrusions is greater than about 1.0
rillimeters and less that about 50.0 millimeters.

1. The plasma processing apparatus of claim 9, wherein the
predetermined height of each protrusion is greater than about 0.5
miliimeters and less that about 10.0 millimeters, and wherein a cross-
sectional width of each protrusion is greater than about 1.0 milimeters and
less than about 20.0 millimeters, and wherein a gap distance between
adjacent protrusions is greater than about 1.0 millimeters and less that
about 50.0 millimeters.

12. The plasma processing apparatus of claim 11, wherein the
predetermined height of each protrusion s greater than about 1.0
miliimeters and less that about 3.0 millimeters, and wherein the cross-

sectional width is greater than about 2.0 millimeters and less than about
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5.0 millimeters, and whergin the gap distance between adjacent
protrusions is greater than about 6.0 millimeters and less that about 20.0
millimeters.
13. The plasma processing apparatus of claim 9, wherein the first RF
power is between 3 MHz and 300 MHz.
14. The plasma processing apparatus of claim 13, wherein the first RF
power is between 30 MHz and 300 MHz.
15. The plasma processing apparatus of claim 9, wherein the
predetermined height of each protrusion and the cross-sectional width of
each protrusion are selected based on a frequeancy range of the first RF
power such that a plasma generated via the plasma processing apparatus
has a substantiaily uniform electron density across the first electrode.
16. The plasma processing apparatus of claim 9, wherein at least a
portion of the set of elongated protrusions have a substantially rectangular
elongated shape.
17. The plasma processing apparatus of claim 9, further comprising:
a second RF power application unit configured to apply a second RF
power to the second electrode, wherein the electrode plate of the first
electrode comprises a material selected from the group consisting of
aluminum, silicon, and doped silicon.
18. A method of generating plasma for processing a substrate using a
plasma processing apparatus, the plasma processing apparatus including
a vacuum-evacuable processing chamber, a lower electrode disposed in
the processing chamber and serving as a mounting table for a target
substrate, an upper electrode disposed 1o face the lower electrode in the
processing chamber, and a first radio frequency (RF) power supply
connected (o the upper electrode, the first RF power supply applying a first
RF power to the upper electrode, the method comprising the steps of:
loading the target substrate into the processing chamber, and
rounting the target substrate on the lower electrode;
evacuating an initial gas from the processing chamber;

supplying a processing gas into the processing chamber; and
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generating a plasma of the processing gas by applying the first RF
power to the upper electrode, the upper electrode having a surface area
that faces the second electrode, the surface area being substantially
planar and including a set of concentric rings protruding from the surface
area, the sel of concentric rings located at a predetermined spacing
distribution, each concentric ring having a predetermined cross-seclional
shape.
18, The method of generating plasma as in claim 18, wherein the plasma
processing apparatus further includes a second RF power supply
connected to the lower electrode, the second RF power supply applying a
second RE power 0 the lower elecirode, wherein the method further
comprises:
biasing the lower electrode by applying the second RF power {0 the lower
electrode,
20. The method of claim 18, further comprising:

adjusting the first frequency power and adjusting pressure within
the processing chamber such that the plasma generated has a specific
electron density non-uniformity across the second electrode of less than
about 10%.
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