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PLASMA PROCESSING WITH BROADBAND
RF WAVEFORMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 17/865,225 filed on Jul. 14, 2022, which
application is hereby incorporated herein by reference.
[0002] This application is related to U.S. application Ser.
No. 16/572,708 (U.S. Pat. No. 11,170,981 B2) filed on Sep.
17, 2019 (Attorney Docket: TEL-190559US01), U.S. appli-
cation Ser. No. 16/717,024 (U.S. Pat. No. 11,295,937 B2)
Dec. 17, 2019 (Attorney Docket: TEL-190559US02), U.S.
application Ser. No. 17/498,063 (U.S. Pat. No. 11,830,
709B2) filed on Oct. 11, 2021 (Attorney Docket: TEL-
190559U803), and U.S. application Ser. No. 17/012,168
(U.S. Pat. No. 11,348,761 B2) filed on Sep. 4, 2020 (Attor-
ney Docket: TEL-200041US01), which are incorporated by
reference in their entireties.

TECHNICAL FIELD

[0003] The present invention relates generally to a system
for plasma processing, and, in particular embodiments, to a
system for plasma processing with broadband radio fre-
quency (RF) waveforms.

BACKGROUND

[0004] The integrated circuit (IC) is a network of circuit
components in a monolithic structure comprising electronic
device and interconnect elements that include intricate three-
dimensional structures with nanoscale features. Plasma pro-
cessing is used extensively for fabricating ICs. Generally,
the structures are formed by sequentially depositing and
patterning various layers using lithography and etching.
Plasma deposition and etch processes used to fabricate
components for sub-10 nm technology nodes need to control
dimensions at almost the atomic scale across a 300 mm
wafer. Many relevant structural features such as line edge
roughness (LER), sidewall angle at high aspect ratios, film
thickness, liner conformality, void-free fill, and etch selec-
tivity are affected by the plasma properties; hence, the
plasma needs to be precisely controlled. Scaling makes it
difficult to provide the precision with the constraint of
exciting plasma using simple continuous wave (CW) RF
signals. Innovative processing methods, including cyclic
processes, have been developed to overcome some of the
hurdles. These may need intricate time-varying plasma
properties to enhance the process capability. Complex and
dynamic processing require complex RF waveforms to
excite plasma with the requisite characteristics. Often, two
RF waveforms are applied concurrently to two electrodes or
superposed at a single electrode. The superposed waveform
has RF power distributed over a range of frequencies.
Clearly, plasma systems using broadband RF waveforms
facilitate innovative plasma processing, and further
advancement in broadband plasma systems is desired to
successfully deploy the novel processes.

SUMMARY

[0005] A plasma system includes a plasma apparatus
including: a plasma chamber; a pedestal configured to hold
a substrate in the chamber; and a radio frequency (RF)
electrode configured to excite plasma in the chamber; an
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electromagnetic (EM) circuit block coupled to the RF elec-
trode, the EM circuit block including: a function generator
configured to output a broadband RF waveform, the wave-
form having EM power distributed over a range of frequen-
cies; a broadband amplifier coupled to an output of the
function generator, an operating frequency range of the
amplifier including the range of frequencies; and a broad-
band impedance matching network having an input coupled
to an output of the broadband amplifier and an output
coupled to a terminal of the RF electrode, an operating
frequency range of the broadband impedance matching
network including the range of frequencies; and a controller
configured to adjust an input parameter of the EM circuit
block.

[0006] A plasma system includes a plasma apparatus; a
dual-channel electromagnetic (EM) circuit block including:
a first EM circuit block including a first function generator,
a first broadband amplifier, and a first broadband impedance
matching network, where the first EM circuit block outputs
a first broadband RF waveform coupled to the plasma
apparatus, the first broadband RF waveform having EM
power distributed over a first range of frequencies; and a
second EM circuit block including a second function gen-
erator, a second broadband amplifier, and a second broad-
band impedance matching network, where the second EM
circuit block outputs a second broadband RF waveform
coupled to the plasma apparatus, the second broadband RF
waveform having EM power distributed over a second range
of frequencies, the second range being different from the
first range; and a controller configured to adjust a plurality
of input parameters of the EM circuit block.

[0007] A method of operating a plasma processing system,
the method includes, at an output of a function generator,
outputting a broadband radio frequency (RF) waveform;
coupling the output of the function generator to an input of
a broadband amplifier; at an output of the broadband ampli-
fier, outputting an amplified broadband RF waveform; cou-
pling the output of the broadband amplifier to a source end
of a first RF-pipe; coupling a load end of the first RF-pipe
to an input of a broadband impedance matching network, the
load end being opposite the source end; and using a second
RF-pipe, coupling an output of the broadband impedance
matching network to a terminal of an RF electrode of a
plasma apparatus, the coupling providing EM power at the
RF electrode that excites plasma in a plasma chamber of the
plasma apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] 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:

[0009] FIG. 1A illustrates a schematic of a broadband
plasma system comprising a cross-sectional view of a
plasma apparatus and a block diagram of an electromagnetic
(EM) system providing EM power to the plasma apparatus,
in accordance with some embodiment;

[0010] FIG. 1B illustrates a cutout of a V-1 sensor showing
an example voltage pickup and current pickup, in accor-
dance with some embodiment;

[0011] FIG. 1C illustrates a circuit schematic of an
example reactive circuit used for a broadband impedance
matching network, in accordance with some embodiment;
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[0012] FIG. 2 illustrates a schematic of a broadband
plasma system comprising a cross-sectional view of a
plasma apparatus and a block diagram of an electromagnetic
(EM) system providing EM power to the plasma apparatus,
in accordance with some embodiment;

[0013] FIG. 3 illustrates a schematic of a broadband
plasma system comprising a cross-sectional view of a
plasma apparatus and a block diagram of an electromagnetic
(EM) system providing EM power to the plasma apparatus,
in accordance with some embodiment;

[0014] FIG. 4 illustrates a schematic of a broadband
plasma system comprising a cross-sectional view of a
plasma apparatus and a block diagram of an electromagnetic
(EM) system providing EM power to the plasma apparatus,
in accordance with some embodiment; and

[0015] FIG. 5 illustrates a flowchart of a method for
processing a substrate, in accordance with some embodi-
ment.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0016] This disclosure describes embodiments of a system
for plasma processing, where broadband radio frequency
(RF) waveforms may be used to excite plasma. Broadband
RF waveforms have electromagnetic (EM) power distrib-
uted over a range of frequencies in the RF band. The plasma
processing system comprises a plasma apparatus for exciting
plasma to process a substrate, an EM circuit block to provide
EM power to the plasma apparatus, and a controller to adjust
input parameters of the EM circuit block. In the embodi-
ments in this disclosure, the EM power to the plasma
apparatus may be provided as broadband arbitrary RF wave-
forms comprising continuous wave (CW) RF, pulsed RF,
DC, pulsed DC, a high frequency rectangular (e.g., square
wave) or triangular (e.g., sawtooth) pulse train, or a com-
bination or superposition of more than one such waveform.
[0017] Generally, plasma processing involves modifying
an exposed surface of the substrate physically and/or chemi-
cally with energetic particles (e.g., ions and radicals) that are
electronically excited in the plasma. As mentioned in the
background section, the broadband plasma system is a
processing platform that provides the flexibility of imple-
menting a variety of innovative techniques such as concur-
rent deposition and etch, cyclic processes alternating
between deposition and etch or isotropic etch and anisotro-
pic etch, and adaptive processing, where the plasma is
adjusted dynamically when, for example, a different material
gets exposed to plasma during processing. In order to
implement such dynamic plasma processes, the plasma
system has to excite plasma having plasma properties that
are altered in a sequence necessary to achieve a sequence of
process conditions specified for the process. In order to
excite plasma with accurate and dynamically adjustable
properties, complex broadband RF waveforms may have to
be applied using a broadband plasma system.

[0018] Plasma properties, such as plasma density, ion
energy and angle distributions, electron temperature (T,),
and a ratio of radical to ion flux, depend not only on the RF
power and frequency but also on details of the waveform.
The RF waveforms are selected to obtain desired plasma
properties, and may be applied in a specific sequence, for
example, to vary the plasma during cycling. As mentioned
above, a broadband waveform may comprise pulsed RF, a
superposition of sinusoidal RF with DC or pulsed DC, RF
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pulses of multiple frequencies, and non-sinusoidal wave-
forms such as sawtooth and square wave. Different RF
waveforms may be applied to different electrodes that are
coupled to plasma excited in a plasma processing chamber.
For example, a first electrode may be coupled to a pulsed
sinusoidal waveform at a high RF frequency, while a second
electrode is coupled to a low frequency sinusoid superposed
on a pulsed-DC waveform.

[0019] Traditionally, plasma is excited by a CW RF signal
provided at a single frequency. In contrast, an arbitrary RF
waveform may be a broadband RF waveform, having a
power spectrum spanning a range of frequencies. A super-
position of two waveforms having power spectral densities
in two respective frequency bands has a combined power
spectral density that is a superposition of the two bands. The
superposed waveform may have power in a broad band
formed by a superposition of two overlapping bands. In
some cases, for example, a superposition of a low RF
frequency bias waveform on a high RF frequency source
waveform may carry power in non-overlapping bands. Some
other waveforms, such as modulated sinusoids, e.g., ampli-
tude modulated or frequency modulated waveforms have
power distributed over a band of frequencies.

[0020] FIG. 1A shows a schematic representation of an
example broadband plasma system 100. The example broad-
band plasma system 100 comprises an example plasma
apparatus 110, an example EM circuit block 120 providing
EM power to the plasma apparatus 110, and a controller 140
for adjusting the input parameters of the EM circuit block
120. The controller 140 may be a microcontroller, processor,
and other programmable circuits and may be programmed
accordingly, for example, by storing instructions in a
memory that can be executed by the processing circuitry of
the controller 140. In addition, the plasma system 100
includes a voltage and current (V-I) sensor 128 and V-I
analyzing circuit 130, and a DC bias generating circuit 132.
The DC bias generating circuit 132 may also be adjusted by
the controller 140. The plasma apparatus 110 is shown in a
cross-sectional view, and a block diagram illustrates the EM
circuit block 120.

[0021] The plasma apparatus 110 comprises a main
vacuum chamber, referred to as a plasma chamber 102, and
a gas flow system that is coupled to the plasma chamber 102.
The gas flow system is equipped with sensors, valves, and
pumps etc. to control the pressure and flow of gas through
the chamber 102. The gas flow system is configured to flow
in a mixture of process gas and carrier gas through gas inlets
104 of the chamber 102 and remove excess gas and gaseous
byproducts through exhausts 106, coupled to vacuum pumps
of the gas flow system. A pedestal 108, configured to hold a
substrate 112 (e.g., a semiconductor wafer), is included in
the plasma apparatus 110. The pedestal 108 and the substrate
112 are shown inside the plasma chamber 102, where the
substrate 112 is processed. The substrate 112 may be loaded
from a load-lock 114 through a loading window 115 and
positioned on the pedestal 108 for processing. Generally, a
temperature of the substrate 112 is controlled during pro-
cessing by an external temperature control system 116
comprising heating and cooling hardware such as the cooler
liquid columns 117 coupled to the pedestal 108.

[0022] The apparatus 110 further comprises RF electrodes
that are configured to receive EM power to excite a gas
discharge plasma. In the example illustrated in FIG. 1A, the
plasma apparatus 110 is configured to excite direct plasma
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inside the chamber 102 with electrodes configured to pro-
vide EM power to plasma by capacitive coupling. Typically,
a disk-shaped electrode, is used for exciting plasma in
chamber 102 when the plasma apparatus 110 is in a capaci-
tively coupled plasma (CCP) configuration. In some
embodiments, the RF electrode is a disk-shaped electrode in
an upper portion of the chamber 102, referred to as an upper
electrode 118. In the embodiments described in this disclo-
sure, the pedestal 108 may be used both as a substrate holder
and as a disk-shaped RF electrode, sometimes referred to as
a lower electrode. In order to function as an RF electrode,
the pedestal 108 is configured to include a disk-shaped
conductive part, which is typically at the top of the pedestal
in contact with the substrate 112. The diameter of the lower
electrode, which is conductive part of the pedestal 108 (not
shown explicitly) is roughly the same as that of the upper
electrode 118 or, in some embodiments, relatively smaller.
[0023] In some other embodiments, the direct plasma may
be excited with the plasma apparatus 110 in an inductively
coupled plasma (ICP) configuration, where the electrode
supplying EM source power to plasma is an antenna dis-
posed outside the plasma chamber 102. The antenna may be
of various shapes, for example, a spiral coil-shaped elec-
trode placed over an insulating (e.g., quartz) window in a
ceiling of the plasma chamber 102 or a helical coil around
an insulating portion of a curved sidewall of a cylindrical
plasma chamber 102.

[0024] Generally, a conductive portion of the walls of the
plasma chamber is coupled to a reference potential, referred
to as ground. In various embodiments, the upper electrode
118 and the lower electrode, which is the pedestal 108, may
be coupled to either a waveform providing EM source power
or a waveform providing EM bias power. Typically, plasma
is ignited using EM source power, whereas the EM bias
power is used to tailor the plasma properties of the gas
discharge. In addition, the electrodes may be coupled to a
DC or pulsed DC bias. In some configurations, for example,
the configuration illustrated in FIG. 1A, an electrode (e.g.,
the pedestal 108) of the apparatus 110 may be grounded or
floating.

[0025] The example EM circuit block 120 of the example
broadband plasma system 100, shown schematically in FIG.
1A, comprises an adjustable function generator 122, a
broadband amplifier 124, and an adjustable broadband
impedance matching network 126. As described in detail
below, the EM circuit block 120 provides a high power,
broadband RF waveform at the upper electrode 118 of the
plasma apparatus 110 to excite plasma in the chamber 102.
The adjustable function generator can be an arbitrary func-
tion generator or even an arbitrary waveform generator with
which a non-periodic waveform can be generated.

[0026] It is noted that, in the block diagrams of the EM
circuit blocks, the various components are connected sche-
matically by straight lines but, in the physical system, the
high power RF waveforms may be coupled using coaxial
RF-pipes. The RF waveform in an RF-pipe refers to an RF
voltage waveform and an RF current waveform, where the
voltage is the potential of an inner conductor relative to an
annular outer conductor of the RF-pipe, and the current is
the current in the inner conductor that is equal and opposite
the current in the outer conductor. Typically, the outer
conductor, also referred to as shield, is coupled to ground
(the reference potential). The voltage and current are related
by an impedance, which is generally frequency-dependent
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and position-dependent, over lengths comparable to a wave-
length of the EM wave in the RF-pipe.

[0027] Asillustrated in FIG. 1A, the signal path originates
at the function generator 122, coupling a low-power RF
waveform to an input of the amplifier 124. The signal path
for the high power, amplified RF waveform is a first RF-pipe
(shown schematically by a line) from an output of the
amplifier 124 to an input of the impedance matching net-
work 126. A second RF-pipe from the output of the imped-
ance matching network 126 couples the RF waveform to a
terminal of the upper electrode 118. As explained in further
detail below, the impedance of the impedance matching
network 126 may be adjusted to adjust the high power,
broadband RF waveform at the terminal of the upper elec-
trode 118 to maximize the EM power there. Generally, the
impedance depends not only on the components of the
impedance matching network 126 (e.g., adjustable induc-
tances and capacitances) but also on the spectrum (i.e.,
frequencies) of the broadband RF waveform. Hence, the RF
waveform at the terminal of the upper electrode 118 is
adjusted by synchronously configuring the variable induc-
tances and capacitances of the impedance matching network
126 and the spectrum of the broadband RF waveform output
by the adjustable function generator 122 by sending appro-
priate control signals from the controller 140.

[0028] The function generator 122 is capable of generating
an arbitrary waveform in the radio frequency range using
appropriate digital and analog circuitry such as oscillators,
pulse generators, modulators, combiners, and the like. The
DC bias generating circuit 132 is capable of generating a
constant DC bias or a pulsed DC bias waveform using, for
example, a DC power supply and a chopper driven by a
pulse train from a pulse generator. As explained above,
while the power spectral density of a CW sinusoidal signal
is concentrated at a single frequency, the power carried by a
more complex waveform is distributed over a band of
frequencies. In various embodiments, the frequencies may
be from about 100 kHz to about 300 MHz. The waveform
used to provide EM source power have a power spectrum
that is, usually, at the higher end of this range, for example
from about 10 MHz to about 300 MHz, and the power
spectral density of the waveform providing EM bias power
is, typically, in a band that falls in a lower frequency range
of about 100 kHz to about 13 MHz.

[0029] The waveform at the output of the function gen-
erator 122 is coupled to the input of the broadband amplifier
124. In certain embodiments, the broadband amplifier 124 is
a linear power amplifier that provides a high output power
of about 50 W to about 10 kW with low harmonic distortion,
for which the waveshape of the input signal is preserved in
the amplified output signal. Typically, linear amplifiers
exhibit a tradeoff between bandwidth and power amplifica-
tion, which makes it difficult and costly to provide a single-
channel that has both high bandwidth and high power
amplification. For example, consider a power gain (Gp) vs.
frequency (f) plot of an amplifier, where G, is a constant,
Gp,, up to a cutoff frequency, f. (the bandwidth of the
amplifier), beyond which G drops, typically, at a rate of 20
dB/decade. While G and - may be adjusted with a negative
feedback loop, the product (G, f,) is fixed. Accordingly,
although one may use a wide bandwidth amplifier (100 kHz
to 300 MHz) for both EM bias power and EM source power,
the wider frequency range would be at the cost of a lower
power gain, or loss of linearity, which requires the gain to be
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constant across the entire frequency range. Hence, in the
embodiments described in this disclosure the broadband
amplifiers (e.g., the amplifier 124 in EM circuit block 120)
have an operating frequency range that includes either the
lower frequency range for EM bias power, which may be
100 kHz to 13 MHz, or the higher frequency range for EM
source power, which may be 10 MHz to 300 MHZ, instead
of the wider range (from 100 kHz to 300 MHz) of frequen-
cies in which EM power (including EM source power and
EM bias power) may be used by a plasma apparatus to
process a substrate. In one or more embodiments, the
broadband amplifier 124 may be implemented as the broad-
band RF power amplifier as described in application Ser. No.
16/572,708 (e.g., FIGS. 2, 6) (Attorney Docket No: TEL-
190559US01).

[0030] The example plasma apparatus 110, illustrated in
FIG. 1A, is using EM source power provided through the
broadband impedance matching network 126 and a DC bias
provided by the DC bias generating circuit 132. In this
example, the apparatus 110 is not using EM bias power.
Accordingly, in the block diagram illustrated in FIG. 1A, the
broadband amplifier 124 may be designed to operate in a
band suitable for amplifying the EM source waveform
without distortion, for example, the 10 MHz to 300 MHz
band.

[0031] In the broadband plasma systems described in this
disclosure, the adjustable function generator, such as the
function generator 122 in the example plasma system 100,
generates a periodic function, for example, a sinusoid whose
characteristics such as amplitude and frequency may be
adjusted during the process. For example, the function
generator may output a frequency modulated waveform, i.e.,
a sinusoid whose instantaneous frequency, f, is varied peri-
odically from a low value to a high value with a period Tj.
This implies that f is adjusted periodically from (f.-Af) to
(f+Af), where f,. is a center frequency and Af is a frequency
deviation around f.. The bandwidth, BW, of this waveform
may be approximated by Carson’s formula: BW=2(Af+1/
Tp). For example, if f.=13.56 MHz, Af=1 MHz, and T =10
us then BW=2.2 MHz, and the power is distributed over a
frequency range from 12.46 MHz to 14.46 MHz. In another
example, the function generator 122 may generate a rectan-
gular or triangular (e.g., sawtooth) pulse train whose char-
acteristics such as ramp rate, pulse height, period, and duty
cycle may be adjusted during the process. The bandwidth of
the pulse train would depend on its timing characteristics.

[0032] It is noted that, from experiments performed by the
inventors, it has been discovered that if the instantaneous
frequency is not varied smoothly; for example, if f is
changed abruptly in discrete steps such as in a staircase
function then the resulting gas discharge plasma may flicker
(turn on and off) uncontrollably. The flicker increases pro-
cess variability, which is undesired. On the other hand, the
flicker may be avoided if the modulating function smoothly
varies f as, for example, in a triangular or sinusoid function.
Accordingly, in the embodiments described in this disclo-
sure, the signals providing power to the plasma apparatus
(e.g., the plasma apparatus 110) are generated using, for
example, a function generator, where signal processing
circuitry adjusts the signal frequency relatively smoothly. In
contrast, digital signal generators generally use circuitry that
adjusts signal frequency in an abrupt stepwise fashion. In
some embodiments, the smooth change in frequency may be
achieved using analog signal processing techniques. In
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addition to changing f smoothly, function generators and
analog signal generators can provide a smooth power adjust-
ment without flickering. On the other hand, digital signal
generators usually have stepwise power adjustment, which
also induces flickering.

[0033] A plasma system (e.g., the plasma system 100 in
FIG. 1A) is similar to a simple power system comprising a
power source, a load, a transmission line, and an impedance
matching network.

[0034] The power source is the broadband amplifier (e.g.,
the broadband amplifier 124), considered as an ideal power
supply in series with a source impedance equal to an output
impedance of the amplifier. Typically, the output impedance
is a standard impedance such as 50Q. The load is the plasma
apparatus (e.g., the plasma apparatus 100), where the load
impedance is an impedance between the terminal of the RF
electrode (e.g., the upper electrode 118) to which power is
delivered and ground.

[0035] In aplasma system, the transmission line may be a
coaxial first RF-pipe that may be approximated by a lossless
transmission line and modeled as a two-port network, an
input port and an output port. One end of the first RF-pipe,
referred to as the source end, is the input port coupled to an
output of the broadband amplifier. The characteristic imped-
ance of the RF-pipe may be selected to be the same as the
output impedance of the amplifier (e.g., 50€2). The output
port is the opposite end of the first RF-pipe, referred to as the
load end. In plasma systems, described in this disclosure, the
load end is coupled to an input of a broadband impedance
matching network. The output of the impedance matching
network is coupled to the load at a terminal of an RF
electrode of the plasma apparatus by a second RF-pipe, the
load impedance being the impedance between the terminal
and ground. As explained further below, the second RF-pipe
has a short length such that the RF-pipe is an ideal connec-
tion. In other words, the input impedance of the short
RF-pipe measured at one end is equal to the impedance
connected at the opposite end, the length of the short pipe
being short relative to a wavelength of the EM wave in the
RF-pipe.

[0036] The purpose of inserting the impedance matching
network between the load impedance and the load end of the
first RF-pipe is to adjust the impedance at the load end in
order to transfer as much power as possible from a power
source to a load. The broadband impedance matching net-
work, having variable circuit components, is able to achieve
the efficient power transfer over the range of frequencies of
the power spectrum of the broadband RF waveform. An
example broadband impedance matching network is
described in further detail below.

[0037] In the plasma system 100, the output of the ampli-
fier 124 is coupled to the input of the impedance matching
network 126 via the first RF-pipe, and the output of the
impedance matching network 126 is coupled to a terminal of
the upper electrode 118 of the plasma apparatus 110 via a
second RF-pipe, as illustrated in FIG. 1A. The output
terminal of the impedance matching network 126 is posi-
tioned close to the terminal of the upper electrode 118 in
order to avoid any transmission line impedance in the signal
path after the impedance matching network 126. Typically,
the impedance of an RF-pipe of length, 1, is small enough to
be ignored if 1<A/8, where A is a representative wavelength
of the broadband RF waveform in the RF-pipe. It is noted
that the system design should ensure that a short second
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RF-pipe is used between the impedance matching network
and the electrode, especially if the second RF-pipe is car-
rying high frequency (short 2) EM source power, as is the
case in the plasma system 100 in FIG. 1A.

[0038] The V-I sensor 128 in FIG. 1A comprises a V-I
sensor assembly comprising a voltage pickup and a current
pickup that sense a time-varying electric field (E-field) and
a time-varying magnetic field (H-field), respectively. In the
plasma system 100, the V-I sensor 128 is positioned such
that its voltage pickup and current pickup are at a location
along the second RF-pipe coupling the impedance matching
network 126 to the upper electrode 118, as illustrated in FI1G.
1A. Here, a short RF-pipe is used for the signal path. This
places the V-I sensor 128 close to the terminal of the upper
electrode 118 so that the measured RF voltage waveform
and RF current waveform closely approximate the respec-
tive waveforms at the terminal of the upper electrode 118.
[0039] For illustrative purposes, FIG. 1B illustrates an
example V-1 sensor assembly, for example, as described in
FIG. 3C of co-pending application Ser. No. 17/514,815 filed
on Oct. 29, 2021 (Attorney Docket TEL-210198USO01),
which application is incorporated herein by reference in
entirety.

[0040] FIG. 1B illustrates a cutout of an example V-I
sensor assembly 150 comprising a conductive voltage
pickup 152, held by an insulating voltage pickup holder 154,
and a conductive current pickup 156, supported by an
insulating toroidal mandrel 158. The second RF-pipe is not
shown in FIG. 1B for clarity: The inner conductor of the
second RF-pipe would be a cylindrical conductor passing
through a hole 160, and the annular outer conductor would
include a top conductive cover and a bottom conductive
cover of the sensor assembly 150. The conductive covers
and the inner and outer conductors of the second RF-pipe are
not shown in FIG. 1B.

[0041] The voltage pickup 152 is a ring around the inner
conductor that generates a signal proportional to a radial
E-field between the inner conductor and outer conductor of
the second RF-pipe by capacitive coupling.

[0042] The current pickup 156 is a wire threaded along a
hollow passage 162 that coils around a circular axis inside
the toroidal mandrel 158, as illustrated in FIG. 1B. Typically,
the H-field has negligible impact on the signal output of the
voltage pickup 152, but the perturbation of the radial E-field
on the current pickup 156 may not be ignored. Hence, an
E-field shielding scheme is included in the sensor assembly
150. The E-field shielding is provided by a conductive
protrusion from the top cover and a conductive protrusion
from the bottom cover of the sensor assembly 150 that may
be positioned inside slots 164 and 166, respectively. The
conductive protrusions are grounded by being a portion of
the top and bottom covers; hence, being a portion of the
grounded outer conductor of the second RF-pipe. The
grounded conductive protrusions shield the current pickup
156 from the E-field but not from the H-field because the
insulating walls of the slots 164 and 166 prevent any ground
current from flowing in the two conductive protrusions.
Thus, the current pickup 156 is a half-loop inside the second
RF-pipe that senses the time-varying H-field circulating
around the inner conductor by inductive coupling.

[0043] In this example, the voltage pickup 152 and the
current pickup 156 are positioned symmetrically around the
central axis of the second RF-pipe (i.e., the central axis of
the hole 160). The symmetry provides higher measurement
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accuracy by taking advantage of cancellation of some of the
parasitic voltages and currents induced in the conductive
pickups.

[0044] Referring again to FIG. 1A, the measured RF
voltage and RF current waveforms are transmitted by the V-1
sensor 128 to the V-1 analyzing circuit 130 using, for
example, coaxial cables.

[0045] The V-I analyzing circuit 130 may comprise ampli-
fiers (e.g., differential amplifiers) coupled to its inputs to
receive and amplify the incoming RF voltage and RF current
waveforms from the V-1 sensor. The amplified waveforms
may be analyzed by the V-l analyzing circuit 130 with
electronic circuitry configured to extract relevant electrical
characteristics from RF voltage and RF current waveforms
and output an electronic feedback signal encoding the
extracted electrical characteristics. Electrical characteristics
extracted from the attributes of the RF voltage and RF
current waveforms may include peak and rms values of
voltage and current, instantaneous frequency, instantaneous
power, average power, and power spectral density (from
harmonic analysis). The electronic circuitry used to perform
the analysis and extraction may be implemented as a sepa-
rate signal processor, for example, a programmable digital
signal processor. The feedback signal from an output buffer
of the V-1 analyzing circuit 130 may be coupled to an input
port of the controller 140 for process monitoring and/or
feedback control, as described further below.

[0046] In some embodiments, a DC bias (or pulsed DC)
from a DC bias generating circuit 132 may also be super-
posed on the waveform of the terminal of the upper electrode
118, as illustrated schematically in FIG. 1A.

[0047] In the example illustrated in FIG. 1A, the load
impedance is an impedance between the terminal of the
upper electrode 118 and ground and, thus, includes an
impedance of the plasma, when plasma is present in the
chamber 102. It is not unusual to have a large mismatch
between the source impedance (i.e., the output impedance of
the amplifier 124) and the load impedance. Hence, it is
common practice to insert an impedance matching network
in the signal path between the load end of the first coaxial
RF-pipe and the load. Without the impedance matching
network 126, the mismatch would likely cause an undesir-
ably low power to be transferred to the plasma apparatus
110.

[0048] At low f, A is large, and if 1<A/8 then the wave
nature of the EM signal in the RF-pipe may be ignored, and
the RF-pipe may be approximated by an ideal connection.
But, as f'is increased, A shrinks, because of which it may be
erroneous to ignore the fact that the EM signal in the
RF-pipe is an EM wave. In other words, the RF-pipe has to
be modeled like a waveguide along which a transmitted EM
wave travels from the source end to the load end and a
reflected wave (reflected at the load end) travels in the
opposite direction. A ratio of the amplitudes of the reflected
wave to the transmitted wave is referred to as a reflection
coefficient, I'. If there is a large mismatch between the
source impedance and the load impedance then a magnitude
of the reflection coefficient (II'l) may be significantly high,
resulting in poor power transfer to the plasma apparatus 110.
Additionally, interference between the transmitted wave and
the undesired reflected wave would result in standing wave
patterns which, in some instances, may damage the amplifier
124. The impedance matching network 126 is used to
suppress reflections and standing wave patterns in the first
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RF-pipe to efficiently transfer EM power to the load imped-
ance, i.e., the impedance between the terminal of the RF
electrode (e.g., the upper electrode 118) to which power is
delivered and ground. As described in further detail below,
the broadband impedance matching networks in the embodi-
ments of plasma systems include variable inductors and
capacitors to adjust an impedance of the matching network
to achieve efficient power transfer in the frequency range of
the power spectrum of the broadband RF waveform by
suppressing reflections at the load end of the first RF-pipe
such that II'l<0.6.

[0049] Generally, an impedance matching network
includes only approximately lossless circuit components
(e.g., approximately ideal inductors, capacitors, and
switches) to avoid undesired resistive power loss in the
impedance matching network. In this disclosure, a circuit
approximated by a network of ideal inductors, capacitors,
and switches is referred to as a reactive circuit. For a specific
circuit topology and a specific choice of the reactive com-
ponents, the impedance of the matching network is a specific
reactance function, X, (f). Other impedances in the power
system are the output impedance of the amplifier 124, the
transmission line impedance, and the load impedance
(which includes the plasma impedance). In general, the
power transferred to a given load impedance depends on the
various impedances in the power system. Optimization of
the power transferred to the load impedance implies opti-
mizing the impedance of the impedance matching network,
i.e., the reactance function X,, (f)). In other words, the
inductances and capacitances of the matching network are
selected with an objective to maximize the power to the load
(i.e., the plasma apparatus 110, including the plasma) for a
given broadband RF waveform (e.g., the output of the
function generator 122).

[0050] In a conventional, single frequency (or narrow-
band) system, impedance matching comprises designing an
impedance matching network during the development pro-
cess. After the inductors and capacitors of the matching
network of the impedance matching network have been
selected such that the power transferred to the load is
maximum at the operating frequency (or the center fre-
quency of the narrow band), the reactive elements are only
altered in a narrow range during processing to compensate
small variations in plasma processing conditions.

[0051] In a broadband system, such as the plasma system
100 in FIG. 1A, the operating frequency may be intention-
ally changed by a discrete magnitude during, for example,
different cycles of a cyclic process. Additionally, a broad-
band system, such as plasma system 100, may be using an
RF waveform where the frequency is varied continuously,
for example, a frequency modulated sinusoidal waveform.
Accordingly, the broadband impedance matching network
126 comprises one or more variable reactive components.

[0052] For illustrative purposes, FIG. 1C illustrates an
example reactive circuit for forming the matching network
126, for example, as described in FIG. 29 of application Ser.
No. 17/12,168 filed on Sep. 4, 2020, which is incorporated
herein in reference.

[0053] FIG. 1C illustrates a schematic of an example
reactive circuit 170 comprising three variable capacitors C1,
C2, and C3 and two variable inductors .1 and L2. As
explained above, because the reactive components C1, C2,
C3, L1, and [.2 may be altered during processing, the
reactive circuit 170 may be implemented as the broadband
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impedance matching network 126. Furthermore, the reactive
circuit 170 comprises two three-terminal switches S1 and S2
that provide additional control variables for adjusting the
reactance of the reactive circuit 170. It is noted that the
variable capacitors and inductors may comprise switched-
capacitors and switched-inductors comprising a plurality of
two-terminal switches, as explained in further detail below.
[0054] As illustrated in FIG. 1A, the impedance matching
network 126 is inserted in the signal path between the output
of the amplifier 124 and the terminal of the upper electrode
118. As mentioned above, a first RF-pipe may be coupling
the output of the amplifier 124 to the input of the impedance
matching network 126, indicated by a block arrow at the left
side of the reactive circuit 170 in FIG. 1C. The output of the
impedance matching network 126, indicated by a block
arrow at the right side of the reactive circuit 170 in FIG. 1C
may be coupled to the terminal of the upper electrode 118 by
a short second RF-pipe. The inventors have demonstrated
IT'1=0.6 across an operating frequency range of 13.56 MHz
to 220 MHz in a plasma system, where the reactive circuit
170 has been implemented for the broadband impedance
matching network.

[0055] Variable capacitors C1, C2, and C3 may be realized
in several ways. Mechanically variable capacitors may com-
prise movable parts such as the plates of a tuning capacitor.
For example, the distance and/or the overlapping area of the
two plates of the capacitor C1 may be adjustable through a
suitable mechanical construction. Electrically variable
capacitors such as varactors may be used as the variable
capacitor C1, where the width of a depletion layer is varied
by a bias voltage across a metal-oxide-semiconductor
(MOS) capacitor or a p-n junction diode. Another method
for realizing the electrically variable capacitor C1 may be
using an array comprising a plurality of switched-capacitors
connected in parallel. Each switched-capacitor comprises a
capacitor and a two-terminal switch connected in series. The
capacitance of the capacitor C1 may be adjusted by con-
trolling the states of the two-terminal switches of the plu-
rality of switched-capacitors. In some embodiments, the
capacitance of the variable capacitor (e.g., C1, C2, and C3)
may be able to vary in a range from about 3 pF to about 4000
pF.

[0056] Variable inductors L1 and .2 may also be realized
in several ways. For example, analogous to the electrically
variable capacitor C1 implemented by an array of switched-
capacitors, the variable inductor .1 may be implemented as
an array of switched-inductors connected in series. Each
switched-inductor comprises an inductor and a two-terminal
switch connected in parallel. The inductance of the inductor
L1 may be adjusted by controlling the states of the two-
terminal switches of the plurality of switched-inductors.
Alternatively, the variable inductor L1 may have its induc-
tance changed by mechanical motion. For example, the
coupling between the magnetic core and the coil of the first
inductor [.1 may be adjustable through a suitable mechanical
construction. In some embodiments, the inductance of the
variable inductor (e.g., [.1 and [.2) may be able to vary in a
range from about 50 nH to about 20 pH.

[0057] Similar to the broadband amplifiers, the broadband
impedance matching networks in the embodiments in this
disclosure are designed for an operating frequency range,
which may be either the higher frequency range of about 10
MHz to about 300 MHz or the lower frequency range of
about 100 kHz to about 13 MHz. The broadband impedance
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matching network 126 is designed for waveforms used to
supply EM source power; hence, the impedance matching
network 126 covers the 10 MHz to 300 MHz frequency
range. However for waveforms providing EM bias power, an
impedance matching network covering the lower frequency
range of 100 kHz to 13 MHz would be used.

[0058] The adjustments to the matching network of the
impedance matching network 126 may be performed using
the controller 140, illustrated schematically in FIG. 1A. The
controller 140 may be configured to transmit control signals
to adjust the inductance and capacitance of the variable
inductors and capacitors of the broadband impedance match-
ing network 126, thereby, adjusting the waveform at the load
terminal (the terminal of the upper electrode 118 in the
plasma apparatus 110). Additionally, finer adjustments to the
impedance of the impedance matching network 126 may be
made by the controller 140 at the function generator 122 by
adjusting the waveshape (e.g., the frequency) of the broad-
band RF waveform. The function of the controller 140 is
explained in further detail below.

[0059] As mentioned above, the V-I sensor 128 may be
positioned in the RF pipe in the section between the output
of the impedance matching network 126 and the terminal of
the electrode 118 to measure the RF voltage and RF current
waveforms being delivered to the plasma apparatus 110 and
transmit the data to the V-1 analyzing circuit 130. The V-I
analyzing circuit 130 may be configured to extract relevant
electrical characteristics from the waveforms and output an
electronic feedback signal encoding the extracted electrical
characteristics. The feedback signal from the V-1 analyzing
circuit 130 may be coupled to the controller 140 for process
monitoring and/or feedback control. The electrical charac-
teristics received from the V-1 analyzing circuit 130 may be
stored in a memory device and processed by a processor.
Based on the feedback, the processor may instruct the
controller 140 to generate appropriate control signals to be
transmitted to various components of the EM circuit block
120 and the DC bias generating circuit 132 in order to adjust
the RF voltage and RF current waveforms along with the
impedance of the impedance matching network 126 between
the output of the broadband amplifier 124 output and the
load, which includes the plasma.

[0060] As described above, the controller 140 is used to
adjust the broadband RF waveforms at the terminals of the
RF electrodes of the plasma apparatus 110 by adjusting input
parameters of the EM circuit block (e.g., the EM circuit
block 120) and the optional DC bias generating circuits (e.g.,
the DC bias generating circuit 132) by transmitting control
signals to respective input ports of the EM circuit block and
the optional DC bias generating circuit.

[0061] As illustrated in FIG. 1A, in plasma system 100,
the controller 140 may generate and transmit a plurality of
control signals to adjust input parameters of the EM block
120 and the DC bias generating circuit 132 to adjust the
broadband RF waveform comprising the RF voltage and RF
current waveforms at the terminal of the upper electrode
118. The controller 140 may comprise a processor and a
memory device, where data and coded instructions for the
processor may be stored. The data comprises a process
recipe and the electrical characteristics decoded from the
feedback signal output by the V-1 analyzing circuit 130, the
feedback signal being received at an input port of the
controller 140, as illustrated in FIG. 1A. The instructions,
when executed by the processor, retrieve the data from the
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memory device and, based on the data, generate appropriate
control signals, mentioned above.

[0062] In the example embodiment illustrated in FIG. 1A,
a first, second, and a third output port of the controller 140
have been configured to transmit the first, second and third
control signals, respectively, to synchronously adjust the
input parameters of the function generator 122, the broad-
band amplifier 124, and the broadband impedance matching
network 126. Additionally, a fourth control signal may be
generated and transmitted from a fourth output port to adjust
input parameters of the DC bias generating circuit 132, as
illustrated in FIG. 1A. In some embodiments, the DC bias
generating circuit 132 may be optional. Each control signal
is transmitted from the controller 140 and coupled to an
input port of the EM circuit block 120 or the optional DC
bias generating circuit 132 using, for example, a coaxial
cable. Collectively, these control signals synchronously
adjust the input parameters of the EM circuit block 120 and
the DC bias generating circuit 132 to adjust the broadband
RF waveform providing EM power to the plasma apparatus
110. For example, the first control signal transmitted to the
function generator 122 may adjust the spectrum (i.e., fre-
quencies) of the RF waveform; the second control signal
transmitted to the broadband amplifier 124 may adjust its
power gain to adjust the amplitude of the RF waveform; and
the third control signal transmitted to the broadband imped-
ance matching network 126 may adjust a phase relationship
between the RF voltage and RF current waveforms to adjust
the EM power delivered at the terminal of the upper elec-
trode 118. In some embodiments, where a DC bias gener-
ating circuit 132 is used, the fourth control signal transmitted
to the DC bias generating circuit 132 may adjust the DC bias
superposed on the RF waveform, such as the DC voltage, the
pulsing frequency, and the duty cycle of DC pulses.

[0063] Some of the adjustments are specific to the process
and specified in the process recipe stored in the memory
device of the controller 140. For example, plasma system
100 may be executing a cyclic process alternating between
an etch cycle and a deposition cycle, where the operating
frequency, DC bias, and the RF source power may be
specified to be different for the two cycles of the cyclic
process. In addition to adjusting the power gain of the
amplifier 124 and the output voltage of the DC bias gener-
ating circuit 132, execution of this process may require
appropriate adjustments to be made synchronously to the
function generator 122 and the broadband impedance match-
ing network 126 to tune in the change in operating frequency
at the beginning of each cycle of the cyclic process. Accord-
ingly, the controller 140 may retrieve instructions from the
recipe, execute the instructions using the processor to trans-
mit control signals to adjust the variable inductors and/or
capacitors in the broadband impedance matching network
126 and, simultaneously, transmit control signals to a fre-
quency selector in the function generator 122 at the times
specified in the instructions in the recipe.

[0064] In addition to the intentional variations of the
waveform (e.g., the changes specified by the recipe), random
variations can occur during processing. As explained above,
the load impedance includes the plasma, when plasma is
sustained in the chamber 102. Since the plasma properties
may vary during the plasma process, in general, the load
impedance may also vary during the process and cause
undesired and random changes to the waveforms carrying
EM power from the EM circuit block 120 to the plasma
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apparatus 110. Accordingly, additional adjustments for pro-
cess control may be made by the controller 140 for wave-
form tuning and feedback control.

[0065] FIG. 2 illustrates a schematic representation of
another broadband plasma system 200, similar to the
example plasma system 100 described above with reference
to FIG. 1A. In plasma system 200, the EM circuit block 120
supplies EM source power to the plasma apparatus 110 at the
pedestal 108. As described above, a conductive portion of
the pedestal 108 (the lower electrode) may be the RF
electrode used to excite plasma in chamber 102. In the
example embodiment in FIG. 2, the upper electrode 118 is
present but is not being coupled to an RF or DC power
supply. In some embodiments, there may not be an upper
electrode present if an upper electrode is not needed. If, as
illustrated in FIG. 2, the upper electrode 118 is present but
is not used then it may be floating (open circuit) or grounded
(i.e., coupled to the reference potential), or coupled to the
chamber wall, which may be coupled to ground.

[0066] FIGS. 3 and 4 illustrate embodiments of a plasma
system where the EM circuit block provides EM power to
the plasma apparatus using several broadband RF wave-
forms. Plasma system 300 and plasma system 400, illus-
trated in FIGS. 3 and 4, respectively, are examples of
embodiments where two broadband RF waveforms are
simultaneously powering the plasma apparatus 110,
described above with reference to FIG. 1A: A high fre-
quency RF waveform provides the EM source power and a
low frequency RF waveform provides the EM bias power.

[0067] The two broadband RF waveforms are generated
using two single-channel EM circuit blocks to accommodate
the wide frequency range (100 kHz to 300 MHz) that is
generally used for RF waveforms carrying EM source power
and EM bias power in plasma systems. As explained above,
linear amplifiers exhibit a tradeoff between bandwidth and
power amplification, which makes it difficult and costly for
a plasma system to include a linear power amplifier having
both high bandwidth (100 kHz to 300 MHz) and high power
amplification (output power between 50 W to 10 kW). Thus,
while a plasma system may include a multi-channel broad-
band amplifier for amplifying multiple broadband RF wave-
forms within a smaller frequency range (e.g., the 100 kHz to
13 MHz range for EM bias power or the 10 MHz to 300
MHz range for EM source power), it may be advantageous
to use two single-channel EM circuit blocks, one for EM
source power and another for EM bias power because of the
high cost of a dual-channel broadband amplifier that can
provide high power with low distortion over the wide range
of frequencies of the various RF waveforms used simulta-
neously in plasma processing.

[0068] FIGS. 3 and 4 illustrate the example plasma sys-
tems 300 and 400, wherein the respective EM circuit blocks
350 and 450 are dual-channel EM circuit blocks comprising
two single-channel EM circuit blocks, each channel used for
one broadband RF waveform. A first EM circuit block 120
may be for a higher frequency broadband RF waveform and
a second EM circuit block 320 may be for a lower frequency
broadband RF waveform. Each single-channel EM circuit
block comprises a function generator, a broadband amplifier,
and a broadband impedance matching network. Although, in
the embodiments in this disclosure, each dual-channel EM
circuit block uses two function generators (one per channel),
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it is understood that, in some other embodiment, one dual-
channel function generator may be used in place of two
function generators.

[0069] FIG. 3 illustrates plasma system 300 comprising
the plasma apparatus 110 and the dual-channel EM circuit
block 350 comprising the first EM circuit block 120 to
supply higher frequency EM source power and the second
EM circuit block 320 to supply lower-frequency EM bias
power. It is noted that the first EM circuit block 120 is
identical to the higher frequency EM circuit block 120,
which is described above with reference to FIGS. 1A and 2.
[0070] As explained above with reference to FIG. 1A, the
higher frequency first EM circuit block 120 comprises the
function generator 122, the high frequency broadband
amplifier 124, and the high frequency broadband impedance
matching network 126. The second EM circuit block 320
also comprises a function generator 322, similar to the
function generator 122 but, being a lower frequency system,
the second EM circuit block 320 has a low frequency
broadband amplifier 324 and a low frequency broadband
impedance matching network 326. The function generator
122 outputs a higher frequency broadband RF waveform
that may be amplified by the high frequency broadband
amplifier 124, whereas the function generator 322 is con-
figured to output a lower frequency broadband RF waveform
that may be amplified by the low frequency broadband
amplifier 324.

[0071] As illustrated in FIG. 3, the upper electrode 118
and the pedestal 108 are receiving power to excite plasma in
the plasma chamber 102. Note that the pedestal 108 is
configured to function as an RF electrode, in addition to
supporting the substrate. As explained above, in order to
function as an RF electrode, the pedestal 108 is configured
to include a disk-shaped conductive part, which is typically
at the top of the pedestal in contact with the substrate 112.
The pedestal 108 in plasma system 300 is similar to the
pedestal 108 in plasma system 200, described above with
reference to FIG. 2. In this example embodiment (plasma
system 300), the upper electrode 118 is being used to couple
EM source power to the plasma, while the pedestal 108 is
being used to couple EM bias power to the plasma. Accord-
ingly, the higher frequency first EM circuit block 120 is
shown supplying power at the terminal of the upper elec-
trode 118. In contrast, EM bias power is supplied at the
pedestal 108 by the lower frequency second EM circuit
block 320.

[0072] The plasma system 300 comprises a first V-1 sensor
128 and a first V-1 analyzing circuit 130 to sense the RF
voltage and RF current waveforms being coupled to the
upper electrode 118 (similar to the plasma system 100,
illustrated in FIG. 1A). In addition, there is a second V-I
sensor 328 and a second V-I analyzing circuit 330 to sense
the RF voltage and RF current waveforms being coupled to
the pedestal 108 (similar to the plasma system 200, illus-
trated in FIG. 2). Electrical characteristics extracted from the
various waveforms by the V-1 analyzing circuits 130 and 330
are transmitted to the controller 140 for storage and feed-
back control. The controller 140 is used to synchronously
adjust the input parameters of the first EM circuit block 120,
the second EM circuit block 320 and the DC bias generating
circuits 132 and 332.

[0073] FIG. 4 illustrates plasma system 400 comprising
the plasma apparatus 110 and an EM circuit block 450.
Similar to the dual-channel EM circuit block 350, the
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dual-channel EM circuit block 450 also comprises the higher
frequency first EM circuit block 120 to supply EM source
power and the low-frequency second EM circuit block 320
to supply EM bias power. However, unlike in EM circuit
block 350, in the EM circuit block 450, the EM source
power and the EM bias power are superposed by using, for
example, the same RF-pipe for both the EM source power
and the EM bias power. A superposition of the two wave-
forms is coupled to the plasma apparatus 110 at the terminal
of the pedestal 108. The superposed EM power is used by
the pedestal 108 to couple power to the plasma excited in the
chamber 102.

[0074] In the example plasma system 400, the upper
electrode 118 is not being used to couple EM power to
plasma in the plasma chamber 102, illustrated in FIG. 4. As
explained above with reference to FIG. 2, in some embodi-
ments, there may not be an upper electrode present if an
upper electrode is not needed. However, if, as illustrated in
FIG. 4, the upper electrode 118 is present but is not used then
it may be floating (open circuit) or grounded (i.e., coupled
to the reference potential), or coupled to the chamber wall,
which may be coupled to ground, similar to the plasma
system 200 (see FIG. 2). In addition, since the upper
electrode 118 is not coupled to any power source, the plasma
system 400 uses only one V-1 sensor 128 and V-1 analyzing
circuit 130 to sense and analyze the RF voltage and RF
current waveforms supplied to the pedestal 108. Likewise,
the plasma system 400 may include only one DC bias
generating circuit 132, coupled to the pedestal 108.

[0075] A method 500 for processing a substrate, for
example, substrate 112 in FIGS. 1A-4, is summarized in the
flowchart illustrated in FIG. 5. In the method 500, described
below with reference to the flowchart in FIG. 5, the substrate
is processed using plasma excited in a plasma apparatus
using EM power carried in broadband RF waveforms and
coupled to plasma by electrodes of the plasma apparatus. At
a terminal of each electrode, an EM circuit block delivers
EM power carried in a broadband RF waveform.

[0076] As indicated in block 510, a broadband RF wave-
form is generated using, for example, a function generator
configured to generate various arbitrary waveforms, such as
the function generator 122, described above with reference
to FIG. 1A. The broadband RF waveform output by the
function generator is coupled to an input port of a broad-
band, linear power amplifier, as indicated in block 512 in
FIG. 5.

[0077] In block 520, the broadband RF waveform is
amplified by the broadband, linear power amplifier, such as
the broadband amplifier 124, described above with reference
to FIG. 1A. The broadband amplifier outputs an amplified
waveform. Being a linear, power amplifier, the output of the
broadband amplifier has high power compared to the output
of the function generator, and the waveshape is maintained
with high fidelity (i.e., low distortion).

[0078] The amplified waveform at the output of the broad-
band amplifier is coupled to a source end of a first RF-pipe,
as indicated in block 530. The first RF-pipe is a coaxial
RF-pipe, which may be modeled as a lossless transmission
line, as described above. As indicated in block 532, a load
end of the first RF-pipe is coupled to an input of a broadband
impedance matching network. The load end of the RF pipe
is opposite the source end of the first RF-pipe.

[0079] The broadband impedance matching network, such
as the broadband impedance matching network 126,
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described above, includes switches, variable inductors and
variable capacitors. These components are connected in a
network, referred to as a reactive circuit, an example of
which has been described above. The impedance of the
respective matching network depends on a selection of the
variable inductances, variable capacitances, and the states of
the switches. In addition, the impedance is a frequency-
dependent impedance. A controller may be programmed to
set the input parameters for selecting the impedance of the
respective broadband matching network to achieve efficient
power transfer from the EM circuit block to the plasma
apparatus over the frequency range of the spectrum of the
broadband RF waveform.

[0080] Block 540 in the flowchart illustrated in FIG. 5
indicates that a second RF-pipe may be used to couple the
waveform at the output of the impedance matching network
to the terminal of the RF electrode. The waveform at the
terminal of the RF electrode (matched for efficient power
transfer to the plasma apparatus) excites plasma in a plasma
chamber of the plasma apparatus.

[0081] Block 550 indicates that the broadband RF wave-
form at the terminal of the RF electrode may be adjusted
through a feedback loop, as described with reference to
FIGS. 1A-1B.

[0082] As mentioned above, the adjustments are made
using control signals from the controller that set various
input parameters of the EM circuit block. The feedback
signal may be based on the RF voltage and RF current
waveforms supplied to the terminal of the electrode. The RF
waveforms may be measured using, for example, a V-I
sensor. The V-1 sensor may be configured to measure the RF
waveforms by sensing the E-field and the H-field in the short
second RF-pipe between the output of the impedance match-
ing network and the terminal of the RF electrode of the
plasma apparatus, as described above with reference FIGS.
1A and 1B. The measured RF waveforms may be analyzed
to generate a feedback signal. As described above, with
reference to FIG. 1A, the analysis may be performed in a V-1
analyzing circuit that receives the measured RF waveforms
from the V-1 sensor. The feedback signal may be coupled
from the V-I analyzing circuit to the controller using, for
example, a coaxial cable. As described above, the controller
may be used to adjust the waveform, as indicated in block
550 in the flowchart. The adjustments may be achieved by
sending control signals from the controller to the various
components of the EM circuit blocks used to generate the
broadband RF waveforms.

[0083] Example 1. A plasma system includes a plasma
apparatus including: a plasma chamber; a pedestal
configured to hold a substrate in the chamber; and a
radio frequency (RF) electrode configured to excite
plasma in the chamber; an electromagnetic (EM) circuit
block coupled to the RF electrode, the EM circuit block
including: a function generator configured to output a
broadband RF waveform, the waveform having EM
power distributed over a range of frequencies; a broad-
band amplifier coupled to an output of the function
generator, an operating frequency range of the amplifier
including the range of frequencies; and a broadband
impedance matching network having an input coupled
to an output of the broadband amplifier and an output
coupled to a terminal of the RF electrode, an operating
frequency range of the broadband impedance matching
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network including the range of frequencies; and a
controller configured to adjust an input parameter of the
EM circuit block.

[0084] Example 2. The plasma system of example 1,
where the broadband impedance matching network
includes a variable inductor.

[0085] Example 3. The plasma system of one of
examples 1 or 2, where the broadband impedance
matching network includes a variable capacitor.

[0086] Example 4. The plasma system of one of
examples 1 to 3, further including a first RF-pipe
having a source end coupled to the output of the
broadband amplifier and a load end coupled to the input
of the broadband impedance matching network, the
load end being opposite the source end, where, during
operation, a magnitude of a reflection coefficient is less
than or equal to 0.6, the reflection coefficient being a
ratio of an amplitude of a reflected EM wave to an
amplitude of a transmitted EM wave, where an EM
wave in the first RF-pipe is a superposition of the
transmitted EM wave traveling from the source end to
the load end and the reflected EM wave traveling in the
opposite direction.

[0087] Example 5. The plasma system of one of
examples 1 to 4, where the operating frequency range
of the broadband amplifier and the operating frequency
range of the impedance matching network includes the
range of frequencies greater than or equal to 10 MHz
and less than or equal to 300 MHz.

[0088] Example 6. The plasma system of one of
examples 1 to 5, further including a DC bias generating
circuit having an output coupled to the RF electrode,
the DC bias generating circuit being configured to
output a constant DC bias or a pulsed DC bias wave-
form.

[0089] Example 7. The plasma system of one of
examples 1 to 6, where the RF electrode is a disk-
shaped electrode disposed in an upper portion of the
chamber.

[0090] Example 8. The plasma system of one of
examples 1 to 7, where the RF electrode is a disk-
shaped conductive portion of the pedestal.

[0091] Example 9. The plasma system of one of
examples 1 to 8, where the RF electrode is an antenna
disposed outside the plasma chamber.

[0092] Example 10. The plasma system of one of
examples 1 to 9, further including: a voltage and
current (V-I) sensor including a voltage pickup and a
current pickup placed at a location along a second
RF-pipe coupling the broadband impedance matching
network to the RF electrode, where the V-I sensor is
configured to measure an RF voltage waveform and an
RF current waveform in the second RF-pipe at the
location; and a V-1 analyzing circuit configured to
receive the RF voltage waveform and the RF current
waveform, where the V-1 analyzing circuit includes
electronic circuitry configured to extract electrical char-
acteristics from the received RF voltage waveform and
RF current waveform and output an electronic feedback
signal encoding the electrical characteristics.

[0093] Example 11. The plasma system of one of
examples 1 to 10, where a length of the second RF-pipe
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is less than one-eighth of a representative wavelength
of the RF voltage waveform and the RF current wave-
form.

[0094] Example 12. The plasma system of one of
examples 1 to 11, where the controller includes: an
input port configured to receive the electronic feedback
signal; an electronic memory; a processor; data and
instructions stored in the memory, where the data
includes a process recipe and the electrical character-
istics, and where the instructions, when executed by the
processor, generates a control signal; and an output port
configured to transmit the control signal to an input port
of the EM circuit block.

[0095] Example 13. A plasma system includes a plasma
apparatus; a dual-channel electromagnetic (EM) circuit
block including: a first EM circuit block including a
first function generator, a first broadband amplifier, and
a first broadband impedance matching network, where
the first EM circuit block outputs a first broadband RF
waveform coupled to the plasma apparatus, the first
broadband RF waveform having EM power distributed
over a first range of frequencies; and a second EM
circuit block including a second function generator, a
second broadband amplifier, and a second broadband
impedance matching network, where the second EM
circuit block outputs a second broadband RF waveform
coupled to the plasma apparatus, the second broadband
RF waveform having EM power distributed over a
second range of frequencies, the second range being
different from the first range; and a controller config-
ured to adjust a plurality of input parameters of the EM
circuit block.

[0096] Example 14. The plasma system of example 13,
where the first range of frequencies includes the range
of frequencies greater than or equal to 10 MHz and less
than or equal to 300 MHz and, where the second range
of frequencies includes the range of frequencies greater
than or equal to 100 kHz and less than or equal to 13
MHz.

[0097] Example 15. The plasma system of one of
examples 13 or 14, where the plasma apparatus
includes a plasma chamber, an upper RF electrode, and
a lower RF electrode, the lower RF electrode being a
pedestal configured to support a substrate in the plasma
chamber.

[0098] Example 16. The plasma system of one of
examples 13 to 15, where the first broadband RF
waveform and the second RF broadband waveform are
coupled to different RF electrodes of the plasma appa-
ratus.

[0099] Example 17. The plasma system of one of
examples 13 to 16, where the first broadband RF
waveform and the second RF broadband waveform are
coupled to the same RF electrode of the plasma appa-
ratus.

[0100] Example 18. A method of operating a plasma
processing system, the method including: at an output
of a function generator, outputting a broadband radio
frequency (RF) waveform; coupling the output of the
function generator to an input of a broadband amplifier;
at an output of the broadband amplifier, outputting an
amplified broadband RF waveform; coupling the out-
put of the broadband amplifier to a source end of a first
RF-pipe; coupling a load end of the first RF-pipe to an
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input of a broadband impedance matching network, the

load end being opposite the source end; and using a

second RF-pipe, coupling an output of the broadband

impedance matching network to a terminal of an RF
electrode of a plasma apparatus, the coupling providing

EM power at the RF electrode that excites plasma in a

plasma chamber of the plasma apparatus.

[0101] Example 19. The method of example 18, further
including adjusting, through a feedback loop, a broad-
band RF waveform at the terminal of the RF electrode
of the plasma apparatus.

[0102] Example 20. The method of one of examples 18
or 19 further including: measuring a RF voltage wave-
form and a RF current waveform with a voltage pickup
and a current pickup of a voltage and current (V-I)
sensor at a location along the second RF-pipe; trans-
mitting the RF voltage waveform and the RF current
waveform to a V-1 analyzing circuit, the V-1 analyzing
circuit including electronic circuitry configured to per-
form an analysis of the received waveforms; perform-
ing the analysis with the electronic circuitry to extract
electrical characteristics from the received waveforms;
outputting an electronic feedback signal encoding the
electrical characteristics; and coupling the electronic
feedback signal to an input port of a controller.

[0103] Example 21. The method of one of examples 18
to 20, further including: in a memory device of the
controller, storing the electrical characteristics encoded
in the feedback signal; generating a number of control
signals based on processing of the electrical character-
istics with instructions executed by a processor of the
controller; transmitting each control signal to a respec-
tive input port of the function generator, the broadband
amplifier, and the broadband impedance matching net-
work; and based on the control signals, synchronously
adjusting input parameters of the function generator,
the broadband amplifier, and the broadband impedance
matching network, the adjustments adjusting a broad-
band RF waveform at the terminal of the RF electrode
of the plasma apparatus.

[0104] While this invention has been described with ref-
erence to illustrative embodiments, this description is not
intended to be construed in a limiting sense. Various modi-
fications and combinations of the illustrative embodiments,
as well as other embodiments of the invention, will be
apparent to persons skilled in the art upon reference to the
description. It is therefore intended that the appended claims
encompass any such modifications or embodiments.

What is claimed is:

1. A plasma system comprising:

a plasma apparatus comprising a plasma chamber and a
substrate support disposed in the plasma chamber;

an electromagnetic (EM) circuit block coupled to a radio
frequency (RF) electrode, the EM circuit block com-
prising:

a broadband RF waveform function generator, the
broadband RF waveform having EM power distrib-
uted over a range of frequencies, and

a broadband impedance matching network having an
input coupled to an output of the broadband RF
waveform function generator and an output coupled
to a terminal of the RF electrode, an operating
frequency range of the broadband impedance match-
ing network including the range of frequencies; and

11
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a controller programmed to adjust an input parameter of

the EM circuit block.

2. The plasma system of claim 1, wherein the broadband
impedance matching network comprises a variable inductor.

3. The plasma system of claim 1, wherein the broadband
impedance matching network comprises a variable capaci-
tor.

4. The plasma system of claim 1, further comprising:

a broadband amplifier; and

a first RF-pipe having a source end coupled to the output

of the broadband amplifier and a load end coupled to
the input of the broadband impedance matching net-
work, the load end being opposite the source end.

5. The plasma system of claim 4, wherein, during opera-
tion, a magnitude of a reflection coefficient is less than or
equal to 0.6, the reflection coefficient being a ratio of an
amplitude of a reflected EM wave to an amplitude of a
transmitted EM wave, wherein an EM wave in the first
RF-pipe is a superposition of the transmitted EM wave
traveling from the source end to the load end and the
reflected EM wave traveling in the opposite direction.

6. The plasma system of claim 1, further comprising a DC
bias generating circuit having an output coupled to the RF
electrode.

7. The plasma system of claim 1, wherein the RF elec-
trode is a disk-shaped electrode disposed in an upper portion
of the chamber.

8. The plasma system of claim 1, wherein the RF elec-
trode is a disk-shaped conductive portion of the substrate
support.

9. The plasma system of claim 1, wherein the RF elec-
trode is an antenna disposed outside the plasma chamber.

10. The plasma system of claim 1, further comprising:

a voltage and current (V-I) sensor comprising a voltage

pickup and a current pickup placed at a location along
a second RF-pipe coupling the broadband impedance
matching network to the RF electrode; and

a V-1 analyzing circuit configured to extract electrical

characteristics from a RF voltage waveform from the
voltage pickup and the RF current waveform from the
current pickup and output an electronic feedback signal
encoding the electrical characteristics.

11. The plasma system of claim 10, wherein a length of
the second RF-pipe is less than one-eighth of a representa-
tive wavelength of the RF voltage waveform and the RF
current waveform.

12. The plasma system of claim 10, wherein the controller
comprises:

an input port configured to receive the electronic feedback

signal;

an electronic memory;

a processor;

data and instructions stored in the memory,

wherein the data comprises a process recipe and the
electrical characteristics, and

wherein the instructions, when executed by the proces-
sor, generates a control signal; and

an output port configured to transmit the control signal to

an input port of the EM circuit block.

13. A plasma system comprising:

a plasma apparatus;

a dual-channel electromagnetic (EM) circuit block com-

prising:
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a first EM circuit block comprising a first function
generator and a first broadband impedance matching
network, wherein the first EM circuit block outputs
a first broadband RF waveform coupled to the
plasma apparatus, the first broadband RF waveform
having EM power distributed over a first range of
frequencies; and

a second EM circuit block comprising a second func-
tion generator and a second broadband impedance
matching network, wherein the second EM circuit
block outputs a second broadband RF waveform
coupled to the plasma apparatus, the second broad-
band RF waveform having EM power distributed
over a second range of frequencies, the second range
being different from the first range.

14. The plasma system of claim 13, further comprising:

a controller programmed to adjust a first input parameter

of the first EM circuit block and a second input param-

eter of the second EM circuit block.

15. The plasma system of claim 13, wherein the first range
of frequencies includes the range of frequencies greater than
or equal to 10 MHz and less than or equal to 300 MHz and,
wherein the second range of frequencies includes the range
of frequencies greater than or equal to 100 kHz and less than
or equal to 13 MHz.

16. The plasma system of claim 13, wherein the plasma
apparatus comprises a plasma chamber, an upper RF elec-
trode, and a lower RF electrode, the lower RF electrode
being a substrate support.

17. The plasma system of claim 16, wherein the first
broadband RF waveform and the second RF broadband
waveform are coupled to different RF electrodes of the
plasma apparatus.

18. The plasma system of claim 16, wherein the first
broadband RF waveform and the second RF broadband
waveform are coupled to the same RF electrode of the
plasma apparatus.
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19. A method of operating a plasma processing system,
the method comprising:

generating a broadband RF waveform at a function gen-

erator;

transmitting the broadband RF waveform through a first

radio frequency (RF) pipe to a broadband impedance
matching network; and

coupling an output of the broadband impedance matching

network to a terminal of an RF electrode of a plasma
apparatus through a second RF pipe to power a plasma
in a plasma chamber of the plasma apparatus.

20. The method of claim 19, further comprising adjusting,
through a feedback loop, a broadband RF waveform at the
terminal of the RF electrode of the plasma apparatus.

21. The method of claim 19, further comprising:

measuring a RF voltage waveform and a RF current

waveform with a voltage pickup and a current pickup
of a voltage and current (V-I) sensor at a location along
the second RF pipe;

transmitting the RF voltage waveform and the RF current

waveform to a V-1 analyzing circuit;

extracting electrical characteristics from the RF voltage

and current waveforms.

22. The method of claim 21, further comprising:

generating control signals based on processing of the

electrical characteristics;

transmitting one of the control signals to a respective

input port of the function generator and the broadband
impedance matching network; and

based on the control signals, synchronously adjusting

input parameters of the function generator and the
broadband impedance matching network, the adjust-
ments adjusting a broadband RF waveform at the
terminal of the RF electrode of the plasma.
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