METHOD AND APPARATUS FOR DC VOLTAGE CONTROL ON RF-
POWERED ELECTRODE

BACKGROUND OF THE INVENTION
{Para 1} Advances in plasma processing bave facilitated growth tn the semiconductor
indastry. The semconductor industry is @ highly competitive market. The ability fora
manafacturing company to be able to process substrate in different processing conditions may
give the manufacturing company an edge over the competitor. Thus, manufacturing
companies have dedicated time and resources to identify methods and/or arrangements for

improving substrate processing.

[Para 2} A typical processing system that may be emploved to perform substrate processing
may be an asymmetrical multi-frequency capacitively coupled processing system. The
processing system is built to enable processing in a range of process parameters. However, in
recenl years, the types of devices that are being processed have become more sophisticated
and may required more process control. o an example, devices being processed are

becoming sroaller and may require more precise processing.

[Para 3} Given the needs to stay competitive in the semiconducior industry, enbancements {0

the capabilities of capacitively coupled plasma processing system are hughly desirable.

SUMMARY OF INVENTION

{Para 4] The invention relates, in an embodiment, to a method for processing a substrate in a
plasma processing chamber, The method includes supporting the substrate in the plasma
processing chamber configured with an upper electrode and a tower electrode. The method
also includes configuring at feast one radio frequency (RF} power source to ignite plasma
between the upper electrode and the lower electrode. The method further includes providing
a conductive coupling ring. The conductive coupling ring is coupled to the lower electrode to
provide a conductive path. The method ver also includes providing a plasma-tacing-
substrate-periphery {(PFSP) ring, the PFSP ring being disposed above the conductive coupling
nng. The method vet further includes coupling the PFSP ring 10 at feast one of a direct
current (DC} ground through an RE filter, the DC ground through the RF fifter and a variable
resistor, a positive DC power source through the RF filter, and a negative DC power source

through the RF filter to control plasma processing parameters.



{Para 3} The above summary relates to only one of the many embodiments of the invention
disclosed herein and is not intended to il the scope of the invention, which is set forth 13
the claims herein. These and other features of the present invention will be described in mere
detall befow in the detailed description of the invention and in conjunction with the following

figures.

BRIEF DESCRIPTION OF THE DRAWINGS

{Para 6] The present invention is illustrated by way of example, and not by way of
[imitation, in the figures of the accompanying drawings and in which like reference numerals

refer to similar elements and in which:

{Para 7} Fig I shows, in accordance with an embodiment of the present invention, &
simplified schematic of a capacitively-coupled plasma processing system configured with

components designed 1o enhance control over the plasma processing systen.

{Para 8] Fig. 2 shows, in accordance with an embodiment of the present invention, a

simplified schematic of a capacitively-coupled plasma processing system configured with

components designed to enhance control over the plasma processing systent,

{Para 9] Fig 3 shows, in accordance with an embodiment, a graph representing data
showing the measured potentials as a function of DC bias on a PESP ring {e.g., hot edge
rig).

{Para 10] Fig. 4 shows, in accordance with an embodiment of the invention, a graph
representing data llustrating the ion saturation current density along the radius of the
subsirate.

fPara 11] Fig. 5 shows, in accordance with an embodiment of the invention, a graph
representing data showing the fon saturation current density as a function of DC bias on the
substrate.

[Para 12] Fig. 6 shows, in accordance with an embodiment of the invention, a graph
representing data of the modeled DC potential results as a funetion of the PFSP ring DC
potential for a 2 MHz baseline civeuit.

{Para 13] Fig 7 shows, in accordance with an embodiment of the invention, a graph
representing data of the modeled DC potential resnlts as a function of PFSP DC potential for

a 27 Mz baseline circust.



{Para 14] Fig. 8 shows, in an embodiment of the invention, a multi-frequency capacitively
coupled plasma processing system 800 configured with components designed to enhance

control over the plasma processing system.

DETAILED DESCRIPTION OF EMBODIMENTS
{Para 15] The present invention will now be described in detaif with reference to a few
embodiments thereof as illustrated in the accompanying drawings. In the following
description, numerous specific details are set forth in order to provide a thovough
understanding of the present invention. It will be apparent, bowever, 10 one skilled in the art,
that the present invention may be practiced without some or all of these specific details. In
other instances, well known process steps and/or stractures bave not been described in detail

ur order to not unnecessarily obscure the present inventon.

{Para 16] Varions embodiments are described hereinbetow, including methods and
techniques. 1t should be kept in mind that the invention might also cover articles of
manufacture that inctudes a computer readable mediam on which computer-readable
instructions for carrving out embodiments of the inventive technique are stored. The
computer readable medinm may include, for example, semiconductor, magnetic, opto-
magunetic, optical, or other forms of computer readable medium for storing computer readable
code. Forther, the invention may also cover apparatuses for practicing embodiments of the
invention. Such apparatus may include circuits, dedicated andfor programmable, to carry out
tasks pertaining to embodiments of the tnvention. Examples of such apparatus include a
general-purpose computer and/or a dedicated computing device when appropriately
programmed and may include a combination of a computer/computing device and
dedicated/programmable circuits adapted for the various tasks pertaining to embodiments of

the invention,

{Para 17] 1n accordance with embodiments of the invention, there are provided wmethods and
arrangements for configuring a plasma processing system to enhance control over plasnia
processing parameters. Embodiments of the invention include emploving a plasma-facing
substrate-periphery (PFSP) nng couple to a DC control module 1o enable more control over
the parameters. With more sophisticated controls. the process regime of the plasma
processing system may be expanded to allow for substrate processing bevond traditional

Processing parameters.
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{Para 18] 1n an embodiment, the plasma processing system may be configured to wclude a
conductive coupling ring to provide a conductive path between a plasma-facing substrate~
periphery ring and a DC control module. In an embodiment, a DO control module may
include a switeh, a positive DC power supply, a negative DC power source, and a varnable
resistor being connect to a DC ground. By providing a conductive path, plasma-processing
parameters {e.g., mean ion energy and/or plasma density) may be controlied by DC control

module.

[Para 19] In an example, plasma-processing parameters may be controlled by coupling
PRSP ring to ground through RF filter. In another example, plasina-processing parameters
may also be controtled by coupling PFSP ring to ground through RF fifter and a variable
resistor. In vet another example, plasma-processing parameters may be controlled by
coupling PFSP ring to a positive DC veltage sonrce through RF filter. In yet another
example, plasma-processing parameters may be controlied by coupling PFSP ring to a

negative DC voltage source through RF filter,

{Para 20] In another embodiment, the plasma processing system may be configured to
inchude a DC conductive coupling ring to provide a DC conductive path between a plasma-
facing substrate~-periphery (PESP) ring, uot limited to a hot edge ring, and a DC control
module without eliminating the plasma processing system’s ability to create an RF

conductive coupling with the hot edge ring

[Para 21] In another embodiment, the plasma processing system may be configured to
provide a DC conductive path while maintaining the ability to create an RF conductive
coupling. RF conductive coupling may be configured by emaploving an RF coupling ning to
couple an electrostatic chuck to a hot edge ring. In order to achieve DC conductive coupling
without eliminating RF conductive coupling, additional riags, such as a DC conductive
coupling ring and a PFSP ring, may be emploved to provide the DC conductive path. In an
embodiment, the PESP ring may be any type of plasma-facing nngs that may be on the

periphery of the substrate.

[Para 22] The features and advantages of the wvention may be better understood with
reference {0 the figures and discussions that follow,

{Para 23] Fig. 1 shows, in accordance with an embodiment of the present invention, a
simplified schematic of a capacitively-coupled plasma processing svstem 100 configured

with components designed to enbance control over the plasma processing system. Plasima



processing system 100 may be a single, double, or triple frequency capacitively discharged
system. In an example, radio frequencies {RFs) may include, but are not himited fo, 2, 27 and

60 MHz.

[Para 24] Plasma processing system 100 may be asymmetrical tn that a grounded upper
electrode 104 may have a different diameter (e.g., larger) than the diameter of a spbstrate 106
and/or an electrostatic chuck 108, Accordingly, during plasma processing the potential,
being measured in direct current voltage (Vy.), of grounded upper electrode 104 may differ
from that of substrate 106, In an example, the Vg of grounded upper electrode 104 may be

zero whereas the Vg, of substrate 100 tends to be negative.

[Para 25] Plasma processing system 100 may also be coufigured w include a grounded
upper electrode 104 and a lower electrode, such as an electrostatic chuck 108, disposed above
a lower body 110, which is usually aluminum. Electrostatic chuck 108 may be constructed

from alwminum with a ceramic diglectsic fayer on the soeface of the aluminum plate,

[Para 26] Plasma processing system 100 may also include a radio frequency (RF) generator
112 to supply RF bias power to electrostatic chuck 108 through fower body 110. Usually, RF

power 112 may interact with a gas (not shown to simplify schematic) to ignite plasma 102
between upper electrode 104 and electrostatic chuck 108, Plasma 102 may etch and/or

deposit materials onio substrate 106 to create electronic devices.

{Para 27] Plasma processing system 100 may also include a coupling ring 114, Inan
embodiment, arranged above coupling ring 114 s a plasma-facing-substrate-periphery
(PFSP) ring 116, which may be disposed on the periphery of the substrate facing plasma 102,
PFSP ring 116 may include, but are not Hunited to, a hot edge ring. PFSP ring 116 may be
employed to provide protection {or the underlying components, such as coupling sing 114,
from being damage by the ions of plasma 102, PESP ring 116 may afso be utifized to focus
the 1ons of the plasma at the edge of a substrate to maintain process umiformity during plasma

processing in a capacitively coupled plasma processing system.

{Para 28] In the prior art, the coupling ring may be constructed of an RF conductive
material, such as quarlz, to enable RF coupling between electrostatic chuck 108 and PESP
ring 116, In contrast to prior ant, coupling ring 114 may be constructed of a DC conductive
material, such as aluminum, to provide DC coupling between and PFSP ring 116 and lower
body 110, 1n an example, coupling ring 114 may provide a conductive path that may enable

a current to traverse from upper clectrode 1604, through plasma 102, through PESP ring 116,
PE gty £ &
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through lower body 110, through an R¥ filter 128 to DC control module 160, By enabling

DC coupling, a DC curvent path may be established with an external DC control module 160,

fPara 29] In an embodiment, DC control moduole 160 may inclade a switeh 130, a positive
DC power supply 136, a negative DC power source 134, and a DC ground 132, A variable
resistor 131 may be configured to connect 10 DC ground 132 in order 1o vary the resistance of

the DC cwrrent path.

{Para 30] Driving the current along the aforementioned conductive path may be achieved

through different implementations.

{Para 31] DC conirol module 160 may be emploved to control a plurality of plasma
processing parameters. In an embodiment, a current may be driven along the aforementionsd
conductive path through PFSP sing 116 by coupling lower body 110 with RF filter 128 to
switch 130 of DC controf modute 160 to connect to DC ground 132, RF filter 128 i3
generally employed to provide attenuation of unwanted harmonic RF energy without
introducing fosses to DC power source. Unwanted harmonic RF energy is usually generated
in the plasma discharge and may be kept from being returned to the DC power source by RF

filter 128,

{Para 32] Switch 130 is generally emploved to select between various DC external power

ources. In an example, when switch 130 is opened, a current path does not exist to an

e

external DC control module. Therefore, the substrate DC bias voltage (Vao) as
aforementioned will tend to be pegative in refation to the plasma due to the asymmetric
plates. However, when switch 13013 closed and the circuit s grounded, the substrate DC

bias tends to go from negative to zero,
[Para 33] Upon closing switch 130 to diive the voltage on PFSP ring 16 toward ground,
the plasma voltage potential (V) and substrate DC bias (V) may change. While not
wishing to be bound by theory, the inventors believe that mean ion energy to the subsirate
{Fimean) may be correlated 1o Vi and V., by Bquation -

Emws] = Vp! Vdn {:{[?-!l'{ﬁ()ﬁ {
[Para 34] Generally, the mean ion energy to a substrate in a capacitively coupled plasma
processing system may be determined by the potential difference established in a plasma-
processing chamber. In an example, the mean ton energy to substrate 106 tends to change,
depending on the specific changes in values of Vi and Vy,, upon closing the circuit with a

path to DC ground.
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{Para 35] Furthermore, the plasma density tends to increase when switch 130 is closed and a
DC current path to ground is established with PFSP ring 116, The increase in plasma density
tends to be global in an advantageous manner. As the terms is employed herein, global refers
to the uniform increase in plasma density not only across the substrate but also beyond the
substrate edge. Accordingly, plasma density does not tend to drop off at the edge of the
substrate. In general, it is desirable for the plasma density to remain substantially constant
over the entire surface of the subsirate 1n order to maintain process aniformity and vertical

eteh profiles.

jPara 36] In vet another embodiment, DC control module 160 may be emploved to drive the
current through PEFSP ring 116 by coupling lower body 110 with R¥ filter 128 to variable
resistor 131 to connect to DC ground 132, Upon closing switch 130, the current flowing
through the circuit path may be regulated by changing the value of variable resistor 131 to
affect the voltage potentials at the substrate and plasma. Thus, mean 1on energy and plasma

density values between floating and ground may also be adjusted, i.e., fine-tuned.

{Para 37] Consider the sttuation wherein, for example, switch 130 is closed and 13 in contact
with positive DC voltage bias 134, The current may be driven through PEFSP ring 116 by
coupling lower body 110 with RF filter 128 by a positive DC voltage bias 136, in an
embodiment. The limit for bias DC voltage 136 may be the plasma potential. By tncreasing
bigs DC voltage 136, the voltage potentials of the substrate and the plasma may increase, the

stasma density may increase, and the mean ion energy may decrease bevond the ground state.
f 3 ) ; A 3 3 ¥

{Para 38] Consider the situation wherein, for example, switch 130 is closed and is in contact
with negative DC voltage bias 134, The current may be driven through PFSP ring 116 by
coupling lower body 110 with RF filter 128 by a negative DC voltage bias 134, inan
embodiment. The linit to the negative DC voltage bias value may be based on the substrate
DC bias. By controlling the negative DC voltage bias 134, the voltage potentials of the
substrate and the plasma may decrease. By reducing the plasma potential, the capability of
matntaining confined plasma may be improved. in addition, by controlling the negative DC

voltage bigas 134, plasma density may decrease and the mean ion energy may inerease,

fPara 39] As shown in Fig. 1, enhanced control of the plasma processing parameters may be
achieved by mampdating the DC control modale. Therefore, capacttively-coupled plasma
processing system with asymmetrical plates are now able to perform more sophisticated

sabstrate processing that maay be outside of the traditional plasma processing regime. In
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addition, the cost of ownership {o the manufacturing compames may be nimmized since the

implementation of the embodiments 1s relatively sinple and inexpensive,

[Para 40} Fig 2 shows, in accordance with an embodiment of the present invention, a
simplified schematic of a capacitively-coupled plasma processing system 200 configured
with components designed to enhance control over the plasma processing system. Note that
Fig. 2 shows the implementation of plasma processing system 100 of Fig. 1 with additional
elements to the right of a line 150 of Fig. L.

{Para 41] Plasma processing system 200 may jnctude 4 bottom insulator 218 typically made
out of quartz. Disposed on top of bottom insulator 218 is a bottom insulator cover 220 that
may also made out of quartz. Coupled to the bottony insulator cover 220 is a bottom ground
extension 222. The bottom ground extension 222 is typically made out of aluminum and is
grounded. Disposed above bottom ground extension 222 is a cover ring 224 that is typically
made out of guartz.

[Para 42] Multi-frequency capacitively coupled plasma processing system 200 also inclades
a plurality of confinement rings (2264, 2268, 226C, and 226D). The confinement rings

226A - 226D function to confise plasma within plasma chamber during plasma processing.

{Para 43] Plasma processing system 200 may also bepefit from embodiments deseribed in
Fig. 1. By configuring plasma processing system 200 with a conductive path to DC control
maodule, the capacitively-coupled plasma processing system is now able to perform more
sophisticated substrate processing that may be outside of the traditional plasma processing
regime.

fPara 44] As discussed above, mean 1on energy to a substrate in a capacitively coupled
plasma processing system may be determined by the potentials established in a plasma-~
processing chamber. The potentials may include, but are not limited to, plasma potential,
floating potential, and/or potential of powered or externally biased electrode. Fig. 3 shows, in
accordance with an embodiment, a graph 300 representing data showing the measured
potentials as a function of DC bias on a PRSP ring {e.g., hot edge ring). Fig. 3 is discuyssed in
refation to Fig. 1 and 3 to facilitate understanding.

{Para 45] The vertical axis shows measured potentials in voltage (V) and the horizontal axis
shows ditferent DC bias voltage (V) settings on the PFSP ting. Along the borizontal axis,
fowr different conditions (302, 304, 306, and 308} for the DC bias on the PRSP ring are

shown.



{Para 46] Mapped on graph 300 are three plots lines {310, 312, and 314). Plot line 310
shows an example of the substrate DC bias, V.. Plotline 312 shows an example of the
plasma potential, V. Plot line 314 shows an example of the mean ion energy at the

substrate, Fuaean,

[Para 47] Consider the situation wherein, for example, dual frequencies RF power, such as 2
and 27 MHz, may be applied by R¥ generator 112, During processing, switch 130 1s opened.
On graph 300, the opened condition of switch 130 1s shown as condition line 302. When
switch 130 is opened, substrate 106 may have a negative DC biag voltage (V). as shown by
plot line 310, In addition, the voltage potential (Vi) of plasma 102 may be higher than the
substrate DC bias voltage (V). as shown by plot line 312, Due to the asymmetry of the
capacitively coupled plasma processing system, the plasma voltage potential (V) tends to be
higher than sobstrate DC bias voltage (Vg as illustrate by plot lines 312 and 310,
respectively, at condition line 302.

{Para 48] When switch 130 1s closed, for example, PESP ring 116 becomes grounded when
a conductive curvent path is established between conductive coupling ring 114 and lower
body 110 to external DC control module 160, On graph 300, the ground condition of PFSP
ring 116 mav be shown as coudition hine 304, Since substrate 106 and plasma 102 both exist
along the conductive carrent path, the substrate DC bias { V) and the plasma voltage
potential {Vy) may increase when DC current path is connected to ground. In an example,
the substrate DC bias (V4) may increase from a negative potential to a potential of about
zero. As can be seen, plot line 310 has shown an merease as the subsirate DC bias (Vo)
increase from a negative potential to about zero, Similarly, plot ine 312 has also shown an
increase however, the increase 15 not as steep since the change in the plasma voltage potential

is less than that of the substrate DC bias voltage.

{Para 491 As aforementioned, the mean 1on energy i a capacitively coupled plasma
processing system may be determined by the potential difference established in a processing
chamber. In an example, when switch 130 is opened, V. tends 1o be negative. However,
when switch 13015 closed and the cireuit 1s grounded, the substrate DC bias tends to go from
negative to zero. Since the increased to plasma voltage potential 1s {ess than the mcereased to
substrate DC bias voltage, the mean ion energy Enea at the substrate tends to decrease. As

can be seen, plot line 314 has shown a decrease in the mean ton energy at substrate 106,



{Para 30] The voltage potential values of the substrate and/or plasma, as shown by plot lines
310 and 312, respectively may be manipulated (e g, fine-tuned). In an embodiment, vasiable
resistor 131 may be placed along the conductive current path to controf the resistant value,

thereby controlling the voltage potential. As a resudt, the mean jon energy at the substrate, as

shown by plot line 314, may also be controlled.

[Para 1] In an example, condition lines 306 and 308 show posiiive 120 volts and positive
200 volts, respectively, of DC bias on PFSP ring 116, Plot line 310 shows a slight increase in
sabstrate DU bias from condition line 304 to condition line 306, where DC bias to PFSP ring
116 is about 120 V. Plot line 310 may start to plateau out with further increase in DC bias
vollage as it approaches condition line 308, where DC bias is about 200 V. The upper linnt

for the bias DC voltage on PESP 116 may be the plasma potential.

{Para 321 Analogously, plot line 312 shows a shight inorease in plasima potential and
continyes to plateau in plasma potential valoe at condition lines 306 and 308, respectively.
Correspondingly, the mean ion energy at the substrate, as shown by plot line 314 of Fig. 3,

shows a nunimal decrease in value and continues to plateau off.

{Para 33] Ascan be seen from Fig. 3, graph 300 shows that the implementation of & DC
control module may enhance controf over parameters of the processing environment, such as
the DC bias of the substrate, the plasma potential, and the mean ion energy at the substrate.
In an example, by controlling DC voltage to the PESP tng, voltage potentials of the substrate
and/or the plasma may be impacted. Also, the mean 1on energy at the substrate may be
controlled by fine-tuning the potentials between floating and ground through configuring a
variable resistor in the current path. Farthermore, the DC effect may continue and may

platean off as positive DC bias at PFSP ring approaches the limit, Le., plasma potential.

[Para 84| Fig. 4 shows, in accordance with an embodiment of the invention, a graph 400
representing data illustrating the lon salusation current density along the radius of the
substrate. The vertical axis shows ton saturation current density, Ju, measured milliampere
per square centimeter {nm:’»\f’czng), The horizontal axis shows distance in millimeter (mim)
from the center of a substrate. Along the horizontal axis, the center of the substrate is where
the radins is about zero. In an example, for a 300 mm diameter substrate, the edge of the

substrate 1s where the radius is about 150 mm.

fPara 33] Graph 400 may include plot lines 402 and 404, Plot line 402 shows an example of

an ion flux, e plasma density, across the substrate in which the switch 1s opened (1.e, no



cusrent path to the DC control module}. Plot line 404 shows an example of an 1on flux across

the substrate in which the switch is closed and a current path to the DC control modale exists.
[Para 56] Consider the situation wherein, for example, a switch 15 closed during plasma
processing. As a result, the plasma density across the substrate may increase uniformly
across the substrate as shown by plot lines 402 and 404, As aforementioned, the increase
may be a global increase with the plasma density increasing uniformly across the substrate

and beyond the substrate edge.

{Para 87] Fig 5 shows, in accordance with an embadiment of the invention, a graph 500
representing data showing the ion saturation current density as a funpction of DC bias on the
substrate. The vertical axis shovws ton saturation carrent density, Jou, measured milli-ampere
per square centimeter (mA/cm’). The horizontal axis shows substrate DC bias measured in

voltage (V).

{Para 58] In an embodiment, a plot line 502 shows plasma density increases when a current
path to DC control module goes from floating to ground. The plasma density value between
floating to ground may be control with a variable resistor configured in the current path of the
DC ground. In addition, plot ine 302 shows the 1on saturation curtent increases with an
increasing positive voltage DC bias, e.g., +120 V, +200V and +250 V, and the effect

gradually levels off due to plasma potential Hmit.

[Para 89| In general, a DC sheath tends to develop at the ground electrode as DC potential is
increased above floating potential. As the term is employed herein, floating potential refers
to the potential assumed by a surface within an asymmetrically capacitively coupled plasma
processing system that is not externally bias or grounded. The presence of a DC sheath
opposite the substrate tends (o trap energetic secondary electrons. The trapping of energetic
secondary electrons tends to cause an increase in plasma density due to relatively high cross
seclion for tontzation by energetic electrons. Thus, plasma depsity across the substrate may

be manipulated by controlling DC bias to the substrate.

fPara 60] Fig 6 shows, in accordance with an embodiment of the invention, a graph 600
representing data of the modeled DC potential resalts as a function of the PFSP ring DC
potential for a 2 MHz baseline circuit.

fPara 61] The vertical axis shows modeled DC potential in voltage (V). The horizontal axis
shows different DC bias voltage (V) settings on the PFSP ring. Three plot hnes 610, 612, and

614 are shown as examples. Plot line 610 shows an example of the substrate DC bias, V.



Plot hne 612 shows an example of the plasma potential Vpi. Plot line 614 shows an example

of the mean 1on energy at the substrate, Emen,

[Para 62| Plotline 614 shows analviical result from a circutt model predicting direct control
of mean ton energy at the substrate by DC potential for 2 MHz excitation frequency from
floating to ground and up to about 200 V. Above the Hmit, the maodel predicts a leveling
effect of the mean ion energy. The fimit on DC potential affecting mean ton energy may be
due to the plasma potential, Fuorthermore, the model predicis subsirate DT bias, 1.e., plotline
610, and plasma potential, 1.e., plot line 612, results track with the PFSP DC potential over
the full range. The model predictions show results in Fig, & which are in substantial

agreement with measured resalis in Fig. 3.

&3

{Para 63] Fig. 7 shows, in accordance with an embaodiment of the invention, a graph 700
representing data of the modeled DC potential results as a function of PFSP DC potential for

a 27 M1z baseline circuit.

{Para 64] The vertical axis shows modeled DC potential in voltage (V). The horizontal axis
of shows different DC bias voltage (V) settings on the PFSP ring. Three plots hines (710,
712, and 714} are shown oun grapl 700, Plot line 710 shows an example of the substrate DC
bias, Ve Plot line 712 shows an example the plasma potential Vi Plot line 714 shows an

example of the mean 1on energy at the substrate, Fmean.

fPara 65] Plotline 714 shows analytical vesult from a circunt model predicting no direct
control of mean ion energy at the substrate by DC potential for 27 Mz excitation frequency
over the full range. However, the model predicts substrate D€ bias, 1.e., plot ine 710, and
plasma potential, 1.e., plot line 712, results track with the PESP DC potential over the full

range.

fPara 66] 1n an embodiment, the circult model prediction shows the substrate DC bias and
the plasma potential results track with PFSP DC potential over the full range for both jow RF
frequency and bigh RF frequency. However, the decrease in mean 1on energy at the substrate
as a function of PFSP DC potential is mainly due to the contribution from the low freguency
excitation, ¢.g., 2 MHz. Thus, the measwred results showing control of mean jon energy from
Fig. 3 with doal frequencies RF power, Le. 2 and 27 MHz, are mainly due to the low
frequency (e.g., 2 MHz) contribution.

{Para 67] Inadditton to the aforementioned methods and arrangements as discussed in Figs.

1, 2A and 2B, other embodiments may be provided in which a PFSP ring, not limited to g hot



edge ring, may be employed to ereate a DC path from the upper electrode 1o the DC control
module. Fig 8 shows, in an embodiment of the invention, a multi-frequency capacitively
coupled plasma processing system 800 configured with components designed to enhance
control over the plasma processing system. Plasma processing system 800 may be
configared to include a grounded upper electrode 804, a substrate 8006, an electrostatic chuck
808, a fower body 810, an RF power sowrce 8172, a quartz coupling ring 814, a hot edge ring
B16, a cover ring 820, bottom insulator 818, a bottom ground exiension 822, a cover ring 324,
a plurality of confinement rings (8264, 8268, 826C, and 826D), an RF filter 828, a DC
control module 60, a switch 830, a variable resistor 831, an external DC ground 832, an

external negative DC bias 834, and an external positive DC bias 836

{Para 68] Consider the situation wherein, for example, a manufacturer wangs to enhance
control of plasma processing parameters (such as voltage poteniials, plasma density, and the
likes) without eliminating elements from the prior art capacitively coupled plasma processing
system, such as hot edge ring 816 and a quarntz coupling ring 814 In an embodiment, a DC
conductive coupling ring 842 and a PFSP ring 844 are added to provide a DC conductive
path.  Inan example, coupling nng 842 may provide a conductive path that may enable a
current to taverse from upper electrode 804, through plasma 802, through PESP ring 844,
through lower body 810, through RF fifter 828 to DC control module 860, DC conductive
coupling ring 842 may be made out of alumynum and PESP ring 844 may be made out of
silicon. Thus, the addition of conductive coupling ring 842 and PFSP ring 844 may provide
manufacturers an alternative implementation to control jon energy andfor plasma density by
using external DC power without sacrificing process uniformity near the edge of the

substrate.

fPara 69] Asmay be appreciated from the foregoing embodiments, a plasma processing
system may be transformed to provide enhanced controls of plasma processing parameters.
Accordingly, the manufacturing company may be able be better positioned in a highly
competitive market by being able to expand subsirate processing outside of the traditional
plasma processing regime of mechanically confined and highly asymmetrical capacitively-
coupled plasma processing system. In addition, the cost of ownership to the manufacturing
company 1§ minimized since implementation of the new components s fairly simple and

nexpensive.

fPara 70] While this invention has been described in terms of several preferred

embodiments, there are alteranons, permutations, and equivalents, which fall within the scope



of this invention. Also, the title, suminary, and abstract are provided herein for convenience
and should not be used to construe the scope of the claims herein. It should also be noted that
there are many alternative wavs of implementing the methods and apparatuses of the present
invention. Although various examples are provided herein, it 1s intended that these examples
be illustrative and not limiting with respect to the invention. it1s therefore intended that the
following appended claims be interpreted as ineloding all such alterations, permutations, and

equivalenis as fal]l within the true spint and scope of the present ivention.



CLAIMS

1. A method for processing a substrate in a plasma processing chamber, the method
comprising:

providing an upper electrode, a lower electrode, an edge ring concentrically surrounding
at least a portion of said lower electrode, and a conductive coupling ring formed of a direct
current (DC) conductive material and disposed in the lower electrode below said edge ring;

configuring at least one radio frequency (RF) power source to ignite plasma between
said upper electrode and said lower electrode to process said substrate when said substrate is
disposed above said lower electrode;

using said conductive coupling ring to provide a conductive path that is coupled to at
least said plasma, wherein said edge ring substantially covers and protects said conductive
coupling ring from said plasma;

electrically coupling a DC control module via the lower electrode to the conductive
coupling ring; and

switching, while the plasma is ignited in the plasma processing chamber, the electrical
coupling from being open to a DC ground through an RF filter and a variable resistor, said
conductive coupling ring causing setting of a DC bias voltage of the substrate, the switching
causing a decrease in mean ion energy of said plasma at said substrate and, while the plasma
is ignited, further decreasing the mean ion energy of said plasma at said substrate by
increasing said DC bias voltage by adjusting the variable resistor,

wherein the conductive coupling ring disposed in the lower electrode below the edge
ring enables current to traverse from the upper electrode, through the plasma when present,
through the conductive coupling ring and to the DC control module that is connected to the
lower electrode.

2. The method of claim 1, wherein said conductive coupling ring is made of aluminum.

3. The method of claim 1, wherein said RF power source has an RF frequency of about 2
MHz.

4. The method of claim 1, wherein said RF power source has an RF frequency of about
27 MHz.

5. The method of claim 1, wherein said RF power source has an RF frequency of about
60 MHz.

6. The method of claim 1, wherein said plasma processing system is a capacitively-

coupled plasma processing system.
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7. The method of claim 1, further comprising, during said processing said substrate,
opening a switch between said RF filter and said DC ground to cause said substrate to have a
negative DC bias voltage.

8. The method of claim 1 further comprising closing a switch between said RF filter and
said DC ground to increase a DC bias voltage of said substrate.

9. The method of claim 1 further comprising closing a switch between said RF filter and
said DC ground to increase a voltage potential of said plasma.

10. The method of claim 1 further comprising, during said processing said substrate,
closing a switch between said RF filter and said DC ground to increase density of said plasma
across said substrate.

11. A method for processing a substrate in a plasma processing chamber, the method
comprising:

providing an upper electrode, a lower electrode, an edge ring concentrically surrounding
at least a portion of said lower electrode, and a conductive coupling ring formed of a direct
current (DC) conductive material and disposed in the lower electrode below said edge ring;

configuring at least one radio frequency (RF) power source to ignite plasma between
said upper electrode and said lower electrode to process said substrate when said substrate is
disposed above said lower electrode;

using said conductive coupling ring disposed in the lower electrode to provide a
conductive path from said upper electrode through said plasma, when present, through said
conductive coupling ring and to a DC control module that is coupled to said lower electrode,
the conductive path initially being electrically floating;

coupling the conductive path to DC ground from the floating state via a switch of said
DC control module while the plasma is ignited, the conductive path being via an RF filter and
a variable resistor of said DC control module; and

adjusting, while the plasma is ignited, the variable resistor to increase a DC bias voltage
of the substrate via the conductive path, the increase in DC bias voltage causing a decrease in
mean ion energy of said plasma at the substrate.

12. The method of claim 11, wherein said conductive coupling ring is made of
aluminum.

13. The method of claim 11, wherein said RF power source has an RF frequency of
about 2 MHz.

14. The method of claim 11, wherein said RF power source has an RF frequency of
about 27 MHz.
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15. The method of claim 11, wherein said RF power source has an RF frequency of
about 60 MHz.

16. The method of claim 11, wherein said plasma processing system is a capacitively-
coupled plasma processing system.

17. The method of claim 11, further comprising, during said processing said substrate,
opening a switch between said RF filter and said DC ground to cause said substrate to have a
negative DC bias voltage.

18. The method of claim 11 further comprising closing a switch between said RF filter
and said DC ground to increase a DC bias voltage of said substrate.

19. The method of claim 11 further comprising closing a switch between said RF filter
and said DC ground to increase a voltage potential of said plasma.

20. The method of claim 11 further comprising, during said processing said substrate,
closing a switch between said RF filter and said DC ground to increase density of said plasma

across said substrate.
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