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PLASMA PROCESSING APPARATUS WITH TUNABLE ELFECTRICAL

CHARACTERISTIC

CROSS-REFERENCE TO RELATED APPLICATIONS

foooi]  This application claims the benefit of U.S. Nonprovisional Application No.

17/337,067 filed on June 2, 2021, which is incorporated herein by reference in ifs entirety.
TECHNICAL FIELD

fooo2]  The present invention relates generally to plasma processing, and, in particular
embodiments, to apparatuses and methods for plasma processing using a plasma processing

apparatus with a tunable electrical characteristic.

BACKGROUND

fooog] Device formation within microelectronic workpieces may involve a series of
manufacturing techniques including formation, patterning, and removal of a number of
layers of material on a substrate. In order to achieve the phystcal and electrical
specifications of current and next generation semiconductor devices, processing flows
enabling reduction of feature size while maintaining stroctoral integrity is desirable for

various patterning processes.

[ooo4]  Plasma processes are commonly used to form devices in microelectronic
workpieces. For example, plasma etching and plasma deposition are common process steps
during semiconductor device fabrication. A combination of source power and bias power
may be used to generate and direct plasma during plasma processing. Seguences of direct
current (DC) pulses may applied as bias voltage during plasma processes. Short DC pulse

trains (i.e. sequences) may be used to increase the flux of high energy ions to a substrate.

fooos]  Various parameters such as DC pulse frequency and duty ratios affect ion to
radical ratios and other plasma parameters. The DC pulse frequency and duty ratios also
affect charge buildup on the biased electrode. Charging of the biased electrode reduces the
voltage which undesirably leads to reduced ion flux at the substrate. However, due to the
dependence of the ion energy distribution function (JEDF) on the DC pulse frequency and
the duty ratios, it is undesirable to manipulate these parameters to reduce substrate

charging.

SUMMARY

fooos]  Inaccordance with an embodiment of the invention, a plasma processing

apparatus includes a plasma processing chamber, a source power coupling element
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configured to generate plasma in an interior of the plasma processing chamber by coupling
source power to the plasma processing chamber, a DC pulse generator configured to
generate a DC pulse train at a DC pulse frequency, a substrate holder disposed in the interior
of the plasma processing chamber, a BC coupling elerent coupled to the DC pulse generator,
a DC current path including the DC coupling element, the plasma, and a reference potential
node in a series configuration, the DC coupling element being configured to bias the
substrate holder relative to the reference potential node using the DC pulse train, and a
capacitive pre-coat laver disposed between the DC coupling element and the plasma. The
capacitive pre-coat laver increases the RC time constant of the DC current path according to

the DC pulse frequency.

foooy] In accordance with another exabodiment of the invention, a plasma processing
apparatus includes a plasma processing chamber, a source power coupling element
configured to generate plasma in an interior of the plasma processing chamber by coupling
source power to the plasma processing chamber, a DC pulse generator configured to
generate a DC pulse train including a DC pulse frequency, a substrate holder disposed in the
interior of the plasma processing chamber, a DC coupling element coupled to the DC pulse
generator, a DC current path including the DC coupling element, the plasma, and a reference
potential nede in a series configuration, and a tuning circuit coupled between the DC
coupling element and the DC pulse generator. The DC coupling element is configured to bias
the substrate holder relative to the reference potential node using the DC pulse train. The
tuning cireuit includes a variable capacitance. The tuning circuit is configured to tune an RC
time constant of the DC current path by varving the variable capacitance according to the DC

pulse frequency.

{0008] Tn accordance with still another embodiment of the invention, a method of tuning
an electrical characteristic of a plasma processing chamber of a plasma processing apparatus
includes determining a capacitance value from a range of capacitance values according to a
DC pulse frequency of a DC pulse train to be generated by a DC pulse generator of the
plasma processing apparatus, tuning the electrical characteristic by selecting the determined
capacitance value using a tuning circuit coupled between a DC coupling element and the DC
pulse generator, the tuning cireuit including a variable capacitance tunable in the range of
capacitance values, and biasing the DC coupling element relative to a reference potential
node by generating the DC pulse train at the DC pulse frequency using the DC pulse

generator.
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BRIEF DESCRIPTION OF THE DRAWINGS

fooog]l  For a more complete understanding of the present invention, and the advantages
thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawings, in which:

foowe]  FIG. 1illustrates a schematic timing diagram of an example plasma processing

method o accordance with an embodiment of the invention;

[eo11] FIG. 2 illustrates qualitative graphs of voliage as a function of time and
corresponding qualitative graphs of the ion energy distribution function for several RC time

congtants at a fixed DC pulse frequency in accordance with an embodiment of the invention;

[oo12] FIG. 3 illustrates a schematic diagram of an example plasma processing
apparatus comprising a DC current path between a bias power supply and a reference

potential node in accordance with an embodiment of the invention;

fo013] FIG. 4 llustrates a schematic diagram of an example plasma processing
apparatus comprising an optional capacitive pre-coat layer and an optional resistive pre-coat

laver in accordance with an embodiment of the invention;

foo14] FIG. 5 illustrates a schematic diagram of an example plasma processing
apparatus comprising a tuning circuit with a variable capacitance in accordance with an

embodiment of the invention;

foo1s] FIG. 6 llustrates a schematic diagram of an example plasma processing
apparatus comprising a tuning circuit along with an optional capacitive pre-coat layer and an

optional resistive pre-coat layer in accordance with an embodiment of the invention;

[0016] FIG. 7 llustrates a schematic diagram of an example tuning circuit comprising a
single pole switch and a plurality of capacitors in accordance with an embodiment of the

invention;

[oo17] FIG. 8 illustrates a schematic diagram of an example tuning circuif comprising a
single pole switch and a plurality of variable capacitors in accordance with an embodiment of

the invention;

[0018] FIG. g illustrates a schematic diagram of an example tuning circuit comprising a
single pole switch and a plurality of capacitors including fixed capacitors and variable
capacitors in accordance with an embodiment of the invention;

foo1g]  FIG. 1o illustrates a schematic diagram of an example tuning cireuit comprising a
single pole switch and a plurality of capacitors in accordance with an embodiment of the

invention;



190

18

20

25

30

WO 2022/256407 PCT/US2022/031771

[oozol  FIG. 11 illustrates a schematic diagram of an example plasma processing
apparatus comprising a capacitive pre-coat layer covering an upper electrode, and a tuning
cireuit coupled to the upper electrode in accordance with an embodiment of the invention;

and

foo21] FIG. 12 dHlusirates an example method of plasma processing in accordance with

an embodiment of the invention.

fooz2]  Corresponding numerals and symbols in the different figures generally refer to
corresponding parts unless otherwise indicated. The figures are drawn to clearly illustrate
the relevant aspects of the embodiments and are not necessarily drawn to scale, The edges of
features drawn in the figures do not necessarily indicate the termination of the extent of the

feature.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

fonz3] The making and using of various embodiments are discussed in detail below. Tt
should be appreciated, however, that the various embodiments described herein are
applicable in a wide variety of specific contexts. The specific embodiments discussed are
merely illustrative of specific ways to make and use various embodiments, and should not be

construed in a limited scope.

fooz4]  DCpulse trains may be useful for creating a large flux of high energyions at a
substrate. For example, DC pulse trains may accelerate ions toward the substrate by causing
a voltage differential between the substrate and the plasma. Short BC pulse trains may be
applied in an afterglow phase of a plasma as part of a pulsed plasma process (e.g. applying
pudsed source and bias power). DC pulse trains may be useful for a variety of applications
such as gate etching, patterning, high-aspect ratio contact (HARC) etching, memory
fabrication.

fooes] However, the flux and energy of the ions is dependent on the ability to maintain
the voltage differential between the plasma and the substrate surface. Charging at the
substrate results in a reduction of this voltage differential and therefore lowers the
effectiveness of an applied voltage over time. Therefore, the effects of each DC pulse must be

controlled at the electrode (e.g. at a dielectric-covered elecirode).

fooz6]  Conventional DC pulse implementations have various drawbacks. Difficulties
arise due to the differences between the optimal parameter values {(e.g., pulse length, pulse
frequency, duty ratio) for a given process and the parameter values needed to maintain a
plasma sheath. For instance, it may be undesirable to alter the DC pulse frequency and duty

ratio for a given process even though charging might be reduced by doing so. Therefore, a
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plasma processing apparatus capable of reducing the rate of substrate charging without

varving the DC pulse frequency or duty ratios may be desirable.

fooz7]  The RC electrical characteristic of the plasma processing chamber (i.e. as seen by
a DC power supply) significantly impacts the charging and discharging of the substrate
during the application of a DC bias voltage. Consequently, the period that a sheath voliage
can be maintained is determined in large part by the RC time constant 7 of the chamber. i is
generally desirable to maintain a sheath voltage through as much of each DC pulse as
possible. The DC voltage response at the substrate during application of DC pulse trains can
be controlled for arbitrary pulse lengths, pulse frequencies, and duty ratios by controlling the

RC time constant 1.

fooz8]  The RCtime constant T can be taned by altering the resistance and/or the
capacitance of a DC current path between a DC power supply and a reference potential (e.g. a
ground potential such as the grounded wall of a plasma processing chamber). Adjusting the
capacitance may be accomplished by adding one or more capacitors between a DC coupling
element (e.g. an electrostatic chuck) and the DC power supply. Additionally or alternatively,
a capacitive pre-coat layer may be formed over the DC coupling element resulting in a large
increase in capacitance. Similarly, the resistance can be adjusted by applying a resistive pre-
coating to various inner surfaces of the plasma processing chamber or by adding resistors at

various points along the DC current path.

foozg] A tuning circuit may be included between a DC pulse generator and the DC
coupling element. The tuning circuit may include various capacitors such as fixed and
variable capacitors. The capacitors may be arranged as banks of capacitors in paraliel,
Individual capacitors, banks of capacitors or other subsets of the capacitors may be
selectable using one or more switches. A short circuit path between the DC pulse generator
and the DC coupling element may also be included and selectable by the one or more

switches.

foo30]  The plasma processing apparatus and method of plasma processing deseribed
herein may advantageously give DC pulse train processes more margin and efficacy. For
example, at low DC pulse frequencies, substrate charging may reduce or eliminate the
desired effects of the DC pulse train. The apparatuses and methods described herein may

advantageously decrease the effects of substrate charging at lower DC pulse frequencies.

foo31]  The reduced substrate charging may in furn provide the benefit of allowing
control over the IEDF. In particular, the ion energy spread may be reduced, average ion
energy may be increased, and high energy ion flux at the substrate may be increased over

conventional DC pulse train processes. Control over the energy distribution and the ion
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energy flux may be desirable in order to approach an ideal monoenergetic flux of appropriate

magnitude for a given process.

foo32]  Various embodiments described herein may advantageously aliow an electrical
characteristic of the plasma processing apparatus to be tuned to different DC pulse
frequencies. For example, a tuning cireuit including a variable capacitance may be utilized to
select an appropriate capacitance {and/or resistance} in order to tune the electrical
characteristic of a plasma processing chamber as seen by a bias power supply according to a

desired DC pulse frequency.

foo33] Embodiments provided below describe various apparatuses and methods for
plasma processing, and in particular, apparatuses and methods for plasma processing that
include a tunable electrical characteristic, The following description describes the
embodiments. An example schematic timing diagram of an embodiment plasma processing
method is described using FIG. 1. Various gqualitative graphs of voltage as a function of time
and corresponding qualitative TEDF graphs corresponding to an embodiment plasma
processing method at a given DC pulse frequency are described using FIG. 2. FIG. 3 is used
to describe an embodiment plasma processing apparatus. Several other embodiment plasma
processing apparatuses are described using FIGS. 4-6. An embodiment tuning circuit is
described using FIG. 7. Three more embodiment tuning circuits are then described nsing
FIGS. 8—10. Another embodiment plasma processing apparatus is described using FIG. 11

An embodiment method is described using FIG. 12.

foo34]  FIG. tillustrates a schematic timing diagram of an example plasma processing

method in accordance with an embodiment of the invention.

[0035] Referring to FIG. 1, a schematic timing diagram 100 illustrates the application of
source power (8P} and bias power applied as DC voltage in a plasma processing apparatus.
An 8P pulse 111 and a DC pulse train 115 comprising a sequence of DC pulses 113, The SP
pulse 111 and the DC pulse train 115 may be one cycle of a repeated process with SP pulse
period Tep. Each SP pulse 111 has an SP pulse duration fep indicating the length of time that
the source power is continuously applied in a given cyele. An SP duty ratio Dsp can be
defined as fep/Tse. Similarly, each DC pulse has a DC pulse duration fpc and a DC pulse
period Tpe with a DC duty ratio Dpe being defined as o/ Toe. As illustrated, multiple DC
pulses 113 {i.e. multiple periods Toc) are applied in every SP pulse period Tse. A DC duty
ratio of 530% {Doe = 0.5) is shown, but both Do and Dae may be any value between ¢ and 1.
foos6] The source power may be alternating current (AC) power. For example, the
source power may be radio frequency (RF) power with 8P frequency fee. A delay fg may be

included between the application of scurce power and the application of bias power in the
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form the DC pulse train 115. In some cases, a delay may also be included between the DC

pulse train 115 and a subsequent SP pulse 111

foog7]  The DC pulse train 115 is applied at a DC pulse frequency foc corresponding to the
rate that successive DC pulses 113 are applied (.e. foc = 1/Toe). The DC pulse frequency foe is
less than the 8P frequency fee. In various ernbodiments, foc is less than about 1000 kHz. In
some embodiments, foc is less than about 20 kHz and may be on the order of 1 kHz or lower.

The DC pulse period Toe of foc (Toe = 1 us when foc = 1000 kHz, Tne = 50 us when

Joe = 20 kHz, and so on).

[0038]  Ewven at the higher DC pulse frequencies {e.g. above 100 kHz) the DC pulse

train 115 differs from application of low frequency RF power because the bias power doss not
oscillate, but instead is removed for a fraction of each cycle equal to 1—Dype. However, the
various benefits of applying short DC pulse trains may be somewhat diminished as fixc is

increased bevond 1000 kHz (e.g. due to rise and fall rate limitations).

f0039] The SP pulse period Tgp is much longer than the DC puise period Tpe. For
example, the SP pulses 111 may be applied at a frequency between about 1 kHz and about
10 kHz in one embodiment although it can be much lower. This corresponds to Tsp being
between about 10 us and about 1 ms. Consequently, fgp may range from about 5 ps to about

25 us or longer.,

[0040] It should be noted that that relative power levels of the source power and bias
power are not indicated on the timing diagram 100. Similarly, the relative pulse lengths and
the number of DC pulses in an SP period are also not represented by the timing diagram 100
in order to improve comprehension. That is, as implicitly indicated by the example
frequencies and pulse lengths above, it is not ancommon for more than 50 DC pulses to

occur in a given SP period.

foo41] FIG. 2 illustrates qualitative graphs of voltage as a function of time and
corresponding qualitative graphs of the on energy distribution function for several RC time

constants at a fixed DC pulse frequency in accordance with an embodiment of the invention.

[oog42]  Referring to FIG. 2, qualitative graphs 200 demonstrate the effects of varying the
time constant ¥ while maintaining a DC pulse frequency fic of 400 kHz and a 50% duty ratio
{Dpe = 6.5). Throughout the voltage graphs of the top row, the rod electrode response (e.g.
of the DC coupling element) remains constant and is shown as dashed curve 120. As7is
increased from 7= 0.2 us to 7= 20 us, the voltage response at a substrate surface is shown as
solid curves 121-125. The voliage at the substrate surface in this example is shown as
negative, but it may also be positive depending on the configuration of the reference

potential and the supplied bias power.
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foo43]  Asshown by curve 121, af 7= 0.2 us the voltage at the substrate surface initially
decreases with the rod electrode response, but then sharply increases due to charging before
even reaching the minimum voltage of the rod electrode. This resulis in a steep return slope
that diverges dramatically from the approximate square wave response of the rod elecirode.
At 1= 1 s {curve 122) the slope lessens, but the voltage still doesn’t reach the minimum
voltage of the rod elecirode and voltage overshoot at the rising edge of the rod voltage
becomes more pronounced. At 7= 5 us the slope of the bottom of the surface curve 123 is
beginning to approach the flat square waveform of the rod voltage. The surface voltage
reaches the minimum voltage and only increases about 15% over the 1.25 us duration of the
DC pulse.

foo44]  As risincreased to 10 us and then further to 20 us, the slope continues o flatten
out, but with diminishing returns as the slope nearly mirrors the rod response.
Counsequently, the slope at the bottom of curve 124 s very stmilar to the slope at the bottom
of curve 125. On the other hand, the voltage overshoot changes more dramatically from

7= 10 us to 7= 20 ps as it begins to also approach the rod electrode response.

fo045] TEDF graphs 131135 show the resulting IEDF at the substrate surface and
correspond with curves 121—125 respectively. Due to the brief time that the surface spends at
a negative voltage the TEDF for = 0.2 us shown in graph 131 has low energy (~700 V) and
us {graph 132) the

b

a large spread (indicated by the double-sided arrows). Similarly, atr=1
ion energy is increased overall, but still only reaches abont 950 eV with a ~500 ¢V spread.
Lower ion energy can be disadvantagecus since more voltage is needed to reach a desired ion
energy. However, large energy spread can be even more undesirable as many of the ions
reaching the substrate will not have the energy needed to produce the required effect. This

may result in a drop in process efficiency and can render some processes impractical.

fo046] In contrast, graph 133 shows that the ion energy reaching 1 keV at v = 5 us
matches the applied voltage of -1 kV. Additionally, the flattening of the slope results ina
much smaller energy spread of ~200 eV, Graphs 134 and 135 illustrate that as v is increased
t0 10 us and 10 us the energy spread continues to decrease and the number of energetic ions

increases.

fou47] The period Toc for foc = 400 kHz is 2.5 ps. As can be seen from the above
analysis, 7= 5 us provides various advantages in the surface voltage and the resulting TEDF.
As 5 usis double the period of 2.5 us, a generally beneficial target for v given foc might be
T2 2/foc. In words, the RC time constant is at least double the inverse of the DC pulse
frequency. This target gives = 2 us for foc = 1000 kHz and 1= 100 us for foc = 20 kHz, as

examples.
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foo48] It should be noted, however, that this target may or may not accurately describe
the desired r depending on the specific details of a given application. For example,
increasing T at a given foc continuously produces beneficial effects from the beginning, and
not just upon reaching a particular target. Therefore, some applications may utilize a

1< 2/fpe (e.g. if 2/foc is impractical). Similarly, T may often be in the vicinity of 2/foc, but
may also far exceed this value in applications where a near perfect square wave response at

the substrate surface is desirable.

fooqg]  The duty ratic Dec may impact the target for T. For example, the IEDF spread
may increase as Doc becomes larger (> 0.5) and decrease as Dpc becomes smaller (> 0.5).
Consequently, it may be desirable to have a higher 7 for higher Dyc and a lower 1 for lower

Dpc compared to the target for 7 at 50% duty ratio in a given plasma process.

fooso]  FIG. 3 iliustrates a schematic diagram of an example plasma processing
apparatus comprising a DC current path between a bias power supply and a reference
potential node in accordance with an embodiment of the invention. The plasma processing
apparatus of FIG. 3 may be configured to perform plasma processing methods as described

herein, such as according to the timing diagram of FIG. 1, for example.

[oos1] Referring to FIG. 3, a plasma processing apparatus 300 includes a plasma
processing chamber 302 coupled to a source power supply 307 and a bias power supply 309.
The souree power supply 307 is configured to generate plasma 306 in an interior 303 of the
plasma processing chamber 302, The source power supply 307 may generate a capacitively
coupled plasma (CCP) (as in FIG. 11 for example), an inductively coupled plasma (ICP), a
surface wave plasma (SWP), and others. For example, the source power may be coupledto a

helical resonator antenna that generates plasma 306 in the plasma processing chamber 302.

foosz]  Inthis schematic example, the source power supply 307 is coupled to the top of
the plasma processing chamber 302 and the bias power supply 309 is coupled to a substrate
holder 304 in the interior 303 of the plasma processing chamber 302, but other
configurations are also possible. The substrate holder 304 is configured to support a
substrate 305. For example, the substrate holder 304 may be an electrostatic chuck (ESC).
Alternatively, the substrate holder may be a vacuum chuck or other suitable support

structure.

[oos3] A DCpulse generator 308 is coupled between the bias power supply 309 and the
substrate holder go4. The DC pulse generator 308 is configured to generate a DC pulse train
at a DC pulse frequency. For example, the DC pulse generator 308 in combination with the
bias power supply 300 may be configured to apply a DC pulse train to the substrate holder as

shown in the timing diagram 100 of FIG. 1.



10

15

20

30

35

WO 2022/256407 PCT/US2022/031771

foos4]  Areference potential node 345 is coupled to the plasma processing chamber 302.
In one embodiment, the reference potential node 345 is coupled to a wall of the plasma
processing chamber 302 as shown. The reference potential node 345 is a ground connection
in one embodiment. The reference potential node 345 creates a DC current path 340
between the bias power supply 309 and the reference potential node 345. The behavior of
the DC current path 340 may be modeled as including a resistive component 341 and a

capacitive component 343.

fooss The plasma 306 itself supplies a conductive portion of the DC current path 340.
If should be noted that extent of the dashed boundary of plasma 306 is drawn as stopping
short of the walls of the plasma processing chamber 302 and the substrate

holder 304/ substrate 505 for readability purposes only, That is, in reality the plasma 306
extends to and interfaces with the walls of the plasma processing chamber 302, the substrate

holder 304, and the substrate 305.

foos6] Further, it should be recognized that this simplified model is conceptual. The
actual current paths that contribute to the resistive component 341 and capacitive
component 343 may be much more complicated than depicted. That is, plasma current may
travel along all surfaces of the chamber. The chamber surfaces may have inductive, resistive,
and capacitive components that contribute to the overall behavior of the circuit. Many other
contributory sources of the resistive component 341 and capacitive component 343 may also

be present (many of which will be discussed in the following).

foos7] The resistive component 341 and the capacitive component 343 of the DC current
path 340 contribute to the electrical characteristics of the plasma processing chamber 302 as
seen by the bias power supply 369. In this simplified model, the DC current path 340 is a
series RC elrcuit with a time constant requal to RCwhere R is the resistance of the resistive
component 341 and Cis the capacitance of the capacitive component 343. As previously
described in reference to FIG. 2, tuning the time constant 7 may improve the voltage
response at the substrate 365 and advantageously result in less ion energy spread, higher ion

energy, and increased ion flux at the substrate 30s5.

foos8]  Of course, several physical components may contribute to one or both of the
resistive component 341 and the capacitive component 343. As will be apparent from the
sitbsequent description, although the locations of the resistive component 341 and the
capacitive component 343 may represent the positions of some corresponding physical

components, the specific locations are also variable within the plasma processing apparatus.

foosg]  FIG. 4 llusirates a schematic diagram of an example plasma processing

apparatus comprising an optional capacitive pre-coat layer and an optional resistive pre-coat

=10~
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ayer in accordance with an embodiment of the invention. The plasma processing apparatus
of FIG. 4 may be a specific implementation of other plasma processing apparatuses
described herein such as the plasma processing apparatus of FIG. g, for example. Similarly

fabeled elements may be as previously described.

[oo6c]  Referring to FIG. 4, a plasma processing apparatus 400 includes a substrate
holder 404 disposed in an interior 403 of a plasma processing chamber 402 coupledtoa
source power supply 407 configured to generate plasma 406. A bias power supply 409 is
coupled to a DC pulse generator 408 which is in turn coupled to a DC coupling element 453

disposed in the substrate holder 404.

foo61] It should be noted that here and in the following a convention has been adopted
for brevity and clarity wherein elements adhering to the pattern [x10]} may be related
implementations of a plasma processing chamber in various embodiments. For example, the
plasma processing chamber 402 may be similar to the plasma processing chamber 302
except as otherwise stated. An analogous convention has also been adopted for other
elements as made clear by the use of similar terms in conjunction with the aforementioned

three-digit mumbering systen.

foo62] A reference potential node 445 is coupled to a wall of the plasma processing
chamber 402. A DC current path is created from the bias power supply 409, through the DC

coupling element 453 and the plasma 4086, and to the reference potential node 445.

fooba] The substrate holder 404 is configured to support a substrate 405. A capacitive

pre-coal laver 444 may be disposed on an upper surface of the substrate holder 404 between
the substrate holder 404 and the substrate 405. However, other configurations are possible.
In some embodiments, the capacitive pre-coat layer 444 may also be omitted (e.g. in favor of

alternatives or in implementations that only utilize additional resistive components).

[0064]  The capacitive pre~coatl layer 444 increases the capacitance of the DC current path
{functioning as a capacitive component). For example, the capacitance of the capacitive pre-
coat layer 444 may be written as C = gAc/l: where ¢ is the permittivity, Ac is the area, and I¢
is the thickness of the capacitive pre-coat layer 444. While many configurations are possible
and will depend on the specifics of a given application, one example set of values may be

g = 6 nF/m, Ac = (100 mm)?, and Ip = 600 pm which vields a capacitance Cof 100 nF.

foo6s] For a given substrate size {e.g. wafer size), A may remain constant while the
permittivity e (i.e. relative permittivity/dielectric constant) and the thickness Ic may be
varied to achieve the desired capacitance C. For applications involving substrates of

different sizes (e.g. larger wafers), 4 may impact the choice of ¢ and {c by increasing the

=11~
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capacitance. In some cases higher or lower dielectric constant materials may be needed to

ensure appropriate capacitive pre-coat layer thicknesses.

foo66]  The capacitive pre~coat layer 444 comprises a diglectric material in various
embodiments and is a ceramic material in some embodiments. The capacitive pre-coat
laver 444 may comprise silicon, and comprises silica (SiQ.) in one embodiment. In another

embodiment, the capacitive pre-coat layer 444 comprises yitria (Ya0.)

[oo67]  However, a variety of dielectric materials may be suitable for use as the capacitive
pre-coat laver 444. As the aforementioned equation indicates, utilizing a material with a
higher or lower dielectric constant simply requires increasing or decreasing the thickness i
accordingly. Other consideration such as process compatibility, potential dielectric

breakdown, and other material properties may also be taken into consideration,

fo068]  Ttisrecognized that the dielectric constant of a given material depends on a
variety of factors. For example, a person skilled in the art would recognize that the dielectric
constant is frequency~-dependent. In the context of this disclosure, the dielectric constant
{and by extension the permittivity} in the capacitance eguation is assumed to be considered
under the application frequency operating conditions {e.g. DC pulse frequency). It is
assumed, in view of the description herein, that a person skilled in the art would be capable
of making appropriate adjustments to the thickness of the capacitive pre-coat layer based on

the various specifics of a given application.

[oo6g] A resistive pre-coat layer 442 of thickness Iy may be included on surfaces of the
interior 403 of the plasma processing chamber 402, Although here the resistive pre-coat
laver 442 is included on surfaces of the plasma processing chamber 402, other
configurations are also possible (e.g. depending on the location and configuration of the
reference potential node 445). In some embodiments, the resistive pre-coat layer 442 may
be omitted (e.g. in favor of alternatives or in implementations that only utilize additional

capacitive components).

fooyo] Similar to the capacitive pre-coat laver 444 discussed above, the resistive
properties of the resistive pre-coat laver 442 increases the resistance of the DC current path
(functioning as a resistive component). The geometry of the plasma processing chamber 402
impacts the resistance R of the resistive pre-coat laver 442. For example, the

resistance R = pl/Ag where p is the resistivity, Ag is the cross-sectional area perpendicular to
the direction of DC current flow, and [ is the length of the resistive pre-coat layer 442 in the
direction of the DC current flow. Although the resistive pre-coat layer 442 is only shown

covering the vertical sides of the plasma processing chamber 402 it should be understood
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that other surfaces such as top surfaces of the plasma processing chamber 402 or side

surfaces of the substrate holder 404 may also be covered.

foa71] Assuming that the current travels along the surfaces of the plasma processing
chamber 402, Ax may be approximated as 2nr x Iy where r is the radius of the plasma
processing chamber 402 (for a cylindrical chamber, but any suitable chamber shape may be
used}. The length ! is then the average distance that the current must travel to reach the
reference potential node. As one might expect, many configurations are possible and will
depend on a variety of specific factors for a given application. One example set of values may
be p = 105 Oem, Ap = 27{0.15 M}{100 nm) = 107 m?, and | = 0.1 m which vields a

resistance R of about 1 kC.

foor2] Using the capacitive pre-coat layer 444 and the resistive pre-coat layer 442 values
of ¢ that significantly improve voltage response at the surface of the substrate 405 may
advantageously be attainable for a wide range of frequencies, For example, for ¢'= 100 nF
and R = 1 kQ, 7= 100 ps (= 2/20 kHz). Doubling Cand R results in v = 400 us
corresponding to foc = 5 kHz. Although certain practical limitations may exist regarding the
maximum values of Cand R, the effects of charging may be reduced over a large portion of

the duration of each DC pulse at advantageously low DC pulse frequencies foc.

fooy3] The resistive pre-coat layer 442 comprises a resistive material in various
embodiments. In one embodiment, the resistive pre-coat layer 442 comprises amorphous
carbon (aC). In another embodiment, the resistive pre-coat layer 442 comprises graphitie
carbon. The resistive pre-coat layer 442 may also comprise graphitic carbon-based
materials. Additionally, the resistive pre~-coat laver 442 may also comprise a silicon-like
material, or a silica-like material, as well as others. Since the resistive pre-coat layer 442 is
exposed to the plasma 406 and the substrate 405, the choice of material may be impacted by
process compatibility. For example, carbon-based resistive pre~coat layers may be

compatible with 8i and 810, etching processes.

[ooy4]  FIG. 5illustrates a schematic diagram of an example plasma processing
apparatus comprising a tuning circuit with a variable capacitance in accordance with an
embodiment of the invention. The plasma processing apparatus of FIG. 5 may be a specific
implementation of other plasma processing apparatuses described herein such as the plasma
processing apparatus of FIG. 3, for example. Similarly labeled elements may be as

previously described.

foors] Referring to FIG. 5, a plasma processing apparatus 500 includes a substrate
hiolder 504 configured to support a substrate 505 and disposed in an interior 503 of a plasma

processing chamber 502 coupled to a source power supply 507 that is configured to generate
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plasma 506. A tuning circuit 501 is coupled between a DC pulse generator 508 and a DC
coupling element 553 disposed in the substrate holder 504. A bias power supply 509 is
coupled to the DC pulse generator 508. A reference potential node 545 is coupled to the

plasma processing chamber 502.

foo76] The tuning cireuit 501 has a variable capacitance. That is, the capacitance of the
tuning circuit 501 may be varied in order to tune an electrical characteristic if the plasma
processing chamber 502. In one embodiment, the electrical characteristic is the time
constant 7 of a DC current path between the bias power supply 509 and the reference
potential node 545. The capacitance of the tuning circutt 501 may be tuned manually or
automatically, and during or in between operation of the plasma processing apparatus 500.
The capacitance of the tuning circuit 501 may be selected mechanically, electronicaily,

electromechanically, or with any other suitable selection mechanism.

fooy7] The tuning circuit 501 may also include static or variable resistive components.

In some cases it may be desirable to incorporate stich additional resistive components
between the substrate 505 and the reference potential node 545 rather than between the
substrate 505 and the bias power supply 509 in order to prevent an unnecessary voltage drop

between the substrate 505 and the bias power supply 509.

[o078] FIG. 6 illustrates a schematic diagram of an exarmple plasma processing
apparatus comprising a tuning circuit along with an optional capacitive pre-coat layer and an
optional resistive pre~coat layer in accordance with an embodiment of the invention. The
plasma processing apparatus of FIG. 6 may be a specific implementation of other plasma
processing apparatuses described herein such as the plasma processing apparatus of FIG. 3,

for example. Similarly labeled elements may be as previously described.

foorg]l  Referring to FIG. 6, a plasma processing apparatus 600 includes a substrate
holder 604 configured to support a substrate 605 and disposed 1 an interior 603 of a
plasma processing chamber 602. A tuning circuit 601 is coupled between a DC pulse
generator 608 and a DC coupling element 653 disposed in the substrate holder 604. A bias
power supply 609 is coupled to the DC pulse generator 608. A reference potential node 645

is coupled to the plasma processing chamber 602,

foo8o] A source power supply 607 that is configured to generate plasma 506 is coupled
to a source power coupling element 651. In one embodiment, the source power coupling
element 651 is an inductive coupling element that couples source power to the plasma
processing chamber 602 through an insulator 655 (as shown), but other configurations are

possible.
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[oo81] A capacitive pre-coat layver 644 may be disposed on an upper surface of the
substrate holder 604 between the substrate holder 604 and the substrate 605. A resistive
pre-coat layer 642 may be included on surfaces of the interior 603 of the plasma processing
chamber 602. In some embodiments, the capacitive pre~coat layer 644 or the resistive pre-

coat layer 642 may be omitted.

fooBz]  In embodiments where both the tuning circuit 601 and the capacitive pre-coat
layer 644 are included, the total capacitance C of the DC current path between the bias power
supply 609 and the reference potential node 645 is a combination of both capacitive
components. Since the tuning circuit 601 is in series with the capacitive pre-coat laver 644,

C = (1/Chixea + 1/ Cuning )™

fo0831  Due to the form of the series capacitor equation, Cwill always be less than Chyed
and will approach Chrea a8 Cuming becomes very large. In some cases, the tuning circuit 601
may include a short circuit option that does not add capacitance allowing Cto equal Caxea
when selected. Since even values of Cuning far exceeding Civea (2.2, 10 times) still only result
in Cbeing 91% 0f Cxeq, If 2 C equal 10 Chyea is desired, the tuning circuit 601 may be bypassed

using the short cireuit option.

foo84]  FIG. 7 illustrates a schematic diagram of an example tuning circuit comprising a
single pole switch and a plurality of capacitors in accordance with an embodiment of the
invention. The tuning circuit of FIG. 7 may be a specific implementation of other tuning
circutts described herein such as the tuning circuits of FIGS. 5 and 6, for example. Similarly

labeled elements may be as previously described.

foo8s] Referring to FIG. 7, a tuning circuit yo1 includes a first tuning input/output 757
{e.g. for coupling to a DC coupling element) and a second taning input/output 759 (e.g. for
coupling to a DC pulse generator). The tuning circuit 701 further includes a plurality of
capacitors 760 which may include fixed capacitors 762 as shown. Tn varions embodiments,
the fixed capacitors 762 are high reliability capacitors. In some embodiments, some or all of
the fixed capacitors 762 are vacuum capacitors. In some embodiments, some or all of the

fixed capacitors 762 are ceramic capacitors.

fooB6] A first single pole switch 771 includes a single pole (input} coupled to the first
tuning input/output 757 and at least one throw (output) coupled to a subset of the plurality
of capacitors 760. An optional second single pole switch 772 may be coupled between the
subset of the plurality of capacitors 760 and the second tuning input/output 759 {e.g. to
further isolate the current paths that are not selected from the selected current path). The

locations of the first single pole switch 771 and the opiional second single pole switch 772
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may be switched. Optionally, a short circuit path 764 is alsc included between the first

tuning input/output 757 and the second tuning input/output 759.

foo87] The first single pole switch 771 (and the optional second single pole switch 772) is
a mechanical switch in some embodiments. In one embodiment, the mechanical switch is an
electromechanical switch. In other embodiments, other suitable switches may be used such
as electrical switches. However, it should be noted that care should be taken to avoid

parasitics and dielectric breakdown due to application of high voltage.

[oo88]  Inone embodiment, the first single pole switch 771 is a single pole multiple throw
switch (as llustrated) including multiple outputs coupled to multiple subsets of the plurality
of capacitors 760. In another embodiment, the first single pole switch 771 is a single pole
single throw switch and the tuning circuit 701 includes additional single pole single throw
switches coupled to the plurality of capacitors. Other combinations of single pole switches

are of course possible.

foo8g]  The plurality of capacitors 760 may be arranged as banks of capacitors 763. In
one embodiment, the banks of capacitors 763 are physical groupings of separate capacitors.
One {or two if the optional switch is included) single pole multiple throw switch may be
utilized to select between banks of capacitors completely isolated from one angther. In
another embodiment, the banks of capacitors 763 are logical groupings (e.g. some or all of

the capacitors are used in more than one logical bank).

foooe]  The subsets of the plurality of capacitors 760 may be mutually exclusive.
However, using the same capacitors in more than one subset may reduce the number of
capacitors needed to achieve a given variable capacitance range, but may also increase the
complexity of the tuning circuit or allow parasitic currents within the tuning circuit. Inone
specific example, the first single pole switch 771 is a rotary switch with outputs coupled ton
fixed capacitors 762. The rotary switch has n + 1 positions that include a position for
coupling each number of capacitors from 1 to n and a position coupling zero coupled
capacitors (short circuit path 764). A variation omits the short circuit path 764 and includes

only 1 positions.

fooo1] In another specific example, the capacitors are arranged in n banks of capacitors
that each include 27 capacitors where m ranges from ¢ 1o n - 1. A number n of single pole
single throw switches may then be used to select a combination of banks resultingin 1ton —
1 coupled capacitors. If the short circuit path 764 is included, an additional single pole single

throw switch may allow selection of the short circuit path 764.

foooz]  Ineffect, selected subsets of the plurality of capacitors 760 form the capacitance

Ciuning discussed previously. Since there is no requirement for the constituent capacitors of
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the plurality of capacitors to be identical, Ciuning can be tailored as needed for a given
application. However, the simple example of n identical fixed capacitors 762 each with
capacitance C, is useful for illustrating the functionality of the tuning circuit 701. Then
Cuming = 1. 1o the absence of other capacitive components the variable capacitance of the

tuning circuit 701 would range from o to n(s in discrete O steps.

fooos]  However, if another capacitive component is also included in series {e.g. a
capacitive pre-coat layer) then the total capacitance Gy = (3/Chxea + 1/nCoy. Although n
cannot be zero in this equation, it is noted that the n = ¢ case (where a short circuit path is
selected) would make C = Ciea a8 previously discussed. In the specific example where
Cixed = 100 nF and (s = 5 0F, Cher2.5... = { 4.8 n1F, 9.1 nF, 13 nF, ... }. Of course, fixed

capacitors are available with capacitance values both lower and higher than 5 nF.

foogg]  The increase in total capacitance for each added capacitor decreases as nt
increases. For example, Cop = 50 nF, but O = 60 nF. Notably, in the absence of Cxea,

Coo = 100 nF and Cyp = 150 nF. Therefore, the combination of a capacitive pre-coat layer and
a tuning circuit may be desirable when a high maximurm capacitance is desirable (e.g.

100 11F), but there is not sufficient space for a large number capacitors in a tuning circuit.
The relatively small number of capacitors in the tuning cireuit would then permit granular
capacitance selection in the lower range such as about 5 uF (n = 1) to about 33 nF (n = 10},

for example.

foogs]  FIG. 8 illustrates a schematic diagram of an example tuning cireuit comprising a
single pole switch and a plurality of variable capacitors in accordance with an embodiment of
the invention. The tuning circuit of FIG. 8 may be a specific implementation of other tuning
cirenits described herein such as the tuning circuit of FIG. 7, for example. Similarly labeled

elements may be as previously described.

foog6]  Referring to FIG. §, a tuning circuit 8o1 includes a first funing input/output 857,
a second tuning input/output 859, and a plurality of capacitors 860 which may include
variable capacitors 861 arranged in banks of capacitors 863 as shown. In various
embodiments, the variable capacitors 861 are high reliability capacitors. In some
embodiments, some or all of the variable capacitors 861 are vacuum capacitors. In some
embodiments, some or all of the variable capacitors 861 are ceramic capacitors. The tuning
circuit 801 further includes a first single pole switch 871 and may also include an optional

second single pole switch 872, An optional short circuit path 864 may also be included.
foog7] The tuning circuit 801 differs from the tuning circuit 701 in that variable
capacitors 861 are utilized rather than fixed capacitors. This may have the additional

advantage of allowing smooth capacitance transitions over the available range of the variable
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capacitance. However, the variable capacitors may have lower capacitance than fixed

capacttors and may also be larger and more expensive.

foog8]  FIG. g illustrates a schematic diagram of an example tuning circuit comprising a
single pole switch and a plurality of capacitors including fixed capacitors and variable
capacitors in accordance with an embodiment of the invention. The tuning circuit of FIG. ¢
may be a specific implementation of other tuning circuits described herein such as the tuning

circuit of FIG. 7, for example. Similarly labeled elements may be as previously described.

foogg] Referring to FIG. 9, a tuning circuit 901 includes a first tuning input/cutput 957,
a second tuning input/output 959, and a plurality of capacitors 960 which may include
variable capacitors 961 as well as fixed capacitors 962 arranged in banks of capacitors 963 as
shown. The taning circuit 001 further includes a first single pole switch g7t and may also
inchude an optional second single pole switch gy2. An optional short circuit path 964 may

also be induded.

fo100] The tuning cirenit got differs from the tuning cirenit 7o1 and the tuning
circuit 801 in that both variable capacitors 961 and fixed capacitors 962 are utilized. This
may beneficially allow expanded range of the variable capacitance while also improving the

fine control of the capacitance.

[0101] FIG. 1o illustrates a schematic diagram of an example tuning circuit comprising a
single pole switch and a plurality of capacitors in accordance with an embodiment of the
invention. The tuning circuit of FIG. 10 may be a specific implementation of other tuning
circuits described herein such as the tuning cireuit of FIG. 7, for example. Similarly labeled

elements may be as previously described.

fo102] Referring to FIG. 10, a tuning circuit 1001 includes a first tuning

input/output 1057, a second tuning input/output 1059, and a plurality of capacitors 1060
which may include fixed capacitors 1062 arranged in banks of capacitors 1063 as shown.
The tuning circuit 1001 further includes a first single pole switch 1071 and may also include

an optional second single pole switch w72,

[0103] The tuning cirenit 1001 is a specific implementation of the tuning cireuit yo1
where a short circuit path is omitted. This configuration may be useful, for example, when
the capacitive pre-coat laver is omitted. As previously discussed, variable capacitors may
also be utilized instead of or in addition to the fixed capacitors 1062,

[o104]  FIG. 11illustrates a schematic diagram of an example plasma processing
apparatus comprising a capacitive pre~coat layer covering an upper electrode, and a tuning
circuit coupled to the upper electrode in accordance with an embodiment of the invention.

The plasma processing apparatus of FIG. 11 may be a specific implementation of other

18-
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plasma processing apparatuses described herein such as the plasma processing apparatus of

FIC. 3, for example. Similarly labeled elements may be as previously described.

[o105] Referring to FIG. 11, a plasma processing apparatus 1100 includes a substrate
holder 1104 configured to support a substrate 1105 and disposed in an interior 1103 of a
plasma processing chamber 1162. A source power supply 1107 that is configured to generate
plasma 1106 is coupled to a scurce power coupling element 1151. A tuning circuit 1301 s
coupled between a DC pulse generator 1108 and a DC coupling element 1153. A bias power
supply 1109 is coupled to the DC pulse generator 13108, A reference potential node 1145 is

coupled to the substrate holder 1104.

[0106] The plasma processing apparatus 1100 differs from the plasma processing
apparatus illustrated in FIG. g in that the DC coupling element 1353 is implemented as an
upper electrode at the top of the interior 1203 of the plasma processing chamber 1102, The
voltage applied by the DC pulse generator 1108 to the DC coupling element 13153 may be
positive {as opposed to negative) in order to create a potential gradient that accelerates
positive ions towards the substrate 1105 which may be at or near the reference potential. A
DC current path then exists from the bias power supply 1109 to the reference potential

node 1145.

to107] An optional capacitive pre-coat laver 1144 may be included on the DC coupling
slement 1153. Additionally, since the reference potential node 1145 is coupled to the
substrate holder 1104 rather than a wall of the plasma processing chamber 1102, resistive
components may be included between the substrate 1105 and the reference potential

node 1145. For example, an optional resistive pre~coat layer {not shown) may be included on
the surface of the substrate holder 1104. Alternatively or additionally, resistors may also be

inciuded to increase the resistance.

f0108] FIG. 12 illustrates an example method of plasma processing in accordance with

an embodiment of the invention. The method of FIG. 12 may be combined with other
methods and performed using the systems and apparatuses as described herein. For
example, the method of FIG. 12 may be combined with any of the embodiments of FIGS. 1~
11. Although shown in a logical order, the arrangement and numbering of the steps of

FIG. 12 are not intended to be Hmited. The method steps of FIG. 12 may be performed in any
suitable order or concurrently with one another as may be apparent to a person of skill in the

fo109] Referring to FIG. 12, a step 1201 of a method 1200 of plasma processing includes
determining a capacitance value from a range of capacitance values according to a DC pulse

frequency of a DC pulse train to be generated by a DC pulse generator of a plasma processing
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apparatus. Step 1202 includes tuning an electrical characteristic by selecting the determined
capacttance value using a tuning circuit coupled between a DC coupling elemsent and the DC
pulse generator, the tuning circuit comprising a variable capacitance tunable in the range of

capacitance values.

fo110] Plasma is optionally generated in a plasma processing chamber of the plasma
processing apparatus by applying source power to the plasma processing chamber in
optional step 1203. Alternatively, the plasma may already be present in the plasma
processing chamber. Step 1204 includes biasing the DC coupling element relative to a
reference potential node by generating the DC pulse train at the DC pulse frequency using
the DC pulse generator. The DC coupling element may be biased in an afterglow phase of the

plasma (e.g. after removal of sotirce power).

fo111] Example embodiments of the invention are summarized here. Other
embodiments can also be understood from the entirety of the specification as well as the

claims filed herein.

[o112] Example 1. A plasma processing apparatus including: a plasma processing
chamber; a 8P coupling element configured to generate plasma in an interior of the plasma
processing chamber by coupling source power to the plasma processing chamber; a DC pulse
generator configured to generate a DC pulse train at a DC pulse frequency; a substrate holder
disposed in the interior of the plasma procassing chamber; a DC coupling element coupled to
the DC pulse generator; a DC current path including the DC coupling element, the plasma,
and a reference potential node in a series configuration, the DC coupling element being
configured to bias the substrate holder relative to the reference potential node using the DC
pulse train; and a capacitive pre-coat layer disposed between the DC coupling element and
the plasma, the capacitive pre-coat layer increasing the RC time constant of the DC current

path according to the DC pulse frequency.

[0113] Example 2. The plasma processing apparatus of example 1, where the capacitive
pre-coat layer increases the RC time constant to at least double the inverse of the DC pulse
frequency.

[o114] Example 3. The plasma processing apparatus of one of examples 1 and 2, where
the capacitance of the capacitive pre-coat layer is about 100 nF.

fo115] Example 4. The plasma processing apparatus of cne of examples 1to 3, where a
thickness of the capacitive pre-coat layer is about 600 nm.

[o116] Example 5. The plasma processing apparatus of one of examples 1 to 4, where the

capacitive pre-coat includes silicon, silica, or yttria.
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fo117] Example 6. The plasma processing apparatus of one of examples 110 5, further
including: a resistive pre~coat layer disposed on surfaces of the interior of the plasma
processing chamber; where the reference potential node is coupled to the plasma processing
chamber; where the resistive pre~coat layer is disposed between the plasma and the
reference potential node; and where the resistive pre-coat layer further increases the RC time

constant of the DC current path according to the DC pulse frequency.

fo118] Example 7. The plasma processing apparatus of example 6, where the resistance

of the resistive pre-coat layer is about 1 kQ.

fo119] Example 8. The plasma processing apparatus of one of examples 6 and 7, where a

thickness of the resistive pre-coat layer is about 100 nm.

fo1zo] Example 9. The plasma processing apparatus of one of examples 6 to 8, where
the resistive pre-coat layer includes amorphous carbon, graphitic carbon, a silicon-like

material, or a silica-like material.

fo121] Example 10. The plasma processing apparatus of one of examples 1 to 9, further
including: a tuning circuit coupled between the DC coupling element and the DC puise

generator, the taning circuit including a variable capacitance.

fo1z2] Example 11. The plasma processing apparatus of one of examples 110 10, where

the substrate holder is an electrostatic chuck (ESC).

fo123] Example 12. The plasma processing apparatus of one of examples 1 to 11, where
the DC coupling element is disposed above the substrate holder; and the reference potential

node is coupled to the substrate holder.

fo124] Example 13. A plasma processing apparatus including: a plasma processing
chamber; a 8P coupling element configured to generate plasma in an interior of the plasma
processing chamber by coupling source power to the plasma processing chamber; a DC pulse
generator configured to generate a DC pulse train including a DC pulse frequency; a
substrate holder disposed in the interior of the plasma processing chamber; a DC coupling
element coupled to the DC pulse generator; a DC current path including the DC coupling
element, the plasma, and a reference potential node in a series configuration, the DC
coupling element being configured to bias the substrate holder relative to the reference
potential node using the DC pulse train; and a tuning circuit coupled between the DC
coupling element and the DC pulse generator, the tuning cireuit including a variable
capacitance, the tuning circuit being configured to tune an RC time constant of the DC

current path by varving the variable capacitance according to the DC pulse frequency.
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[o125] Example 14. The plasma processing apparatus of example 13, where the tuning

cireuit includes a variable capacitor.

[0126] Example 15. The plasma processing apparatus of one of examples 13 and 14,
where the tuning circuit includes: a plurality of capacitors; a first single pole switch including
an input coupled to either the DC coupling element or the DC pulse generator, and a first

putput coupled to a first subset of the of plurality of capacitors.

fo1z7] Example 16. The plasma processing apparatus of example 15, where the first

single pole switch is a mechanical switch.

[0128] Example 17. The plasma processing apparatus of example 16, where the first

single pole switch is an electromechanical switch.

fo120] Example 18. The plasma processing apparatus of one of examples 15 to 17, where
the tuning circuit further includes: a second single pole switch including an input coupled to
the DC pulse generator and an output coupled to the first subset of the plurality of

capacitors, where the first single pole switch is coupled to the DC coupling element.

(0130} Example 19. The plasma processing apparatus of one of examples 15 to 18, where
the plurality of capacitors includes a plurality of banks of capacitors coupled in parallel with

one another.

fo131] Example 20. The plasma processing apparatus of one of exarples 15 1o 19, where
the first single pole switch is a multiple throw switch including a second cutput coupled to a

second subset of the plurality of capacitors.

[o132] Example 21, The plasma processing apparatus of example 20, where the first

single pole muitiple throw switch is a rotary switch.

[o133] Example 22. The plasma processing apparatus of one of examples 20 and 21,
where the capacitors of the first subset and the capacitors of the second subset are mutually

exclusive.

[0134] Example 23. The plasma processing apparatus of one of exampléas 15 to 18,
where: the first single pole switch is a single throw switch; and the toning circuit further
includes a second single pole single throw switch including an input coupled to the input of
the first single pole single throw switch, and an output coupled to a second subset of the

plurality of capacitors.

fo13s] Example 24. The plasma processing apparatus of one of examples 15 to 23, where
the plurality of capacitors includes a plurality of fixed capacitors.

[0136] Example 25. The plasma processing apparatus of example 24, where the plurality

of capacitors further includes a variable capacitor.
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fo137] Example 26. The plasma processing apparatus of one of examples 15 to 25, where
the first single pole switch includes a second output coupled to either the DC pulse generator
or the DC coupling element so that a short circuit path is formed between the DC coupling

glement and the DC pulse generator when the second output is selected.

[0138] Example 27. The plasma processing apparatus of one of examples 13 1o 26,
further including: a resistive pre-coat laver disposed on surfaces of the interior of the plasma
processing chamber; where the reference potential node is coupled to the plasma processing
chamber; where the resistive pre-coat layer is disposed between the plasma and the
reference potential node; and where the resistive pre~coat layer further increases the RC time

constant of the DC current path according to the DC pulse frequency.

[o130] Example 28. The plasma processing apparatus of example 27, further induding:
a capacitive pre-coat layer disposed between the DC coupling element and the plasma, the
capacitive pre-coat layer increasing the RC time constant of the DC current path according to

the DC pulse frequency.

foig0] Example 20, A method of tuning an electrical characteristic of a plasma
processing chamber of a plasma processing apparatus, the method including: determining a
capacitance value from a range of capacitance values according to a direct current (DC) pulse
frequency of a DC pulse train to be generated by a DC pulse generator of the plasma
processing apparatus; tuning the electrical characteristic by selecting the determined
capacitance value using a tuning circuit coupled between a DC coupling element and the DC
pulse generator, the tuning circuit including a variable capacitance tunable in the range of
capacitance values; and biasing the DC coupling element relative to a reference potential
node by generating the DC pulse train at the DC pulse frequency using the DC pulse

generator.

fo141] Example 36. The method of exarple 29, further including: generating plasma in
the plasma processing chamber by applying source power to the plasma processing chamber
prior to biasing the DC coupling element; and where biasing the DC coupling element
includes biasing the DC coupling element in an afterglow of the plasma after removal of the

SOUree power.

fo142] Example 31. The method of one of examples 29 and 30, where biasing the DC
coupling element includes negatively biasing a substrate holder in the plasma processing
chamber relative to the reference potential node by generating the DC pulse train at the DC

pulse frequency using the DC pulse generator,
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fo143] Example 32. The method of one of examples 29 to 31, where the electrical
characteristic includes an RC time constant of a DC current path indnding the DC coupling

element, a plasma in the plasma processing chamber, and the reference potential node.

f0144] Example 33. The method of example 32, where the RC time constant is at least

double the inverse of the DC pulse frequency.

[o145] Example 34. The method of example 33, where the DC pulse frequency is less
than about 400 kHz.

[0146] Example 35. The method of example a4, where the DC pulse frequency is less
than about 20 kHz.

fo147] While this invention has been described with reference to illustrative
embodiments, this description is not intended to be constried in a limiting sense. Various
modifications and combinations of the lustrative embodiments, as well as other
embodiments of the invention, will be apparent to persons skilled in the art upon reference
to the description. Ttis therefore intended that the appended claims encompass any such

modifications or embodiments.
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WHAT IS CLAIMED IS:

1. A plasma processing apparatus comprising:

a plasma processing chamber;

a source power (SP) coupling element configured to generate plasima in an interior of
the plasma processing chamber by coupling source power o the plasma processing chamber;

a direct current {DC) pulse generator configured to generate a DC pulse train at a DC
pulse frequency;

a substrate holder disposed in the interior of the plasma processing chamber;

a DC coupling element coupled to the DC pulse generator;

a DC current path comprising the DC coupling element, the plasma, and a reference
potential node in a series configuration, the DC coupling element being configured to bias
the substrate holder relative to the reference potential node using the DC pulse train; and

a capacitive pre-coat layer disposed between the DC coupling element and the
plasma, the capacitive pre-coat layer increasing the RC time constant of the DC current path

according to the DC pulse frequency.

2. The plasma processing apparatus of claim 1, further comprising:

a resistive pre-coat layer disposed on surfaces of the interior of the plasma processing
chamber;

wherein the reference potential node is coupled to the plasma processing chamber;

wherein the resistive pre-coat layer is disposed between the plasma and the reference
potential node; and

wherein the resistive pre-coat layer further increases the R{ time constant of the DC

current path according to the DC pulse frequency.

3. The plasma processing apparatus of claim 1, further comprising:
a tuning circuit coupled between the DC coupling element and the DC pulse

generator, the tuning circuit comprising a variable capacitance.

4. The plasma processing apparatus of claim 1, wherein:
the DC coupling element is disposed above the substrate holder; and

the reference potential node is coupled to the substrate holder.

5. A plasma processing apparatus comprising:

a plasma processing chamber;

a source power (SP) coupling element configared to generate plasma in an interior of
the plasma processing chamber by coupling source power to the plasma processing chamber;

a direct current (DC) pulse generator configured to generate a DC pulse train
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comprising a DC pulse frequency;

a substrate holder disposed in the interior of the plasma processing chamber;

a DU coupling element coupled to the DC pulse generator;

a DC current path comprising the DC coupling element, the plasma, and a reference
potential node in a series configuration, the DC coupling element being configured to bias
the substrate holder relative to the reference potential node using the DC pulse train; and

a tuning circuit coupled between the DC coupling element and the DC pulse
generator, the tuning circuit comprising a variable capacitance, the tuning circuit being
configured to tune an RC time constant of the DC current path by varying the variable

capacitance according to the DC pulse frequency.

6. The plasma processing apparatus of claim 5, wherein the tuning cireuit comprises:
a plurality of capacitors;
a first single pole switch comprising an input coupled to either the DC coupling
glement or the DC pulse generator, and a first output coupled to a first subset of the of

plurality of capacttors.

7. The plasma processing apparatus of claim 6, wherein the tuning circuit further
comprises:

a second single pole switch comprising an input coupled to the DC pulse generator
and an output coupled to the first subset of the plurality of capacitors, wherein the first

single pole switch is coupled to the DC coupling element.

8. The plasma processing apparatus of claim 6, wherein the plurality of capacitors

comprises a plurality of banks of capacitors coupled in parallel with one another.

9. The plasma processing apparatus of claim 6, wherein the first single pole switch is a
multiple throw switch comprising a second ouiput coupled to a second subset of the plurality

of capacitors.

10. The plasma processing apparatus of claim 6, wherein:

the first single pole switch is a single throw switch; and

the tuning circuit further comprises a second single pole single throw switch
comprising an input coupled to the input of the first single pole single throw switch, and an

output coupled to a second subset of the plurality of capacitors.

1. The plasma processing apparatus of claim 6, wherein the plurality of capacitors

comprises a plurality of fixed capacitors.
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12, The plasma processing apparatus of claiim 6, wherein the first single pole switch
comprises a second cutput coupled to either the DC pulse generator or the DC coupling
element so that a short cireuit path is formed between the DC coupling element and the DC

pulse generator when the second output is selected.

13. The plasma processing apparatus of claim 5, further comprising:

a resistive pre-coat layer disposed on surfaces of the interior of the plasma processing
chamber;

wherein the reference potential node is coupled to the plasma processing chamber;

wherein the resistive pre-coat layver is disposed between the plasma and the reference
potential node; and

wherein the resistive pre-coat layer further increases the RC time constant of the DC

current path according to the DC pulse frequency.

14. The plasma processing apparatus of claim 13, further comprising:
a capacitive pre-coat layer disposed between the DC coupling element and the
plasma, the capacitive pre-coat layer increasing the RC time constant of the DC current path

according to the DC pulse frequency.

15. A method of tuning an electrical characteristic of a plasma processing chamber of a
plasma processing apparatus, the method comprising:

determining a capacitance value from a range of capacitance values accordingto a
direct current (DC) pulse frequency of a DC pulse train to be generated by a DC pulse
generator of the plasma processing apparatus;

tuning the elecirical characteristic by selecting the determined capacitance value
using a tuning circuit coupled between a DU coupling element and the DC pulse generator,
the tuning circuit comprising a variable capacitance tunable in the range of capacitance
values; and

hiasing the DC coupling element relative to a reference potential node by generating

the DC pulse train at the DC pulse frequency using the DC pulse generator.

16. The method of claim 15, further comprising:

generating plasma in the plasma processing chamber by applyving source power to the
plasma processing chamber prior to biasing the DC coupling element; and

wherein biasing the DC coupling element comprises biasing the DC coupling element

in an afterglow of the plasma after removal of the source power.

17, The method of claim 15, wherein biasing the DC coupling element comprises

L

negatively biasing a substrate holder in the plasma processing chamber relative to the
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reference potential node by generating the DC pulse train at the DC pulse freguency using

the DC pulse generator.

18. The method of claim 15, wherein the electrical characteristic comprises an RC time
constant of a DC current path comprising the DC coupling element, a plasma in the plasma

processing chamber, and the reference potential node.

19. The method of daim 18, wherein the RC time constant is af [east double the inverse

of the DC pulse frequency.

20.  The method of claim 19, wherein the DC pulse frequency is less than about 400 kHz.

-aR.



