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(57) Abstract: Techniques for plasma processing a substrate are disclosed, In one particular exemplary embodiment, the tech
Pique may be realized, with a method comprising introducing a feed gas proximate to a plasma source, whore the feed gas may
comprise a first and second species, where the first and second species have different ionization energies; providing a multi-level
RF power waveform to the plasma source, where the multi-level RF power waveform has at least a first power level during and a
second power level during a second pulse duration where the second power level may be ditferent from the first power level; ion-
izing the first species of the feed gas during the first pulse duration; ionizing the second species during the second pulse duration;
and providing: a bias to the; substrate during the first poise duration.
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TECHNIQUES FOR PLASMA PROCESSING A SUBSTRATE.

Fields

This application is related to techniques for processing a substrate, more particularly to

the technigues for processing a substrate using plasma.

Background
Plasma processing has been widely used in the semiconductor and other industries for

many decades. Piasma processing is used for tasks such as cleaning, etching, milling, and
deposition. More recently, plasma processing has been used for doping. Plasma assisted
doping (PLAD) or sometimes referred to as plasma immersion ion implantation (Pill) have been
used to meet the doping requirements of some modern electronic and optical devices. Plasma
doping is different from the conventional beam-line ion implantation systems that accelerate ions
with an electric field and then filter the ions according to their mass-to-charge ratio to select the
desired ions for implantation. Unlike the conventional beam-line ion implantation systems, PLAD
systems immerse the substrate in a plasma containing dopant ions and bias the substrate with a
series of negative voltage puises. The electric field within the plasma sheath accelerates ions
toward the substrate thereby implanting the ions into the surface of the substrate.

Plasma doping systems for the semiconductor industry generally require a very high
degree of process control. Conventional beam-line ion implantation systems that are widely used
in the semiconductor industry have excellent process control and also excellent run-to-run
uniformity. Conventicnal beam-line ion implantation systems provide highly uniform doping
across the entire surface of state-of-the-art semiconductor substrates.

In general, the process control of PLAD systems is not as good as conventional beam-line
ion implantation systems. In many plasma doping systems, charge tends to accumulate on the
substrate being plasma doped. This charge build-up can resull in the development of a relatively
high potential voltage on the substrate that can cause unacceptable doping non-uniformities and
arcing, which can result in device damage. Additionally, the composition of the plasma can affect
the resulting process step. For example, a large number of inert gas ions may cause more
damage to the substrate than desired. In addition, the electron temperature may alter the
desired numbers of ions in the plasma.

Summary

Techniques for plasma processing a substrate are disclosed. In one particular exemplary
embodiment, the technigue may be realized with a method comprising introducing a feed gas
proximate to a plasma source, where the feed gas may comprise a first and second species,

where the first and second species have different ionization energies; providing a multi-level RF
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power waveform to the plasma source, where the multi-level RF power waveform has at least a
first power level during a first pulse duration and a second power level during a second pulse
duration, where the second power level may be different from the first power level; ionizing the
first species of the feed gas during the first pulse duration; ionizing the second species during
the second pulse duration; and providing a bias to the substrate during the first pulse duration.

In accordance to ancther aspect of this particular exemplary embodiment, the method
may further comprise providing a hias to the substrate during the second pulse duration.

In accordance to further aspect of this particular exemplary embodiment, the Tirst power
level may be greater than a power level necessary 1o ionize the first species but less than another
power level necessary to ionize the second species. _

In accordance with additional aspect of this particular exemplary embodiment, the
second power level may be applied when the substrate is not biased.

In accordance with yet additional aspect of this particular exemplary embodiment, the
first species may comprise processing species.

In accordance with yet another aspect of this particular exemplary embodiment, the
processing species may comprise at least one of B, P, Ge, As, and Se, and the second species
may comprise at least one of C, 0, He, Ne, and Ar.

In accordance with still another aspect of this particular exemplary embodiment, the
processing species may be an etchant so as to etch the substrate.

In accordance with another aspect of this particular exemplary embodiment, the method
may further comprise biasing the substrate during at least a portion of the second pulse duration.

Yet in accordance with another aspect of this particular exemplary embodiment, the
method may further comprise selectively directing first ions of the processing species toward the
substrate during the first pulse duration; and directing the second ions of the inert species
toward the substrate during the second pulse duration.

Still in accordance to another aspect of this particular exemplary embodiment, the
second RF power level may be sufficient to stabilize the plasma.

in another particular exemplary embodiment, the technique may be realized with a
method comprising introducing a feed gas comprising a first species and second species nhear a
plasma source, the first species having lower ionization energy than the second species; applying
first power level to the plasma source during a first period 1o selectively ionize the first species,
where the first power level may be greater than a power level necessary to ionize the first species
but less than another power lavel necessary 1o ionize the second species; applying second power
level to the plasma source during a second period to ionize the second species, where the
second power level may be greater than the another power level necessary to ionize the second

species; and directing ions of the first species toward a substrate during a first period.
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In accordance to ancther aspect of this particular exemplary embodiment, the method
may further comprise directing ions of the second species toward the substrate during a second
period.

In accordance to further aspect of this particuiar exemplary embodiment, the method
may further comprise implanting ions of the first species into the substrate during the first period;
and implanting ions of the second species into the substrate during the second period.

In accordance with additional aspect of this particular exemplary embodiment, the first
species may comprise at least one of P, B, and As, and the second species may comprise at least
one of C, 0, He, Ne, and Ar.

In accordance with yet additional aspect of this particular exemplary embodiment, the
method may further comprise biasing the substrate during the first period and biasing the
substrate during the second period.

In accordance with yet another aspect of this particular exemplary embodiment, the
method may further comprise biasing the substrate during the first period without biasing the
substrate during the second period.

Yet in anocther particular exemplary embodiment, the technique may be realize with a
method may be achieved by plasma processing a substrate in an apparatus comprising a plasma
source proximate to a substrate, an RF power supply electrically coupied to the plasma source, a
bias power supply electrically coupled 1o the substrate. In this embodiment, the method may
comprise introducing a feed gas proximate to the plasma source, the feed gas comprising at
least first and second species; generating an RF waveform having a first power level during a first
period and a second power level during a second period with the RF power supply, where the
second period may occur after the first period; applying the RF waveform during the first and
second period to the plasma source to generate plasma; generating a bias waveform with the
bias power supply, the bias waveform having a first bias level and a second bias level, the first
bias level being zero bias level; and applying the bias waveform to the substrate to direct ions
from the plasma toward the substrate.

In accordance with another aspect of this particular exemplary embodiment, the second
power level may be greater than the first power level.

In accordance to another aspect of this particular exemplary embodiment, the first bias
level may be applied to the substrate during the first period.

In accordance to further aspect of this particular exemplary embodiment, the second bias
level may be applied to the substrate after the second period.

in accordance with additional aspect of this particular exemplary embodiment, the
second bias level may be applied to the substrate during the second period.

In accordance with vet additional aspect of this particular exemplary embodiment, the
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second hias level may be applied to the substrate during the first period.

in accordance with yet another aspect of this particular exemplary embodiment, the RF
waveform may further comprise a third power leve! during a third period, where the third power
level may be less than the first and second power levels, where the third period occurs after the
second period, and where the first bias level may be applied to the substrate during the third
period.

In accordance with still another aspect of this particular exemplary embodiment, the
plasma is not extinguished during the third period.

Brief Description of the Drawings

in order to facilitate a fuller understanding of the present disclosure, reference is now
made to the accompanying drawings. These figures may not necessarily be drawn to scale. In
addition, these figures should not be construed as limiting the present disclosure, but are
intended to be exemplary only.

FIG. 1A illustrates an exemplary plasma processing system according to one embodiment
of the present disclosure.

FIG. 1B illustrates another exemplary plasma processing system according to another
embodiment of the present disclosure.

FIG. 2A illustrates a prior art waveform generated by the RF source having a single
amplitude.

FIG. 2B illustrates a prior art waveform generated by the bias voltage supply.

FiG. 3A illustrates a RF power waveform generated by the RF source according one
embodiment of the present disclosure.

FiG. 3B illustrates a bias voltage waveform generated by the bias voltage supply
according another embodiment of the present disclosure.

FIG. 3C illustrates another bias voltage waveform generated by the bias voltage supply
according another embaodiment of the present disclosure.

FIGS. 4A-C illustrate a RF power waveform generated by the RF source and bias voltage
waveforms generated by the bias voltage supply according to another embodiment of the present
disclosure,

FIGS. 5A-C illustrate a RF power waveform generated by the RF source and bias voltage
waveforms generated by the bias voltage supply according to another embodiment of the present
disclosure.

FiG. 6 illustrates a muiti-set-point RF power and control signal waveforms according to
another embodiments of the present disclosure.

FIG. 7 ilustrate a RF power waveform generated by the RF source and bias vollage

waveforms generated by the bias voltage supply according to another embodiment of the present
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disclosure.

FIG. 8a and 8b illustrate various RF power waveforms generated by the RF source and
bias voltage waveforms generated by the bias voltage supply according to another embodiment
of the present disclosure.

FiG. 9a and Sb illustrate various RF power waveforms generated by the RF source and
bias voltage waveforms generated by the bias voltage supply according to another embodiment

of the present disclosure.
FIG. 10a-10d illustrate various RF power waveforms generated by the RF source and bias

voltage waveforms generated by the bias voltage supply according to another embodiment of the

present disclosure.
FIG. 11a-11e illustrate various RF power waveforms generated by the RF source and bias

voltage waveforms generated by the bias voltage supply according to another embodiment of the

present disclosure.
FIG. 12a-12d illustrate various RF power waveforms generated by the RF source and bias

voltage waveforms generated by the bias voltage supply according to another embodiment of the

present disclosure.
FIG. 13a-13e illustrate various RF power waveforms generated by the RF source and bias

voltage waveforms generated by the bias voltage supply according to another embodiment of the

presant disclosure.,
FIG. 14a-14e illustrate various RF power waveforms generated by the RF source and bias

voltage waveforms generated by the bias voltage supply according to another embodiment of the

present disclosure.

Detailed Description

Herein, several embodiments of new techniques for processing a substrate using plasma
based system are infroduced. For purpose of clarity and simpilicity, processing performed on the
substrate may focus on doping, etching, and deposition processes. However, other types of
processing including passivation of substrate surface are not precluded in the present disclosure.
Accordingly, the systems disclosed in the present disclosure need not be limited to particular
systems {e.g. doping system, etching system, deposition system, etc...} performing particular
processes.

The systems disclosed herein may include one or more plasma sources for generating
plasma. For the purposes of clarity and simplicity, the present disclosure will focus on inductively
coupled plasma (ICP) sources. However, those of ordinary skill in the art will recognize that other
sources including capacitively coupled plasma (CCP) sources, helicon plasma sources,

microwave (MW) plasma sources, glow discharge plasma sources, and other types of plasma
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sources are not precluded in the present disclosure. The plasma source may be near or
proximate to the area where the substrate is processed. Alternatively, the sources may be
remote plasma sources, removed from the area where the substrate is processed. The power
applied to the plasma source may be continuous or pulsed, DC or RF power having positive or
negative bias. For the purposes of the clarity and simplicity, the present disclosure may focus on
puised, RF power applied to ICP source.

Reference in the present disclosure to “one embodiment” or “an embodiment” means
that a particular feature, structure, or characteristic described in connection with the
embodiment is included in at least one embodiment of the present disclosure. The appearances
of the phrase “in one embodiment” in various places in the specification are not necessarily all
referring to the same embodiment.

it should be understood that the individual steps of the methods of the present
disclosure may be performed in any order and/or simultaneously as long as the systems or
technigues disclosed herein remain operable. Furthermore, it should be understood that the
systems and methods of the present disclosure can include any number or all of the described
embodiments as long as the systems and methods remains operabie.

The present teachings will now be described in more detail with reference 1o exemplary
embodiments thereof as shown in the accompanying drawings. While the present teachings are
described in conjunction with various embodiments and examples, it is not intended that the
present teachings be limited to such embodiments. On the contrary, the present teachings
encompass various alternatives, modifications and equivalents, as will be appreciated by those
of skill in the art. Those of ordinary skill in the art having access to the teachings herein will
recognize additional implementations, modifications, and embodiments, as well as other fields of
use, which are within the scope of the present disclosure as described herein. For example, it
should be understood that the methods for neutralizing charge in a plasma processing system
according to the present invention can be used with any type of plasma source.

Many plasma processing systems operate in a puised mode of operation where a series
of pulses is applied to the plasma source to generate pulsed plasma. Also, a series of pulses can
be applied 1o the substrate heing plasma processed during the on-periods of the plasma source
pulses, which biases the substrate to attract ions for implantation, etching, or deposition. in the
pulsed mode of operation, charge tends 1o accumulate on the substrate being plasma processed
during the on-period of the plasma source pulses. When the duty cycle of the plasma source
pulses is relatively low (i.e. less than about 25% and sometimes less than 2% depending upon
process parameters), the charge tends to be efficiently neutralized by electrons in the plasma
and there are only minimal charging effects.

However, there is currently a need to perform plasma processing in a pulsed mode of
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operation with relatively high duty cycles (i.e. duty cycles above about 2%). Such higher duty
cycles are necessary to achieve the desired throughputs and to maintain etching rates,
deposition rates, and doping levels that are required for some modern devices. For example, it is
desirable to perform poly gate doping and counter doping of some state-of-the art devices by
plasma doping with a duty cycle greater than 2%. In addition, it is desirable to perform many
plasma etching and deposition processes at duty cycles greater than 2% to increase process
throughput to acceptable levels.

As the duty cycle is increased above about 2%, there is a relatively short period of time
where the charge on the substrate being plasma processed can be neutralized during the pulse-
off period of the plasma source. Consequently, charge accumulation or charge build up can occur
on the substrate being plasma processed, which results in the development of a relatively high
potential voltage on the substrate being plasma processed that can cause plasma processing
non-uniformities, arcing, and substrate damage. For example, substrates containing thin gate
dielectrics can be easily damaged by excess charge build up.

The present invention relates to methods and apparatus for neutralizing charge during
plasma processing. The method and apparatus of the present invention allow plasma processing
1o be performed at higher duty cycles by reducing the probability of damage caused by charging
effects. in particular, a plasma processing apparatus according to the present invention includes
a RF power supply that varies the RF power applied to the plasma source to at least partially
neutralize charge accumulation during plasma processing. In addition, the bias voltage to the
substrate being plasma processed can be varied o at least partially neutralize charge
accumulation. Furthermore, in some embodiment of the invention, the RF power pulses applied
to the plasma source and the bias voltage applied to the substrate are synchronized in time and
the relative timing of the RF power puises applied to the plasma source and the bias voltage
applied to the substrate being plasma processed is varied to at least partially neutralize charge
accumulation on the substrate and/or to achieve certain process goals.

More specifically, in various embodiments, single or multiple RF power supplies are used
to independently power the plasma source and bias the substrate being plasma processed so as
to at least partially neutralize charge during plasma processing. Also, in various embodiments,
the RF power applied to the plasma source and the bias voltage applied to the substrate during
plasma processing are applied at relative times 1o at least partially neutralize charge during
plasma processing.

In addition to neutralizing charge, the method and apparatus of the present invention can
precisely control at least one of the power 1o the RF source and the bias applied to the substrate
during periods where the plasma processing is terminated (i.e. pulse-off period) in order to

achieve certain process goals. For example, the method and apparatus of the present invention



10

20

D
Ul

WO 2011/156813 PCT/US2011/040206

can precisely control at least one of the powers to the RF source and the bias voltage applied to
the substrate during the pulise-off period in order to allow chemical reactions to occur on the
surface of the substrate. Such a capability can improve throughput and provide more process
control in some etching and deposition processes.

In addition, the method and apparatus of the present invention for plasma doping can
precisely control at least one of the power to the RF source and the bias voltage applied to the
substrate during the pulse-off period in order to improve the retained dose while plasma doping.
The resufting improvement in retained dose will reduce the implant time and thus, will increase
plasma doping throughput. in addition to neutralizing charge, the method and apparatus of the
present invention can precisely control at least one of the power to the RF source and the bias
applied to the substrate during periods where the plasma doping is terminated in order to
achieve knock-on type ion implant mechanisms that achieve improved sidewall plasma doping
profiles and retrograde doping profiles as describe herein.

Referring to FIG. 1A, there is shown a plasma processing system 100 according to one
embodiment of the present disclosure. [t should be understood that this is only one of many
possible designs of apparatus that can perform plasma processing, such as ion implantation,
deposition, and etching, according to the present disclosure. In particular, it shouid be
understood that there are many possible plasma sources that can be used with the plasma
processing system of the present disclosure. The plasma source shown in FIG. 1 includes both &
planar and a helical RF coil. Other embodiments include a single planar or a helical RF coil. Still
other embodiments include capacitively coupled plasma sources or electron cyclotron resonance
plasma sources. One skiiled in the art will appreciate that there are many types of equivalent
plasma sources.

The plasma processing system 100 includss an inductively coupled plasma source 101
having both a planar and a helical RF coil and a conductive top section. A similar RF inductively
coupled plasma source is described in U.S. patent application Ser. No. 10/905,172, filed on Dec.
20, 2004, entitled "RF Plasma Source with Conductive Top Section,” which is assigned to the
present assignee. The entire specification of U.S. patent application Ser. No. 10/905,172 is
incorporated herein by reference. The plasma source 101 shown in the plasma processing
system 100 is well suited for plasma doping and other precise plasma processing applications
that require highly uniform processing because it can provide a very uniform ion flux. In addition,
the plasma source 101 is useful for high power plasma processing because it efficiently
dissipates heat generated by secondary electron emissions.

More specifically, the plasma processing system 100 includes a plasma chamber 102
that contains a process gas supplied by an external gas source 104, The external gas source

104, which is coupled to the plasma chamber 102 through a proportional vaive 106, supplies the
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process gas to the chamber 102, In some embodiments, a gas baffle is used to disperse the gas
into the plasma source 101. A pressure gauge 108 measures the pressure inside the chamber
102. An exhaust port 110 in the chamber 102 is coupled to a vacuum pump 112 that evacuates
the chamber 102. An exhaust valve 114 controls the exhaust conductance through the exhaust
port 110.

A gas pressure controller 116 is electrically connected to the proportional valve 106, the
pressure gauge 108, and the exhaust valve 114. The gas pressure controller 116 maintains the
desired pressure in the plasma chamber 102 by controlling the exhaust conductance and the
process gas flow rate in a feedback loop that is responsive to the pressure gauge 108. The
exhaust conductance is controlled with the exhaust valve 114. The process gas flow rate is
controlled with the proportional valve 106.

In some embodiments, a ratio control of trace gas species is provided 1o the process gas
by a mass flow meter that is coupled in-line with the process gas that provides the primary
dopant species. Also, in some embodiments, a separate gas injection means is used fTor in-situ
conditioning species. Furthermore, in some embodiments, a multi-port gas injection means is
used to provide gases that cause neutral chemistry effects that result in across substrate
variations.

The chamber 102 has a chamber top 118 including a first section 120 formed of a
dielectric material that extends in a generally horizontal direction. A second section 122 of the
chamber top 118 is formed of a dielectric material that extends a height from the first section
120 in a generally vertical direction. The first and second sections 120, 122 are sometimes
referred to herein generally as the dielectric window. It should be understood that there are
numerous variations of the chamber top 118. For example, the first section 120 can be formed
of a dislectric material that extends in a generally curved direction so that the first and second
sections 120, 122 are not orthogonal as described in U.S, patent application Ser. No.
10/905,172, which is incorporated herein by reference. In other embodiments, the chamber top
118 includes cnly a planer surface.

The shape and dimensions of the first and the second sections 120, 122 can be selected
to achieve a cerlain performance. For example, one skiiled in the art will understand that the
dimensions of the first and the second sections 120, 122 of the chamber top 118 can be chosen
to improve the uniformity of plasmas. In one embodiment, a ratio of the height of the second
section 122 in the vertical direction to the length across the second section 122 in the horizontal
direction is adjusted to achieve a more uniform plasma. For example, in one particular
embodiment, the ratio of the height of the second section 122 in the vertical direction to the
length across the second section 122 in the horizontal direction is in the range of 1.5 t0 5.5.

The dielectric materials in the first and second sections 120, 122 provide a medium for
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transferring the RF power from the RF antenna to a plasma inside the chamber 102. In one
embodiment, the dielectric material used to form the first and second sections 120, 122 is a
high purity ceramic material that is chemically resistant to the process gases and that has good
thermal properties. For example, in some embodiments, the dielectric material is 89.6% Al203 or
AIN. In other embodiments, the dielectric material is Yittria and YAG.

Alid 124 of the chamber top 118 is forméd of a conductive material that extends a
length across the second section 122 in the horizontal direction. In many embodiments, the
conductivity of the material used to form the lid 124 is high enough to dissipate the heat load
and to minimize charging effects that results from secondary electron emission. Typically, the
conductive material used to form the lid 124 is chemically resistant to the process gases. In
some embodiments, the conductive material is aluminum or silicon.

The lid 124 can be coupled to the second section 122 with a halogen-resistant O-ring
made of fluoro-carbon polymer, such as an O-ring formed of Chemrz and/or Kalrex materials. The
lid 124 is typically mounted to the second section 122 in a manner that minimizes compression
on the second section 122, but that provides enough compression to seal the lid 124 {o the
second section. in some operating modes, the lid 124 is RF and DC grounded as shown in FIG. 1.

In some embodiments, the chamber 102 includes a liner 125 that is positioned to
prevent or greatly reduce metal contamination by providing line-of-site shielding of the inside of
the plasma chamber 102 from metal sputtered by ions in the plasma striking the inside metal
walls of the plasma chamber 102. Such liners are described in U.S. patent application Ser. No.
14,623,739, filed Jan. 16, 2007, entitled "Plasma Source with Liner for Reducing Metal
Contamination,” which is assigned to the present assignee. The entire specification of U.S. patent
application Ser. No. 11/623,739 is incorporated herein by reference.

In various embodiments, the liner is a one-piece or unitary plasma chamber liner, or a
segmented plasma chamber liner. In many embodiments, the plasma chamber liner 125 is
formed of a metal base material, such as aluminum. In these embodiments, at least the inner
surface 125' of the plasma chamber liner 125 includes a hard coating material that prevents
sputtering of the plasma chamber liner base material.

Some plasma processes, such as plasma doping processes, generate a considerable
amount of non-uniformly distributed heat on the inner surfaces of the plasma source 101
because of secondary electron emissions. In some embodiments, the plasma chamber liner 125
is a temperature controlled plasma chamber liner 125. In addition, in some embodiments, the lid
124 comprises a cooling system that regulates the temperature of the lid 124 and surrounding
area in order to dissipate the heat load generated during processing. The cooling system can he
a fiuid cooling system that includes cooling passages in the lid 124 that circulate a liquid coolant

from a coolant source.
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A RF antenna is positioned proximate to at least one of the first section 120 and the
second section 122 of the chamber top 118. The plasma source 101 in FIG. 1 illustrates two
separate RF antennas that are electrically isolated from one another. However, in other
embodiments, the two separate RF antennas are electrically connected. In the embodiment
shown in FIG. 1, a planar coil RF antenna 126 (sometimes called a planar antenna or a
horizontal antenna) having a plurality of turns is positioned adjacent to the first section 120 of
the chamber top 118. In addition, a helical coil RF antenna 128 (sometimes called a helical
antenna or a vertical antenna) having a plurality of turns surrounds the second section 122 of
the chamber top 118.

In some embodiments, at [east one of the planar coil RF antenna 126 and the helical coil
RF antenna 128 is terminated with a capacitor 129 that reduces the effective antenna coil
voltage. The term "effective antenna coil voltage" is defined herein to mean the voltage drop
across the RF antennas 126, 128. In other words, the effective coil voltage is the voltage "seen
by the ions" or equivalently the voltage experienced by the ions in the plasma.

Also, in some embodiments, at least one of the planar coil RF antenna 126 and the
helical coil RF antenna 128 includes a dielectric layer 134 that has a relatively low dielectric
constant compared to the dielectric constant of the AlbOs dielectric window material. The
relatively low dielectric constant dielectric layer 134 effectively forms a capacitive voltage divider
that also reduces the effective antenna coil voltage. In addition, in some embodiments, at least
one of the planar coil RF antenna 126 and the helical coil RF antenna 128 includes a Faraday
shield 136 that also reduces the effective antenna coil voliage.

A RF source 130, such as a RF power supply, is electrically connected to at least one of
the planar coil RF antenna 126 and helical coil RF antenna 128. In many embodiments, the RF
source 130 is coupled to the RF antennas 126, 128 by an impedance matching network 132
that matches the output impedance of the RF source 130 to the impedance of the RF antennas
1286, 128 in order 10 maximize the power transferred from the RF source 130 to the RF antennas
1286, 128. Dashed lines from the output of the impedance matching network 132 1o the planar
coil RF antenna 126 and the helical coil RF antenna 128 are shown 1o indicate that electrical
connections can be made from the output of the impedance matching network 132 to either or
both of the planar coil RF antenna 126 and the helical coil RF antenna 128.

In some embodiments, at least one of the planar coil RF antenna 126 and the helical coil
RF antenna 128 is formed such that it can be liquid cooled. Cooling at least one of the planar coil
RF antenna 126 and the helical coil RF antenna 128 will reduce temperature gradients caused
by the RF power propagating in the RF antennas 126, 128.

In some embodiments, the plasma source 101 includes a plasma igniter 138. Numerous

types of plasma igniters can be used with the plasma source 101, In one embodiment, the
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plasma igniter 138 includes a reservoir 140 of strike gas, which is a highly-ionizable gas, such as
argon (Ar), which assists in igniting the plasma. The reservoir 140 is coupled to the plasma
chamber 102 with a high conductance gas connection. A burst valve 142 isolates the reservoir
140 from the process chamber 102. In another embodiment, a strike gas source is plumbed
directly to the burst valve 142 using a low conductance gas connection. In some embodiments, a
portion of the reservoir 140 is separated by a limited conductance orifice or metering vaive that
provides a steady fiow rate of sirike gas after the initial high-flow-rate burst.

A platen 144 is positioned in the process chamber 102 a height below the top section
118 of the plasma source 101. The platen 144 holds a substrate 146 for plasma processing. In
many embodiments, the substrate 146 is electrically connected to the platen 144. In the
embodiment shown in FIG. 1, the platen 144 is paralle! to the plasma source 101, However, in
one embodiment of the present invention, the platen 144 is tilted with respect to the plasma
source 101 to achieve various process goais.

A platen 144 is used to support a substrate 146 or other workpieces for processing. In
some embodiments, the platen 144 is mechanically coupled to a movable stage that translates,
scans, or oscillates the substrate 146 in at least one direction. in one embodiment, the movable
stage is a dither generator or an oscillator that dithers or oscillates the substrate 146. The
translation, dithering, and/or oscillation motions can reduce or eliminate shadowing effects and
can improve the uniformity of the ion beam flux impacting the surface of the substrate 146.

A bias voltage power supply 148 is electrically connected to the platen 144, The bias
voltage power supply 148 is used to bias the platen 144 and the substrate 146 so that ions in
the plasma are extracted from the plasma and impact the substrate 1486. In various
embodiments, the ions can be dopant ions for plasma doping or inert or reactive ions for etching
and deposition. In various embodiments, the bias voltage power supply 148 is a DC power
supply, a pulsed power supply, or a RF power supply. In one embodiment of the plasma
processing apparatus according the present invention, the bias voltage power supply 148 has an
output waveform that is independent of the output waveform of the RF source 130 that powers
at least one of the planar coil RF antenna 126 and helical coil RF antenna 128. In another
embodiment of the plasma processing apparatus according the present invention, the bias
voltage power supply 148 has an output waveform that is synchronized to the output waveform
of the RF source 130 that powers at least one of the planar coil RF antenna 126 and helical coil
RF antenna 128. The bias voltage power supply 148 and the RF source 130 can physically be the
same power supply with two different outputs or can be separate power supplies.

A controlier 152 is used to control the RF power supply 130 and the bias voitage power
supply 148 to generate a plasma and to bias the substrate 146 so as to at least partially

neutralize charge accumulation during plasma processing according to the present invention.
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The controller 152 can be part of the power supplies 130, 148 or can be a separate controller
that is electrically connected to control inputs of the power supplies 130, 148. The controller 152
controls the RF power supply 130 so that puises are applied to either or both of the planar coil
RF antenna 126 and the helical coil RF antenna 128 with at least two different amplitudes. Also,
the controller 152 controls the RF power supply 130 and the bias voltage power supply 148 so
that the pulses are applied to at least one of the planar coil RF antenna 126 and the helical coil
RF antenna 128, and also to the substrate 146 at relative times that at least partially neutralize
charge accumulation during plasma processing according to the present invention.

One skilled in the art will appreciate that there are many different possible variations of
the plasma source 101 that can be used with the features of the present invention. See, for
example, the descriptions of the plasma sources in U.S. patent application Ser, No. 10/908,009,
filed Apr. 25, 20065, entitled "Tilted Plasma Doping." Also see the descriptions of the plasma
sources in U.S. patent application Ser. No. 11/163,303, filed Oct. 13, 2005, entitled "Conformal
Doping Apparatus and Method." Also see the descriptions of the plasma sources in U.S. patent
application Ser. No. 11/163,307, filed Oct. 13, 2005, entitled "Conformal Doping Apparatus and
Method." In addition, see the descriptions of the plasma sources in U.S. patent application Ser.
No. 11/566,418, filed Dec. 4, 2006, entitied "Plasma Doping with Electronically Controliable
implant Angle." The entire specification of U.S. patent application Ser. Nos. 10/908,009,
11/163,303, 11/163,307 and 11/566,418 are herein incorporated by reference.

In operation, the controlier 152 instructs the RF source 130 to generate RF currents that
propagate in at least one of the RF antennas 126 and 128. That is, at least one of the planar coil
RF antenna 126 and the helical coil RF antenna 128 is an active antenna. The term "active
antenna’ is herein defined as an antenna that is driven directly by a power supply. In many
embodiments of the plasma processing apparatus of the present invention, the RF source 130
operates in a pulsed mode. However, the RF source 130 can also operate in the continuous
mode.

in some embodiments, one of the planar coill antenna 126 and the helical coil antenna
128 is a parasitic antenna. The term "parasitic antenna" is defined herein to mean an antenna
that is in electromagnetic communication with an active antenna, but that is not directly
connected to a power supply. In other words, a parasitic antenna is not directly excited by a
power supply, but rather is excited by'an active antenna in close proximity, which in the
apparatus shown in FIG. 1A is one of the planar coil antenna 126 and the helical coil antenna
128 powered by the RF source 130. In some embodiments of the invention, one end of the
parasitic antenna is electrically connected to ground potential in order to provide antenna tuning
capabilities. In this embodiment, the parasitic antenna includes a coil adjuster 150 that is used

to change the effective number of turns in the parasitic antenna coil. Numerous different types of
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coil adjusters, such as a metal short, can be used.

The RF currentis in the RF antennas 126, 128 then induce RF currents into the chamber
102. The RF currents in the chamber 102 excite and ionize the process gas so as 1o generate a
plasma in the chamber 102. The plasma chamber liner 125 shields metal sputtered by ions in
the plasma from reaching the substrate 146.

The controller 152 also instructs the bias voltage power supply 148 to bias the substrate
146 with negative voltage pulses that attract ions in the plasma towards the substrate 146.
During the negative voltage puises, the electric field within the plasma sheath accelerates ions
toward the substrate 146 for plasma processing. For example, the electric field within the plasma
sheath can accelerate ions toward the substrate 146 to implant the ions into the surface of the
substrate 1486, to etch the surface of the substrate 1486, to produce a chemical reaction on the
surface of the substrate 146 for either etching or deposition, or to grow a thin film on the surface
of the substrate 146. In some embodiments, a grid is used to extract ions in the plasma towards
the substrate 146 in order to increase the energy of the ions.

FIG. 1B illustrates another embodiment of a plasma processing system 170 with charge
neutralization according to the present invention. The plasma processing system 170 is a
capacitive RF discharge system. Capacitive RF discharge plasma processing systems are well
known in the industry. The plasma processing system 170 includes a process chamber 172
having a process gas inlet 174 that receives a feed gas from a mass flow controlier which flow
through the plasma discharge area. The process chamber 172 also includes an exhaust port 175
that is coupled to a vacuum pump that removes effluent gases. Typically a throttle valve is
positioned in the exhaust port 175 that is coupled 1o a vacuum pump to control the pressure in
the chamber 172. Typically operating pressures are in the 10-1000 mT range.

The plasma processing system 170 includes two planar electrodes, which are often
called parallel plate electrodes 176. The parallel plate electrodes 176 are driven by an RF source
178. The parallel plate electrodes 176 are separated by a gap that is in the range of 2-10 cm. A
blocking capacitor 180 is electrically connected between the output of the RF source 178 and
the parallel plate electrode 176. The blocking capacitor 180 is used to remove DC and low
frequency signals from the drive signal. The RF drive signal is typically in the 100-1000V range.
The parallel plate electrodes 176 are typically driven by 13.56 MHz signal, but other frequencies
are also suitable.

In conventional capacitive RF discharge plasma processing systems, the substrate is
positioned directly on the bottom parallel plate. However, the plasma processing system 170
includes an insulator 182 that is positioned between the bottom plate and the substrate 184.
The insulator 182 allows the substrate 184 to be biased independently of the parallel plate

electrodes 176 which are driven by the RF source 178. A separate substrate bias voltage power
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supply 186 is used to bias the substrate 184. An output of the substrate bias voltage power
supply 186 is electrically connected to the substrate 184 that is positioned in the insulator 182.

A controller 188 is used to control the RF power supply 186 and the bias voltage power
supply 186 to generate a plasma and to bias the substrate 184 so as to at least partially
neutralize charge accumulation during plasma processing according to the present invention.
The controlier 188 can be part of the power supplies 178, 186 or can be a separate controller
that is electrically connected to control inputs of the power supplies 178, 186. The controller 188
controls the RF power supply 178 so that multi-level RF pulses are applied to the paralle! plate
electrode 176 with at least two different amplitudes. Also, the controlier 188 controls the RF
power supply 178 and the bias voltage power supply 186 so that the RF pulses are applied to the
parallei plate electrodes 176 at relative times that at least partially neutralize charge
accumulation during plasma processing according to the present invention.

The operation of the plasma processing system 170 is similar to the operation of the
plasma processing system 100. The controller 188 instructs the RF source 178 to generate RF
currents that propagate to the parallel plate electrodes 176 to generate a plasma between the
parallel plates from the feed gas. The controller 188 also instructs the bias voltage power supply
186 1o bias the substrate 184 with negative voltage pulses that atiract ions in the plasma
towards the substrate 184. During the negative voltage pulses, the electric field within the
plasma sheath accelerates ions toward the substrate 184 for plasma processing. For example,
the electric field within the plasma sheath can accelerate ions toward the substrate 184 to
implant the ions into the surface of the substrate 184, to etch the surface of the substrate 184,
to produce a chemical reaction on the surface of the substrate 184 for either etching or
deposition, or to grow a thin film on the surface of the substrate 184.

When the RF source 178 and the bias voltage power supply 186 are operated under
some processing conditions, charge can accumulate on the substrate 184. Charge accumulation
on the substrate 184 can resuit in the development of a relatively high potential voltage on the
substrate 184 being plasma processed that can cause processing non-uniformities, arcing, and
device damage. Charge accumulation on the substrate 184 can be greatly reduced by generating
multi-level RF waveforms with the RF source 178 and biasing the substrate 184 according to the
present invention. in addition, certain process goals, such as process rates and process profiles,
can be achieved by generating multi-level RF waveforms with the RF source 178 and biasing the
substrate 184 according to the present invention.

The methods and apparatus of the present invention can be applied to numerous other
types of plasma processing systems. For example, the methods and apparatus of the present
invention can be applied to ECR plasma processing systems, helicon plasma processing systems,

and helicon resonator plasma processing systems. In each of these systems, the RF source
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generates a multi-amplitude pulsed RF waveform that has at least two RF power levels. Also, in
many embodiments, the substrate is biased by a bias voltage power supply that generates a bias
voltage waveform that can be synchronized to the RF waveform driving the plasma source with a
controller.

Referring to FIG. 2A, there is shown a conventional waveform 200 generated by the RF
source 130 having a single ampilitude that can cause charge accumulation on the substrate 146
(FIG. 1) under some conditions. The waveform 200 is at ground potential until the plasma is
generated with a pulse having a power level Prr 202. The power level Prr 202 is chosen 1o be
suitable for plasma doping and many plasma etching and plasma deposition processes. The
pulse terminates after the pulse period Tr 204 and then returns to ground potential. The
waveform then periodically repeats.

Referring to FIG. 2B, there is shown a conventional waveform 250 generated by the bias
voltage supply 148 that applies a negative voltage 252 1o the substrate 146 (FIG. 1) during
plasma processing to atiract ions in the plasma. The negative vollage 252 is applied during the
period T1 254 when the waveform 200 generated by the RF source 130 has a power equal to the
power level Prr 202, The negative voltage 252 attracts ions in the plasma to the substrate 146
for plasma processing. The waveform 200 is at ground potential during the period T2 256 when
the plasma processing is terminated. At relatively high duty cycles (i.e. greater than about 25%
and in some cases greater than about 2%), charge tends to accumulate on the substrate 146
during the pulse pericd T1 254 when the waveform 250 generated by the RF source 130 has a
power equal to the power level Prr 202.

The methods and apparatus of the present invention aliow plasma processing, such as
plasma doping, plasma etching, and plasma deposition, to be performed at higher duty cycles by
reducing the probability of damage caused by charging effects. There are numerous methods
according to the present invention to power the plasma source 101 and 1o bias the substrate
146 being processed to at least partially neutralize charge accumulation on the substrate 146.

Referring to FIG. 3A there is shown a RF power waveform 300 generated by the RF
source 130 {FIG. 1) according to the present invention that has multiple amplitudes for at least
partially neutralizing charge accumuliation on the substrate 146 (FIG. 1). The waveform 300 is
pulsed and has a first 302 and a second power level 304, which are indicated in the figure as
Prr1 and Prrz, respectively. However, it should be understood that waveforms with more than two
amplitudes can be used in the methods of the present invention 1o at least partially neutralize
charge accumulation on the substrate 146. it should also be understood that the waveforms may
or may not have discrete amplitudes. For example, the waveforms can be continuously changing.
That is, in some embodiments, the waveforms can ramp with positive ar negative slopes. Also,

the waveforms can ramp in a linear or in a non-linear rate.
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The first power level Prr1 302 is chosen to provide enough RF power 1o at least partially
neutralize charge accumuiation on the substrate 146 when the substrate 146 is not biased for
plasma processing. The second power level Prrez 304 is chosen to be suitable for plasma
processing, such as plasma doping, plasma etching, and plasma deposition. In various
embodiments, the waveform 300 generated by the RF source 130 including the first and second
power levels Pre1 302, Prr2 304 is applied to one or both of the planar coil RF antenna 126 and
the helical coil RF antenna 128 (see FIG. 1). In one specific embodiment, the waveform 300
generated by the RF source 130 is applied to one of the planar coil RF antenna 126 and the
helical coil RF antenna 128 when it is at the first power level Prrr 302 and is applied to the other
of the planar coil RF antenna 126 and the helical coil RF antenna 128 when it is at the second
power levels Pre2 304. In another specific embodiment, the waveform 300 generated by the RF
source 130 is applied to one of the planar coil RF antenna 126 and the helical coil RF antenna
128 when it has a first frequency and is applied to the other of the planar coil RF antenna 126
and the helical coil RF antenna 128 when it has a second frequency that is different from the
first frequency as described in connection with FIGS. 5A-5C.

The waveform 300 shown in FIG. 3A indicates that the first power level Prr1 302 is
greater than the second power level Pre2 304. However, in other embodiments, the first power
level Pre1 302 is less than the second power level Prr2 304, Also, in some embodiments, the
waveform 300 includes a third power level that is zero or some relatively low power level when
the substrate 146 is not biased for plasma processing as described in connection with FIG. 6.

The waveform 300 also indicates a first pulse period Te1 306 corresponding to the time
period were the waveform 300 has a power equal to the first power level Prr1 302 and a second
pulse period Tr2 308 corresponding to the time period were the waveform has a power equal to
the second power level Par2 304. The total multi-amplitude pulse period for the waveform 300
Trwtal 310 is the combination of the first pulse period Te1 306 and the second pulse period Tr2
308. For example, in one embodiment, the first and second pulse periods Te1 306, Te2 308 are
both in the range of 30-500 us and the total puise period Tror 310 is in the range of 60 ps-1 ms.
In other embodiments, the total pulse period Treta 310 can be on order of 1 ms or greater.

FIG. 3A indicates that the frequency of the waveform 300 during the first pulse period Tps
306 is the same as the frequency of the waveform 300 during the second pulse period Trz 308.
However, it should be understood that in various embodiments, the frequency of the waveform
300 during the first pulse period Tr1 306 can be different from the frequency of the waveform
300 during the second pulse period Tr2 308 as described in connection with FIGS. 5A-5C. In
addition, the frequency of the waveform 300 can be changed within at least one of the first and
the second pulse periods Te1, 3086, Tz, 308.

Thus, in some embodiments, the waveform 300 includes both multiple frequencies and
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multiple amplitudes that are chosen 1o at least partially neutralize charge accumulation during
plasma processing. In addition, in some embodiments, the waveform 300 includes both multiple
frequencies and multiple amplitudes that are chosen to improve certain process parameters,
such as the retained dose for plasma doping. Furthermore, in some embodiments, the waveform
300 includes both multiple frequencies and multiple amplitudes that are chosen to assist in
achieving certain process goals. For example, the waveform 300 can include both multiple
frequencies and multiple amplitudes o improve process control and to increase process rates.

Also, the waveform 300 can include both multiple frequencies and multiple amplitudes to
achieve knock-on ion implants to form retrograde doping profiles. Also, the waveform 300 can
include both muitiple frequencies and multiple amplitudes to achieve certain etching profiles and
etching process goals, such as achisving high aspectratio etching profiles. In addition, the
waveform 300 can include both multiple frequencies and multiple amplitudes to achieve certain
deposition profiles and process goals, such as depositing material into high aspectratio
structures, depositing conformal or near conformal coating, and filling gaps in trenches and other
device structures.

Referring to FIG. 3B there is shown a bias voltage waveform 350 generated by the bias
voltage supply 148 (FIG. 1) according to the present invention that applies a negative voltage
352 to the substrate 146 during plasma processing to attract ions. The bias voltage waveform
350 is synchronized with the RF power waveform 300. However, it should be understood that the
pulses in the bias voitage waveform 350 are not necessarily aligned with the pulses in the RF
power waveform 300. The negative voltage 352 is applied during the second pulse period Te2
308 when the waveform 350 generated by the RF source 130 has a power equal to the second
power level Prr2 304. The waveform 350 is at ground potential during the first pulse period Tp1
306 when the plasma processing is terminated and the waveform 300 has a power equal to the
first power level Prr1 302.

Applying a waveform to the plasma source 101 (FIG. 1) with two different power levels
where the first power level Prry 302 is applied by the RF source 130 during the period Te1 306
when the waveform 350 generated by the bias voltage supply 148 (FIG. 1) is at ground potential
will assist in neutralizing charge accumulated on the substrate 146 (FIG. 1). Electrons in the
corresponding plasma will neutralize at least some of the charge accumulated on the substrate
146.

FIG. 3C illustrates a waveform 380 generated by the bias voltage supply 148 (FIG. 1)
according to the present invention that applies a negative voltage 362 to the substrate 146
during plasma processing to attract ions and that applies a positive voltage 364 to the substrate
146 after plasma processing is terminated to assist in neutralizing charge on the substrate 146.

The negative voltage 362 is applied during the second pulse period Te2 308 when the waveform
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300 generated by the RF source 130 has a power equal to the second power level Prr2 304. The
waveform 360 is at a positive potential 364 during the first pulse period Te1 306 when the
waveform 300 generated by the RF source 130 has a power equal o the first power leve! Prra
302. '

Applying a waveform to the plasma source 101 (FIG. 1) with two different power levels
where the first power level Per1 302 is applied by the RF source 130 (FIG. 1) during the first
period Tr1 306 when the waveform 360 generated by the bias voltage supply 148 (FIG. 1) isata
positive potential 364 will assist in neutralizing charge accumulated on the substrate 146 (FIG.
1). Electrons in the corresponding plasma will neutralize at least some of the charge
accumulated on the substrate 146. in addition, the positive voltage 364 applied the substrate
146 will also neutralize at least some of the charge accumulated on the substrate 146.

FIGS. 4A-C illustrate a RF power waveform 400 generated by the RF source 130 (FIG. 1)
and bias voltage waveforms 402, 404 generated by the bias voliage supply 148 (FIG. 1)
according to the present invention that are similar to the waveforms 300, 350, and 360
described in connection with FIGS. 3A-3C, but that are displaced in time relative 1o the
waveforms 300, 350, and 360 so as to perform plasma process with both the first and the
second power levels Prr1 302, Prrz 304. In this embodiment, the RF power waveform 400 and
the bias voltage waveforms 402, 404 are synchronized, but the pulses in the RF power waveform
400 are not aligned with the pulses in the bias voltage waveforms 402, 404,

Changing the power generated by the RF source 130 during plasma processing allows
the user to more precisely control the amount of charge that is accumulating on the surface of
the substrate 146 during plasma processing to achieve cerlain process goals and effects. For
example, increasing the power near the end of the second pulse period Tr2 308 will enhance the
neutralization of charge accumulated on the substrate 146.

Referring to FIGS. 5A-C there are shown a RF power waveform 500 generated by the RF
source 130 (FIG. 1) with a variable frequency and corresponding bias voltage waveforms 502,
504 generated by the bias voltage supply 148 (FIG. 1) according to another embodiment of the
present invention. The waveform 500 is similar to the waveforms 300, 400 described in
connection with FIGS. 3 and 4. However, the RF powers in the first and second pulse periods Tp1
306, Tr2 308 are the same and the frequencies in the first and second puise periods T1 306, T2
308 are different. Changing the frequency of the waveform 500 changes the ion/electron density
and, therefore, changes the charge neutralization efficiency.

Thus, in one embodiment, the frequency of the waveform 500 in the first pulse period Ter
306 is different from the frequency of the waveform 500 in the second pulse period Te2 308 and
these frequencies are chosen fo at least partially neutralize charge accumulation during plasma

processing. The waveforms 502, 504 are similar to the waveforms 350 and 360 that were
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dsscribed in connection with FIG. 3. In other embodiments, the waveforms 502, 504 are
displaced in time relative to the waveform 500, similar to the displacement of waveforms 402,
404 that were described in connection with FIG. 4.

In addition, in one aspect of the present invention, parameters, such as the multiple
power levels generated by the RF source 130, the frequency of the waveform 500 in the first and
second pulse periods Tri 306, Tr2 308, and the relative timing of the waveform 500 with respect
1o the waveforms generated by the bias voltage supply 148 (FIG. 1), are chosen to achieve
certain process goals. For example, generating multiple power levels with the RF source 130
where one power level is generated by the RF source 130 when the bias voitage is at ground
potential aliows the user to use less power during plasma processing and/or 1o reduce process
times because some plasma processing will occur when the bias voltage is at ground potential.

Also, in one embodiment of the present invention, at least one of the multiple power
levels generated by the RF source 130 (FIG. 1), the frequency of the waveform 500 in at least
one of the first and second pulse periods Tr1 306, Tr2 308, and the relative timing of the
waveform 500 with respect to the waveforms generated by the bias voltage supply 148 (FIG. 1)
are chosen to improve the retained dose on the substrate 146 (FIG. 1) when performing plasma
doping. For example, using less power during plasma processing will result in less deposition
and, therefore, a higher retained dose in the substrate. The operating pressure, gas flow rates,
type of dilution gas, and plasma source power can also be selected to further improve the
retained dose with this method.

Also, in another embodiment of the present invention, at least one of the multiple power
levels generated by the RF source 130 (FIG. 1), the frequency of the waveform 500 in at least
one of the first and second pulse periods Trx 306, Tr2 308, and the relative timing of the
waveform 500 with respect to the waveforms generated by the bias voltage supply 148 are
chosen to improve sidewall coverage during plasma processing. The term "improve sidewall
coverage"” is referred to herein as increasing the ratio of the deposition rate of material on the
sidewall 1o the deposition rate of material on the surface of the surface of the substrate
perpendicular to the ion flux. Achieving better sidewall coverage is important for many
applications, such as conformal doping and conformal deposition applications. For example,
many three-dimensional and other state-of-the-art devices required conformal doping and
conformal deposition.

Also, in another embodiment of the present invention, waveforms are generated by the
RF source 130 (FIG. 1) with certain multiple power levels, multiple frequencies, and relative
timings with respect to the waveforms generated by the bias voltage supply 148 (FIG. 1)sc as to
create knock-on ion implants for plasma doping. The term "knock-on ion implant” is defined

herein as a recoil ion implant where an ion is implanted through the surface layers of the
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substrate 146 to drive the dopant material into the substrate 146.

The ions used for the knock-on ion implant can be an inert ion species, such as He, Ne,
Ar, Kr and Xe, which can be formed from an inert feed gas. In some embodiments, the mass of
the knock-on ions is chosen to be similar to a mass of the desired dopant ions. The RF source
130 {FIG. 1} generates a RF power that is sufficient to direct the knock-on ions toward the
substrate 146 (FIG. 1) with enough energy to physically knock the deposited dopant material into
both the planar and non-pianar features of the substrate 146 (FIG. 1) upon impact. Also, the
operating parameters, such as chamber pressure, gas flow rate, plasma source power, gas
dilution, and duty cycle of pulsed bias supply, can be chosen to enhance knock-on ion implants.

Knock-on ion implant can be used to form retrograde doping profiles. The waveforms are
generated by the RF source 130 (FIG. 1) with certain multiple power levels, multiple frequencies,
and relative timings with respect to the waveforms generated by the bias voltage supply 148 so
as to create a retrograde profile, such as a retrograde doping profile or a retrograde deposited
film profile. The term "retrograde profile” is defined herein as a profile where the peak
concentration of the profile is below the surface of the substrate. See, for example, U.S. patent
application Ser. No. 12/044,619, entitled "A Method of Forming a Retrograde Material Profile
Using lon Implantation, which is assigned the present assignee. The entire specification of U.S.
patent application Ser. No. 12/044,619 is incorporated herein by reference.

For plasma doping, it is sometimes desirable 1o form retrograde ion implant dopant
profiles because it is difficult to precisely control the depth of ion implanted layers for many
reasons. For example, during plasma doping, there could be some unintentional etching of the
surface of the substrate caused by physical sputtering and chemical etching. In addition, there
could be some unintentional deposition on the surface of the substrate. Furthermore, there can
be a significant ion implant energy distribution due to many factors, such as the presence of
multiple ion species, collisions between ions, non uniformities in the plasma sheath, presence of
secondary electron emissions, displacements currents formed due to parasitic impedances, and
the application of non-ideal bias pulses.

In addition, it is sometimes desirable to form retrograde ion implant dopant profiles
because surface-peak dopant profiles are very sensitive to post deposition or post implant
processes since most of the maximum peak concentration of deposited or implanted material is
located at or near the surface of the subsirate. in particular, the photo-resist strip process
typically performed after implantation will remove a significant amount of dopant material near
the surface.

In other embodiments, the waveforms are generated by the RF source 130 with certain
multiple power levels, multiple frequencies, and relative timings with respect to the waveforms

generated by the bias voltage supply 148 so as to achigve certain process goals or process
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profiles, such as etching profiles. For example, the multiple power levels, multiple frequencies,
and relative timings with respect to the waveforms generated by the bias voltage supply 148 can
be chosen o achieve high aspect-ratic etching profiles or certain types of deposition profiles.

One skilled in the art will appreciate that waveforms generated by the RF source 130
{FIG. 1) according to the present invention can have both multiple amplitudes and multiple
frequencies and can have various relative timings with respect to the waveforms generated by
the bias voltage supply 148 (FIG. 1). In fact, there are an almost infinite number of possible
waveforms with multiple power levels and multiple frequencies that can be generated by the RF
source 130 (FIG. 1) and relative timing with respect to the waveforms generated by the bias
voltage suppiy 148 (FIG. 1) that will at least partially neutralize charge and/or achieve the
process goals described herein.

Referring to FIG. 6 there is shown measured multi-set-point RF power and control signal
waveforms 600 according to one embodiment of the present invention. The waveforms 600
include RF power and control signal waveforms as a function of time beginning at time to. The
waveforms 600 show an ion implantation period 602, a charge neutralization period 804, and a
power off period 606.

Referring to FIGS. 1 and 8, at time to, the controller 152 (FIG. 1) generates an implant
pulse 608 that instructs the bias voltage power supply 148 (FIG. 1) to bias the substrate 146
(FIG. 1) with a negative voltage pulse that atiracts ions in the plasma towards the substrate 146.
The rise time of the implant pulse 802 is about 30 microseconds. Also, at time to the controller
152 generates a RF pulse controi signal that initiates a RF power waveform 610 having a first
power level. In the ion implantation periocd 802, the controller 152 generates a first RF pulse
control signal 612 that causes RF currents to flow in at least one of the RF antennas 126 and
128 (FIG. 1) thereby striking a plasma. The rise time of the first RF pulse control signal 612 is
about 30 microseconds.

The charge neutralization period 604 begins when the first RF pulse control signal 612
and the implant pulse signal 608 both return 1o zero. The fali time of the first RF pulse control
signal and the implant pulse control signal is about 20 microseconds. In the charge
neutrafization period 6804, the controller 152 generates a second RF pulse control signal 614
that ramps the RF power waveform 610 to a second power level. In many embodiments, the
second power level is greater than the first power level as shown in FIG. 6. However, in other
embodiments, the second power level can be any power level including a power level that is
jower than the first power level. The rise time of the second RF pulse control signal is also about
30 microseconds. In the charge neutralization period 604, at least some of the charge on the
substrate 146 is efficiently neutralized by electrons in the plasma. This partial or complete

charge neutralization reduces undesirable charging effects on the substrate 146.

22



[ox

(W8]
<

(&l

WO 2011/156813 PCT/US2011/040206

The power off period 606 begins when the second RF pulse control signal 614 returns to
zero. The fall time of the second RF pulse control signal 614 is about 20 microseconds. In the
power off period 608, the RF power is extinguished, which terminates the plasma. The methods
of plasma processing with enhanced charge neutralization according to the present invention can
be employed with many different multi-set-point RF power and control signal waveforms 600.

it should be understood that the methods for charge neutralization according to the
present invention can be used with numerous other types of plasma processing apparatus. For
example, the methods for charge neutralization can be used with plasma processing apparatus
that have inductively coupled plasma (ICP) sources, helicon resonator plasma sources,
microwave plasma sources, ECR plasma source, and capacitive coupled plasma sources. In fact,
any type of plasma source that can be operated in a pulsed mode can be used to perform the
methods of the present disclosure.

When pulsed RF and bias waveforms 200 and 250 are used for implanting ions, it is
difficult to accurately control the composition of the ions that will be implanted. For example, a
mixture of BaHs and helium may be used to create a plasma. This mixture may create ions of p-
type dopant, as well as helium ions. When the substrate is negatively biased, positive ions
created in the plasma are accelerated toward the substrate. The helium ions may cause more
damage in the substrate and slow down the regrowth rate of the substrate during the anneal
process. Therefore, it would be beneficial to minimize the creation of helium ions. However, in
traditional plasma immersion implantation, ions are indiscriminately created, therefore both
dopant and helium ions are implanted.

Hereinafter, various embodiments of plasma processing are disclosed. As noted above,
the process may be plasma based ion implantation process, plasma based etching process,
plasma based deposition process, or any other plasma based process. For purpose of clarity and
simplicity, the description may focus on RF waveform applied to the plasma source 1o generate
and maintain plasma and bias waveform applied to the substrate to process the substrate with
the plasma or particles contained therein generated using the RF waveform. As described below,
the RF waveform and the bias waveform may have various configurations.

Referring to FIG. 7, there are shown an RF power waveform 700 and corresponding bias
voltage waveform 701 according to another embodiment of the present disclosure. As illustrated
in the figure, the RF power waveform 700 and the bias voltage waveform 701 may comprise a
plurality of puises having different amplitudes. Similar to the earlier embodiments, the RF power
waveform 700 may be applied to one or more of the planar coil RF antenna 126 and helical coil
RF antenna 128 (FIG. 1), whereas the bias voltage 701 may he applied to the substrate 146
(FIG. 1).

The RF power waveform 700 may comprise first to third RF power pulses 702, 704, and
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706 that are applied during three, corresponding RF power periods tp1, fh2, and tps. As illustrated
in the figure, the first RF power pulse 702 may precede the second RF power pulse 704, and the
second power pulse 704 may precede the third RF power pulse 706. If desired, additional first to
third RF power pulses 702, 704, and 706 may be provided in that order, or in different order.

The first RF pulse 702 may have a first power level Prr1, the second RF power pulse 704
may have a second power level Pre2, and the third pulse 706 may have a third power level Prra.
in the present embodiment, the first power level Prra may be substantially 0. Alternatively, the
first power level Prer may be greater than 0. Meanwhile, the second power level Pre2 may be
greater than the first power level Pre1, but less than the third power level Prra. For example, the
value of the second RF power level Pre2 may be about 200 watt, and the value of the third power
level Pres may be 150% to 600% of the second power level Prr2, approximately 600 watt. During
the second and third RF power periods 1p2 and tp3, when the second and third RF power pulses
704 and 706 are applied, plasma may be generated. Compared to the plasma generated with
the application of the second RF power pulses 704, the plasma generated with the application of
the third RF power pulse 706 may have different property. For example, the plasma generated
with the third RF power puise 706 may have greater ion and/or electron density.

The width of the third RF power pulse 706 (or the duration of the third RF power period
tp3) may be about 20% to 50% of the duty cycle. Meanwhile, the width of the second RF power
puise 704 (or the duration of the second RF power period tp2) may have an upper limit of
approximately 60% of the duty cycle. In a particular example, the width of the second RF power
pulse 704 may be about 30-100 ys, but preferably around 90 ys. Meanwhile, the width of the
third RF power pulse 706 may be about 10-50 s, but preferably 30 ps. Those of ordinary skill in
the art will recognize that at least one of the widths of the second and third RF power pulses 704
and 706 may change depending on the desired conditions or properties of the plasma and/or
the substrate 1486.

The bias voltage waveform 704, meanwhile, may comprise a first and second bias pulses
703 and 705. The first bias pulse 703 may have a first bias level Vi and applied during first bias
period tv1. Meanwhile, the second bias pulse 705 may have a second bias level V2 and applied
during second bias period tv2. In the present embodiment, the second bias level V2 may have
greater absolute value (i.e. more positive or more negative) than the first bias level V1.
Meanwhile, the first bias level V1 may be about O achieved by turning off the bias provided to the
substrate 146 (FIG. 1). Alternatively, the first bias level V1 may have greater absolute value than
0 (i.e. more positive or more negative). If the second bias pulse 705 is provided while ions are
proximate to the substrate 146 (FIG. 1), the ions may be attracted and implanted into the
substrate 1486.

As illustrated in the figure, the first and third RF power periods tp1 and tp3 may coincide
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with the first bias period thi. Meanwhile, the second RF power period fp2 may coincide with both
the first and second bias periods tv1 and te2. In other words, the second bias voitage pulse 705 is
applied to the substrate 146 (FIG. 1) while the second RF power pulse 704 is applied to one or
more of the planar coil RF antenna 126 and helical coil RF antenna 128 (FIG. 1). In the figure,
simultaneous application of third RF power pulse 706 and the first bias voltage 703 is shown.
However, those of ordinary skill in the art will recognize that there might be some delay, and one
of the third RF power puilse 706 and the first bias voltage 703 may be applied after the other one
of the third RF power pulse 706 and the first bias voltage 703.

If plasma is generated during the second RF power period t2 with the second RF power
pulse 704, application of the second bias pulse 705 to the substrate 146 (FIG. 1) will attract ions
from the plasma into the substrate 146. For example, application of negative bias Va2 will attract
positively charged ions and the positively charged ions will be implanted into the substrate 146.
As a result, the substrate 146, and any other material disposed or deposited thereon, may also
become positively charged. As such, arcing may occur. The arcing may be worsened if the duty
cycle or the pressure inside the process system is increased. By applying the RF power waveform
700 and the bias voltage waveform 701, arcing may be avoided even though the duty cycle or
the pressure is increased. in a particular example, an RF power waveform 700 having a second
pulse 704 of 300 watt and a third pulse 706 of 800 watt has been applied to the antenna 126
and 128 (FIG. 1) to implant ions into the substrate 146. The pressure of 6 mTorr has been
established within the system 100. Despite increasing the duration of the implant (i.e. tw2) from
30 to 80 us, arcing was not observed. In another example, the substrate 146 was processed in
the system, where the pressure within the system 100 was about 10 mTorr. In this example, the
pressure was increase to further increase the throughput. An RF power waveform 700 having
second and third pulses 704 and 706 were applied to at least cne of the antennas 126 and 128.
The second pulse 704 had a power level of 200, whereas the third pulse 706 had a power level
of 600 watt for 30 us. Despite the increase in the duration of the implant for 80 ps (i.e. tw)
arcing was not observed.

Referring 1o FIG. 8a, there are shown an RF power waveform 800 and corresponding bias
voltage waveform 801 according to another embodiment of the present disclosure. In the
present embodiment, RF power waveform 800 and the corresponding bias voliage waveform
801 may be applied to one or more of the planar coil RF antenna 126 and helical coil RF antenna
128 and the substrate 146 (see FIG. 1), respectively, to reduce damages and defects induced by
PLAD process. As illustrated in the figure, the RF power waveform 800 and the bias voltage
waveform 801 may comprise a plurality of pulses having discrete and different amplitudes.
However, it should be understood that an RF power waveform with more than three pulses with

or without discrete amplitudes may be used. For example, a waveform with continuously
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changing amplitude may also be used. Also, the waveform can ramp in a linear or in a non-linear
rate. Furthermore, it should be noted that the waveform depicts the amplitude of the RF power
signal, but not its frequency. Any suitable frequency or set of frequencies may be used to power
the antenna 126 and 128 (FIG. 1).

In the present embodiment, the RF power waveform 800 may comprise first to third RF
power pulses 802, 804, and 806 that are applied during three corresponding RF power periods
tp1, o2, and tpa. Asillustrated in the figure, the first RF power pulse 802 may precede the second
RF power pulse 804, and the second power pulse 804 may precede the third RF power pulse
806. [f desired, additional first to third RF power pulses 802, 804, and 806 may be provided in
that order, or in a different order.

The first RF pulse 802 may have a first power level Prri, the second RF power puise 802
may have a second power level Prrz, and the third pulse 806 may have a third power level Prea.
In the present embodiment, the first power level Prr1 may be substantially 0. Alternatively, the
first power level Prr1 may be greater than 0. Meanwhile, the second power level Pre2 may be
greater than the first power level Prra, but less than the third power level Prra.

The bias voltage waveform 804, meanwhile, may comprise a first and second bias puises
803 and 805. The first bias pulse 803 may have a first bias level V1 and applied during Tirst bias
period th1. Meanwhile, the second bias pulse 805 may have a second bias level V2 and applied
during second bias period tr2. In the present embodiment, the second bias level V2 may have
greater absolute value (i.e. more positive or more negative) than the first bias level V1.
Meanwhile, the first bias level Vi may be about O, achieved by turning off the bias provided to the
substrate 146 (FIG. 1). Alternatively, the first bias level V1 may have greater absolute value than
0 {i.e. more positive or more negative). If the second bias puise 805 is provided while ions are
proximate to the substrate 146 (FIG. 1), the ions may be attracted and implanted into the
substrate 146.

As illustrated in the figure, the first and third RF power periods tp1 and tpz may coincide
with the first bias period 1. Meanwhile, the second RF power period 1,2 may coincide with the
second bias period ts2. In other words, the second bias voltage pulse 805 is synchronized with
the second RF power pulse 804. Sometime after applying the second RF power puise 804, along
with the second bias voltage pulse 805, the third RF power pulse 8086 is applied along with the
first bias voltage pulse 803. In the figure, simuitaneous application of third RF power pulse 706
and the first bias voltage 803 is shown. However, those of ordinary skill in the art will recognize
that there might be some delay, and one of the third RF power puise 806 and the first bias pulse
803 may be applied after application of the other one of the third RF power pulse 806 and the
first bias pulse 803.

In operation, the substrate 146 (see FIG. 1) is placed within the plasma based system
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100. Thereafter, feed gas may be introduced into the system 100. The feed gas may be a
mixture of one or more dopant gases and one or more inert gases. The dopant gas may have
dopant species including Boron (B), Phosphorous (P), Arsenic (As), Germanium (Ge), Silicon (Si),
Selenium (Se) or Nitrogen (N), or any other species that may alter properties of the substrate
146. The inert gas may have inert species including Hydrogen (H), Oxygen (0), Carbon (C}, or any
species of noble gas. In the present embodiment, the dopant gas may be diborane {B2He) and
the inert gas may be Helium (He).

After the feed gas is introduced into the system 100, second RF power pulse with the
second RF power level Prrz is applied to at least one of the antennas 126 and 128 (see FIG. 1).
in the present embodiment, the amplitude of the second RF power level Pre2 may be greater than
the ionization energy of BoHs, but less than the ionization energy of He. The ionization energy is
the energy needed to cause a neutral molecule to lose an electron so as to become an ion. Inert
gas, such as He, has higher ionization energy than other species including B2Hs. By applying the
second RF pulse 804 with amplitude greater than the ionization energy of BaHs, but less than the
ionization energy of He, boron based ions may form. Meanwhile, only small amount of He ions
may be generatad.

If the second bias pulse 805 applied to the substrate 146 is negative voltage, application
of the second bias pulse 805 may result in implantation of positively charged boron ifons, and
other boron based molecular ions. But because only small amount He ions are generated, only
small amount of He ions may be implanted into the substrate 146.

Thereafter, the third RF power pulse 806 with higher RF power level Prrs may be applied
to one or more of the planar coil RF antenna 126 and helical coil RF antenna 128 (see FIG. 1). At
the same time or near that time, the first bias pulse 803 is applied to the substrate 148. Inthe
present embodiment, the third power level Prra of the third RF power pulse 806 may be greater
than the ionization energy of He. During this time, additional BzHe may ionize to form additional
positively charged boron based ions. In addition, positively charged He ions may form. Asa
result, more ions and electrons may be generated. This increased power level may also maintain
the plasma stability.

As noted above, implantation of the positively charged ions into the substrate may
positively charge the substrate 146. If bias is turned off (e.g. amplitude of the first bias pulse
803 is O voltage), additional positively charged ions will not be likely to be implanted into the
substrate 146. instead, electrons in the plasma will be attracted and implanted into the
substrate 146. The electrons will electrically neutralize the substrate 146. At the same time,
some residual damages on the substrate 146 induced during the implantation of the positively
charged ions may be repaired. This cycle may be repeated as desired.

Certain dopant species including P, As and B, may enhance the rate of substrate
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recrystallization during an anneal step that are performed after the ion implantation process. In
some cases, the enhancement may be up to an order of magnitude. However, other species,
such as 0O, C and inert gases, may decrease the recrystallization rate. By minimizing the amount
of He ions implanted into the substrate 1486 during implantation of B based ions, the technique
of the present embodiment may enhance the recrystallization rate that may occur during the
subseguent annealing process. In addition, the residual damages induced during the
implantation process may decrease. While this description discloses the selection of dopants
for implantation rather than inerts, the disclosure is not limited to this embodiment. The present
method can be used to selectively introduce one species of ions.

Selective ion implantation and enhancement of the substrate recrystallization may be
also achieved by modifying the waveforms 800 and 801. Referring to FIG. 8b, there are shown
an RF power waveform 810 and corresponding bias voltage waveform 811 according to another
embodiment of the present disclosure. in the present embodiment, the RF power waveform 810
and the bias voltage waveform 811 may be similar to the RF power waveform 800 and the bias
voltage waveform 801 shown in FIG. 8a, respectively. However, the second RF power pulse 814
and the third RF power pulse 816 are synchronized with the second bias pulse 815. In other
words, the second RF power pulse 814 and the third RF power pulse 816 are sequentially
applied to one or more of the planar coil RF antenna 126 and helical coil RF antenna 128 as the
second bias pulse 815 is applied to the substrate 146 (see FiG. 1).

In the present embodiment, more He ions generated with the third RF power pulse 816
may be implanted into the substrate 146 compared to the embodiment shown in FiG. 8a.
However, the amount may be less than that implanted into the substrate if conventional single
RF pulse is used. While Figure 8b illustrates particular waveform configurations, the present
disclosure is not so limited. The duration of the pulses may be selectable based on the species to
be implanted and other parameters. In ancther embodiment, the RF power may be disabled
during a portion of the second bias puise 815. In addition, the RF power waveform 810 may be
modified so that the higher RF power level (Pre3) remains applied during the application of the
first bias pulse 803.

As mentioned above, the application of the second RF power pulse 804 and 814 may
selectively introduce ions, while the application of the third RF power puise 806 and 816 may
maintains the plasma state. The amplitude of the second RF power puise 804 and 814 may be
selected s0 as to ionize only a portion of the species contained in the feed gas. Meanwhilg, the
third RF power pulse 806 and 816 may also help repair residual damage in the substrate 146.
The power levels can be selected based on the ionization energies of the various species in the
plasma. Thus, the amplitude and durations of each of these power levels can be varied to modify

the composition of ions in the plasma at any point in time, while insuring its stability. By
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synchronizing these RF power puises with the bias pulses, the selection and concentration of
those species that are implanted may be modified. By doing so, the damage caused in the
substrate can be mitigated. In other embodiments, additional power levels can be used,
wherein each may cause the ionization of a certain species within the plasma.

it should be noted that FiG. 8a and 8b show that the lower power level immediately
precedes the higher power level. This is not a requirement. For example, the higher power level
may precede the lower power level s0 as to create a stable plasma. In other embodiments, the
power may be disabled between the lower and higher power levels.

Referring to FIG. 93 and 9b, there are shown RF power waveforms 900 and 910 and
corresponding bias voltage waveforms 801 and 911 according to another embodiment of the
present disclosure. In the present embodiment, the RF power waveforms 900 and 910 may be
applied to one or more of the planar coil RF antenna 126 and helical coil RF antenna 128 (see
FIG. 1). Meanwhile, the corresponding bias voltage waveforms 901 may be applied to the
substrate 146 (see FIG. 1). In the process, the electron temperature in the plasma may be
controlled.

Referring to FIG. 9a, the RF waveform 900 may comprise first and second RF power
pulses 902 and 904 that are applied during first and second RF power periods tp1 and tp2. As
jllustrated in the figure, the first RF power pulse 902 may precede the second RF power pulse
904, if desired, additional first and second RF power pulses 802, 904, and 906 may be provided
in that order, or in different order.

The first RF pulse 902 may have a first power level Prr1, whereas the second RF power
pulse 802 may have a second power level Prea. In the present embodiment, the first power level
Prr1 may be greater than 0. Meanwhile, the second power level Prez may be greater than the first
power level Pre1. Compared to the plasma generated with the first RF power pulses 902, the
plasma generated with the second RF power pulse 904 may have different properties. For
example, the plasma generated with the second RF power pulse 904 may have ion density Nit
and electron density Ne1, and the ion density Niz and electron density Nex may be greater than
those Niz and Nez in the plasma generated with the first RF power pulse 902. In addition, the
plasma generated with the second RF power pulse 904 may have electron temperature Ter may
be greater than the electron temperature Tez in the plasma generated with the first RF power
pulse 902.

The bias voitage waveform 901, meanwhile, may comprise a first and second bias pulses
803 and 905. The first bias pulse 903 may have a first bias level Vi, and it is applied during the
first bias period tvi. Meanwhile, the second bias pulse 905 may have a second bias level Vo, and
it is applied during second bias period to2. In the present embodiment, the second bias level V2

may have greater absolute value (i.e. more positive or more negative) than the first bias level V1.
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Meanwhile, the first bias level V1 may be about O or ground voltage achieved by turning off the
bias provided to the substrate 146 (FIG. 1). Alternatively, the first bias level V1 may have greater
absolute value than O (i.e. more positive or more negative). If the second bias pulse 905 is
provided while ions are proximate to the substrate 146 (FIG. 1), the ions may be attracted and
implanted into the substrate 146.

As itlustrated in the figure, the second RF power pulse 902 may be applied during the
first bias period tv1. Meanwhile, the first RF power pulse 902 may be applied during second bias
period tp2. In other words, the second RF power pulse 904 is applied when the substrate 146 is
applied with the first voltage level Vi. Meanwhile, the first RF power pulse 902 is applied when
the substrate 146 is applied with the second voltage level Va.

In the present embodiment, the waveforms 900 and 201 may be applied to optimize the
composition of the particles (e.g. ions, electrons, neutrals, radicais etc...) in the plasma. For
example, the plasma with first electron and ion density Nez and N, and first electron temperature
Te1 may be achieved during the application of the first RF power pulse 902,. During the
application of the second RF power pulse 904, the values of the ion density Ni, electron density
Ne may increase to higher ion density Ni, electron density Nez, and electron temperature Tez.
Meanwhile, the density of the radicals may be less. If additional first RF power pulse 902 is
applied, the values of the electron and ion density Ne and Nj, and the electron temperature Te
may return to the first electron and ion density Ne1and Nis, and the first electron temperature Tes.
By optimizing the power levels of the first and second RF power pulses 802 and 804 and
continuously applying the first and second RF power pulses 902 and 904, the value of Ne, Ni, and
Te, thus the composition of the ions and neutrals may also be optimized.

In operation, the substrate 146 (see FIG. 1) is placed within the plasma based system
100. Thereafter, feed gas may be introduced into the system 100. The feed gas may be a
mixture of one or more dopant gases and one or more inert gases. The dopant gas may have
dopant species including Boron (B), Phosphorous (P), Arsenic (As) or any other species that may
alter electrical property of the substrate 146. The inert gas may have inert species including
oxygen (0), Carbon (C), or any other species of noble gas. In the present embodiment, the
dopant gas may be diborane (BF3).

During tp1, singly charged, undissociated molecular ions (e.g. BF3*) may be preferentially
produced in the plasma. Meanwhile, more of the fragmented molecular ions (e.g. BF2**, BF++,
etc.) may be produced during tp2. By applying the second bias pulse 905 during tp1, when the
first RF pulse 902 is applied, the substrate 146 may be implanted or processed with more of the
singly charged, undissociated molecular ions. As a result, the process may be optimized. For
example, better and more controlled depth profile of the implanted ions may be achieved.

Although not shown, the present disclosure does not preclude a scenario where the substrate is
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processed with more of the fragmented molecular ions by applying the bias voltage during the
higher power RF level Pre, if such a process is desired. In addition to optimizing the ion
implantation, the waveform 900 and 901, may improve etch selectivity when applied during an
etch process. If deposition is performed is performed the deposition rate may also be optimized.

In addition, applying the first RF power pulse 902 between two second RF power pulses
904 may result in more uniform and stable plasma. In the conventional pulsed RF power
waveform, power pulses with O amplitude or nor power may be applied between two RF power
pulses. During the application of the RF pulses with O amplitude, plasma “afterglow” might
occur. During this afterglow, the electron temperature Te may decay to a much lower level and
the plasma sheath may breakdown. Accordingly, the electron and ion density, and the electron
temperature may fluctuate rapidly resulting in less stable and uniform plasma. By applying the
first RF power pulse 902 with a power level greater than O between two second RF power pulses
904 with higher power level, more stable plasma may be maintained. In addition, the ion and
neutral composition may be optimized without decreasing the concentration of ions in the
plasma.

Other methods of controlling the electron temperature Te are also possible. Referring to
FIG. 9b, the RF waveform 910 may comprise first to fourth RF power pulses 912, 914, 916, and
918 that are applied during corresponding first to fourth RF power periods tp1, 2, tps, and fpa. As
illustrated in the figure, the first RF power pulse 912 may precede the second RF power pulse
914, the second RF power 914 may precede the third RF power pulse 916, and the third RF
power 916 may precede the fourth RF power pulse 918.

In this embodiment, the power level of the first RF power pulse 912 may be 0 achieved by
turning off the power supply 130 coupled to the antennas 126 and 128. Meanwhile, the second
RF power pulse 914 may have a second power level Prez, the third RF power pulse 916 may have
a third power level Prrs, and the fourth RF power pulse 918 may have a fourth power Prra. The
second power level Pre2 may be less than third power level Pres, and the third power level Prra
may be less than the fourth RF power pulse 918. By applying the first power pulse 912 for very
short duration, the electron temperature Te may be controlled without destabilizing the plasma. It
should be understood that other possible scenarios where various power levels are used to
increase and decrease the electron temperature are possible and within the scope of the
disclosure.

Hereinafter, additional examples of the waveforms applied to at least one of the
antennas 126 and 128 and the substrate 146 are provided. While the above embodiments focus
primarily on the techniques for of applying different waveforms to perform ion implantation, the
following techniques are described with context to other plasma processing. In particular, the

following description focuses on etching and/or deposition for the purpose of clarity and
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simplicity. The present disclosure, however, does not preciude application of the following
method to ion implantation.

in many plasma processing operations, it is desirable to process the substrate
conformally, at low temperature. Conformal processing may be defined as uniformly processing
surfaces of the substrate that are oriented at different angles or orientations. Examples of a
substrate having multiple surfaces in different orientation include FinFET structures and dual
damascene structures having horizontally extending and vertically extending surfaces. inion
implanting, etching, or depositing such structures, it is desirable to implant, etch, or deposit
differently oriented surfaces uniformly.

Conformality of PECVD process may be improved by operating at a low RF power/low
plasma density operating point. The combination of low ion flux and low deposition rates results
in improved conformality because fitm formation proceeds at rates comparable with those of
diffusion in the 3D structures. However, low RF power is often associated with plasma and
process instability. By using a plurality of RF power levels, pulses at higher power levels can be
used to stabilize the plasma. This allows operation in a wider process window.

in addition, conformal deposition process is best performed in the absence of a plasma
sheath, which collimates the ions on the substrate. This collimation causes all ions to be directed
toward the substrate at the same angle, which makes conformal deposition problematic. One
solution is to perform the deposition in the absence of the plasma sheath. In other words, the
substrate is biased while there is no power applied to the RF antenna. As noted above, this
period is term the plasma afterglow. The main drawback of such an approach is that during
afterglow, densities of ions and electrons decreases, which, in turn, results in a low process rate,
thereby making the process impractical.

In one embodiment, a RF power waveform having multiple RF power levels can be
employed to improve the process rate described above. The use of a high power level creates
more ions and electrons, some of which may remain during the plasma afterglow.

Referring to FIG. 10a-10d, there are shown RF power waveform 1000 and corresponding
bias voltage waveforms 1001 according to another embodiment of the present disclosure. In the
present embodiment, the RF power waveform 1000 and the corresponding bias voltage
waveforms 1001 may be applied to one or more of the planar coil RF antenna 126 and helical
coil RF antenna 128, and the substrate 146.

Referring to FIG. 10a, the RF power waveform 1000 comprises first to third RF power
pulses 1002, 1004, and 1006 applied to at least one of the RF antennas 126 and 128 during
to1, to2, @and toa. The first RF power pulse 1002 precedes the second RF power pulse 1004, and
the second RF power pulse 1004 precedes the third RF power pulse 1006. If desired, additional
first to third RF power pulses 1002, 1004, and 1006 may be provided in that order.
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The first RF pulse 1002 may have a first power level Py, the second RF power puise 1004
may have a second power level P2, and the third pulse 1006 may have a third power level Pa, In
the present embodiment, the value of the first power level P1 may be zero or greater than zero.
Meanwhile, the second power level P> may be greater than the first power level P1, but less than
the third power level Ps.

During the second and third RF power periods tp2 and tp3, when the second and third RF
power pulses 1004 and 1006 are applied, plasma may be generated. Compared {o the plasma
generated with the application of the second RF power puises 1004, the plasma generated with
the application of the third RF power pulse 1006 may have different properties. For example, the
plasma generated with the third RF power pulse 706 may have greater ion and/or electron
density. Accordingly, the waveform includes rise in the power level from P1to P2 to Ps, with the
application of first to third pulses 1002, 1004, and 1008. If the pulses are repeated in that
order, the power level may decrease from the third power level Pz to the first power level P1.

The bias voltage waveform 1001, meanwhile, may comprise first and second pulses
1003 and 1005. The first bias pulse 1003 may have a first bias level V4, and it is applied to the
substrate 146 (see FIG. 1) during the first bias period te1. The second bias puise 1005 may have
a second bias level Va, and it is applied 1o the substrate 146 during the second bias period tw2. In
the present embodiment, the absolute value of the second bias level V2 may be greater than the
absolute value of the first bias level V1. As illustrated in the figure, the pulsed width toz of the
second bias pulse 1005 may be greater than the pulsed width tes of the third RF power pulse
1006.

As illustrated in FIG. 10a, the second and third RF power puises 1004 and 1006 are
applied to at least one of the coils 126 and 128 to generate plasma. During tp3, when the third
RF power pulse 10086 is applied, the plasma density may increase as the power level increases
from Pz to Ps. Thereafter, the first RF pulse 1002 is applied, decreasing the power level from Pa
to P1. If P1is near zero and no or minimal RF power is applied during 151, the plasma sheath in
the plasma may be reduced or removed. At this time, the second bias pulse 1005 is applied to
the substrate 146 (FIG. 1). lons remaining in the plasma “afterglow” may be attracted to the
substrate. If the second bias puise 1005 is negatively charged, positively charged particles left in
the plasma from the application the second and third RF power pulses 1004 and 1006 may be
attracted toward the substrate 146. If the second bias puise 1005 is positively charged,
negatively charged particles inciuding negatively charged ions and electrons left in the plasma
may be attracted toward the substrate 146. By applying the second bias pulse 1005 after the
second and third RF power pulses 1004 and 1006, the plasma sheath may no longer be present.
The ions near the substrate 146 are no longer collimated, but disposed in a more random

manner. This cycle can be repeated as necessary.
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In the present disclosure, the RF power pulse waveform and the bias voltage waveform
may be modified in many ways. For example, synchronization of the waveforms may be modified.
Referring to FIG. 10b-10d, there are shown modifications to synchronization of the RF power
waveforms 1000 and the bias voltage waveform 1001 illustrated in FIG. 10a. Each RF power
waveform shown in the FIG. 10b-10d is identical to one another and identical to that shown in
FIG. 10a. In addition, each bias voitage waveform shown in FIG. 10b-10d is also identical to one
another and also identical to that shown in FIG. 10a. However, synchronization of the RF power
waveform and bias voltage waveform may be different.

In FIG. 10b, the second bias pulse 1005 of the bias voltage waveform 1001 is
synchronized with the third RF power pulse 10086. The second bias pulse 1005, however, is not
synchronized with the second RF power pulse 1004. As such, the second bias voltage pulse
1005 is applied while the third RF power pulse 1006 with the highest RF power Ps is applied.
The second bias voltage puise 1005 is not applied when the second RF power pulse 1004 is
applied.

in FIG. 10c, the second bias voltage pulse 1005 is synchronized with the second and
third RF power pulses 1004 and 10086. in FIG. 104, the second bias voltage puise 1005 is
synchronized with only the second RF power pulse 1004,

Referring to FIG. 11a-11e, there are shown RF power waveform 1100 and corresponding
bias voltage waveforms 1101 according to another embodiment of the present disclosure. In
this embodiment, the RF power waveform 1100 may comprise first to third RF power pulses
1102, 1104, and 1106. It should be understood that additional first to third RF power pulses
1102, 1104, and 1106 may be provided in the waveform 1100 in that order. Meanwhile, the
bias voltage waveform 1101 may comprise first and second bias pulses 1103 and 1105. it
should be understood that additional first and second bias pulses 1103 and 1105 may be
provided in the waveform 1101 in that order.

Compared to the RF power waveform 1000 shown in FIG. 10a, the RF power waveform of
the present embodiment has many similarities. For example, the order of the pulses may be
identical to the order of the pulses in the RF power waveform 1000 shown in FIG. 10a. In
addition, relative power level of the pulses 1102, 1104, and 1106 may be similar to the relative
power level of the pulses 1002, 1004, and 10086 shown in FIG. 10a. Meanwhile, the order and
the relative power level of the hias pulses 1003 and 1005 of the bias waveform 1101 may be
similar to those of the bias puises 1003 and 1005 shown in FIG. 10a.

However, the pulse width of the third RF power pulse 1106 may be different. For
example, the third RF power puise 1106 may have a pulse width tps that is greater than the
pulsed width of the third RF power pulse 1006 shown in FIG. 10a. Compared to the pulse width
o2 of the second bias voltage pulse 11085, the pulse width tps of the third RF power puise 1106 of
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the present embodiment may be greater.

In FIG. 11b-114d, identical RF power waveforms and identical bias voltage waveforms are
shown. Each of the RF power waveforms shown in FIG. 11b-11d is identical to one another and
10 the RF waveform shown in FIG. 11a. Each of the bias voltage waveforms shown in FIG. 11b-
11d is identical to one another and to the bias voltage waveform shown in FIG. 11a. One
difference may be in the synchronization of the RF power pulses 1102, 1104, and 1106, relative
to the bias voltage pulses 1103 and 1105,

In FIG. 14b, the third RF power pulse 1106 is synchronized with the second bias pulse
1105 such that both pulses are applied simultaneously or approximately at the same time. In
Fig. 11c, the second bias pulse 1105 is synchronized with the second RF power pulse 1104 and
a portion of the third RF power pulse 1106. In FIG. 11d, the second bias pulse 1105 is
synchronized with the second RF power pulse 1104, but not the third RF power pulse 1106. In
FIG. 11e, the second bias pulse 1105 is synchronized with the first RF power pulse 1102.
Although not shown in the figure, it should be understood that the first RF power puise 1102 that
is synchronized with the first RF power pulse 1102 may follow the third RF power pulse 1106.
Using these waveforms, ions during plasma aftergiow and during plasma glow may be used to
process the substrate (see FIG. 1).

Referring to FIG. 12a-12d, there are shown RF power waveform 1200 and corresponding
bias voltage waveforms 1201 according to another embodiment of the present disclosure. In
this embodiment, the RF power waveform 1200 may comprise first to third RF power pulses
1202, 1204, and 1206. It should be understood that additional first to third RF power pulses
1202, 1204, and 1206 may be provided in the waveform 1200 in that order. Meanwhile, the
bias voltage waveform 1201 may comprise first and second bias puises 1203 and 1205, 1t
should be understood that additional first and second bias pulses 1203 and 1205 may be
provided in the waveform 1401 in that order.

in the present embodiment, the power level of the first RF power pulse 1202 is greater
than the power levels of the second and third power pulses 1204 and 1206. In addition, the
power level of the second RF power puise 1204 is greater than the power level of the third RF
power pulse 12086. As such, the second RF power pulse 1204, is preceded by the first RF power
pulse 1206 having the highest power level Ps. The second RF power pulse 1204, meanwhile,
precedes the third RF power pulse 1208 which has the lowest power level Ps.

The second voltage pulse 1205 of the voltage waveform 1201 has pulse width of the 1,2
and a voltage level of Vo. Similar to the first bias puises of earlier embodiments, the absolute
value of the voltage level of the first bias pulse 1203 may be 0 or greater than 0 (e.g. more
negative or more positive).

As iliustrated in FIG. 123, the second bias pulse 1205 is synchronized with the third RF
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power puise 1206 having the loweast power level P1. Meanwhile, the first and second RF power
pulses 1202 and 1204 having higher RF power level P3 and P2, may coincides with the first bias
pulse 1203.

In FIG. 12b-12d, identical RF power waveforms and identical bias voltage waveforms are
shown. Each of the RF power waveforms shown in FIG. 12b-124d is identical to one another and
to the RF waveform shown in FIG. 12a. Each of the bias voitage waveforms shown in FIG. 12b-
12d is identical to one another and to the bias voltage waveform shown in FIG. 12a. One
difference between the waveforms shown in FIG 12a-12d may be in the synchronization of the RF
power pulses 1202, 1204, and 1208, relative to the bias voltage pulses 1203 and 1205.

In FIG. 12b, the second bias puise 1205 is synchronized with the second RF power pulse
1204 and a portion of the third RF power puilse 1206. In FIG. 12¢, the second bias puise 1205 is
synchronized with the second RF power puise 1204, and a portion of the first RF power pulse
1202. In FIG. 12d, the second bias pulse 1205 is synchronized with the first RF power pulse
1202.

Referring to FIG. 13a-13¢, there are shown RF power waveform 1300 and corresponding
bias voltage waveforms 1301 according to another embodiment of the present disclosure. In
this embodiment, the RF power waveform 1300 may comprise first to third RF power pulses
1302, 1304, and 13086. it should be understood that additional first to third RF power pulses
1302, 1304, and 1306 may be provided in the waveform 1300, in that order. Meanwhile, the
bias voltage waveform 1301 may comprise first and second bias pulses 1303 and 1305. it
should be understood that additional first and second hias pulses 1303 and 1305 may be
provided in the waveform 1301 in that order.

In the present embodiment, the power level of the first RF power puise 1302 is greater
than the power levels of the second and third power pulses 1304 and 1308. in addition, the
power level of the second RF power pulse 1304 is less than the power level of the third RF power
pulse 1306. As such, the RF power pulse having the lowest power level is disposed between the
first power pulse 1302 having the highest power level Ps and the third RF power pulses 1306
having the intermediate power levels P2. Similar to the power level of the RF power waveforms
shown in FIG. 10a-10d, 11a-11e, and 12a-12d, the power level of the RF pulse having the lowest
power level may be zero power or greater.

The second voltage pulse 13085 of the voltage waveform 1301 has pulse width of the tha
and a voltage level of V2. Similar to the first bias pulses of earlier embodiments, the absolute
value of the voltage level of the first bias puise 1203 may be O or greater than 0 (e.g. more
negative or more positive).

As illustrated in FIG. 133, the second bias pulse 1305 is synchronized with the third RF

power pulse 1306 having the intermediate power level P2. Meanwhile, the first and second RF

(s
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power pulses 1302 and 1304 respectively having RF power levels P3 and P1 may coincide with
the first bias pulse 1303.

In FIG. 13b-13e, identical RF power waveforms and identical bias voltage waveforms are
shown. Each of the RF power waveforms shown in FIG. 13b-13e is identical to one another and
to the RF waveform shown in FIG. 13a. Each of the bias voltage waveforms shown in FIG. 13b-
13d is identical to one another and to the bias voltage waveform shown in FiG. 13a. One
difference between the waveforms shown in FIG 133-13¢e may be in the synchronization of the RF
power pulses 1302, 1304, and 1306, relative to the bias voltage pulses 1303 and 1305.

In FIG. 13b, the second bias pulse 1305 coincides with the second RF power pulse 1204
and a portion of the third RF power pulse 1206 having the lowest RF power and intermediate RF
power P1 and P2, respectively. In FIG. 13c¢, the second bias puise 1305 coincides with the
second RF power pulse 1304, and a portion of the first RF power puise 1302. in FIG. 13d and
13e, the second bias pulse 1305 coincides with the first RF power pulse 1302.

Referring to FIG. 14a-14e, there are shown RF power waveform 1400 and corresponding
bias voltage waveforms 1401 according to another embodiment of the present disclosure. In
this embodiment, the RF power waveform 1400 may comprise first to third RF power puises
1402, 1404, and 1406. It should be understood that additional first to third RF power pulses
1402, 1404, and 1406 may be provided in the waveform 1400, in that order. Meanwhile, the
bias voltage waveform 1401 may comprise first and second bias pulses 1403 and 1405. it
should be understood that additional first and second bias pulses 1403 and 1405 may be
provided in the waveform 1301 in that order.

Compared to RF power pulses 1302, 1304, 13086 of the RF power waveform 1300 shown
in FIG 13a, the puises 1402, 1404, and 1406 may have the same relative power levels. As such,
the power level of the first RF power pulse 1402 is greater than the power levels of the second
and third power puises 1404 and 1406. In addition, the power level of the second RF power
pulse 1404 is less than the power level of the third RF power pulse 1406. As such, the RF power
pulse having the lowest power level is disposed between the first power pulse 1402 having the
highest power level Ps and the third RF power pulse 1308 having the intermediate power levels
P.. Similar to the power level of the RF power waveforms shown in FiG. 10a-10d, 11a-11e, and
12a-12d, the power ievel of the RF pulse having the lowest power level may be zero power or
greater.

The second voltage pulse 1305 of the voltage waveform 1301 has pulse width of the {2
and a voltage level of V2. Similar to the first bias pulses of earlier embodiments, the absolute
value of the voltage level of the first bias pulse 1203 may be 0 or greater than 0 (e.g. more
negative or more positive).

One difference between the pulses of the RF power waveform 1400 shown in FIG. 14a
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and those shown in FiG. 13a is that the pulse width 12 of the second RF pulse 1404 is greater
than the pulse width ts2 of the second bias pulse 1405.

As ilustrated in FIG. 14a, the second bias pulse 1405 coincides with the second RF
power pulse 1404 having the lowest power level Pi. Meanwhile, the first and third RF power
pulses 1402 and 14086 respectively having RF power levels Ps and Pz may coincide with the first
bias pulse 1403,

In FIG. 14b-14e, identical RF power waveforms and identical bias voltage waveforms are
shown. Each of the RF power waveforms shown in FIG. 14h-14e is identical to one another and
to the RF waveform shown in FIG. 14a. Each of the bias voltage waveforms shown in FIG. 14b-
14d is identical to one another and 1o the bias voltage waveform shown in FIG. 14a. One
difference between the waveforms shown in FIG 14a-14e may be in the synchronization of the RF
power pulses 1402, 1404, and 1408, relative to the bias voltage pulses 1403 and 1405.

in FIG. 14b, the second bias pulse 1405 coincides with the second RF power pulse 1404,
In FIG. 14c, the second bias pulse 1405 coincides with a portion of the first RF power pulse
1402, and a portion of the second RF power pulse 1404. In FIG. 14d, the second bias puise
1405 coincides with the first RF power pulse 1402. And, in FIG. 14e, the second bias pulse
1405 may be synchronized with the third RF power pulse 1406 and a portion of the first RF
power pulse 1402.

In addition to doping, the waveform configurations shown herein may be used for
etching process. For example, the etching rate is often controlled by the plasma chemical
composition. Therefore, it may be beneficial to modulate the active radical species
concentrations, pressure, electron temperature and plasma densily to effect changes in the
etching rate, selectivity, uniformity and/or etched feature profile. As described above, changes in
the power level applied to the RF antenna can affect the species that become ionized, the
number of ions and electrons, the electron temperature, and the plasma density. Therefore, the
multi-set point RF generator described above can also be used to control the various parameters

associated with the chemical etching process.

Equivalents

The present disclosure is described in detail with reference to exemplary embodiments
thereof as shown in the accompanying drawings. While the present disclosure is described in
conjunction with various embodiments and examples, it is not intended that the present
teachings be limited to such embodiments. On the contrary, the present disclosure
encompasses various alternatives, modifications and equivalents, as will be appreciated by those
of skill in the art. Those of ordinary skill in the art having access to the teachings herein will

recognize additional implementations, modifications, and embodiments, as well as other fields of
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yse, which arg within the scope of the present disclosurs as desoribed hereln. For @ample, #
should be understood that the methods for plasma processing ascording 10 the present

disclogurs dan be used with any type of plasma sourse,
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What is claimed is:

1. A method of plasma processing a substrate, the method comprising:

introducing a feed gas proximate to a plasma source, the feed gas comprising a first and
second species, said first and second species having different ionization energies;

providing a multi-level RF power waveform to the plasma source, the multi-level RF power
waveform having at least a first power level during a first puise duration and a second power
level during a second pulse duration, the second power level being different from the first power
level; |

ionizing the first species of the feed gas during said first pulse duration;

ionizing the second species during said second pulse duration; and

providing a bias to the substrate during said first pulse duration.

2. The method of claim 1, further comprising:

providing a bias to the substrate during said second pulse duration.

3. The method of claim 1, wherein the first power level is greater than a power level
necessary to ionize the first species but less than another power level necessary to ionize the
second species.

4. The method of claim 1 wherein said second power level is applied when said substrate
is not hiased.

5. The method of claim 1 wherein said first species comprises processing species.

6. The method of claim 5, wherein said processing species comprises at least one of P, B,
Ge, Si, N, and As, and Se, and said second species comprises at least one of H, C, 0, He, Ne, and

Ar.
7. The method of claim 6, wherein said processing species is an etchant so as to etch the

substrate.

8. The method of claim 1, further comprising biasing said substrate during at least a
portion of said second pulse duration.

9. The method of claim 1, further comprising:

selectively directing first ions of the processing species toward the substrate during the
first pulse duration; and

directing the second ions of the inert species toward the substrate during the second

pulse duration.

10. The method of claim 1 wherein said second RF power level is sufficient to stabilize
said plasma.

11. A method of processing a substrate, the method comprising:

introducing a feed gas comprising a first species and second species near a plasma
source, the first species having lower ionization energy than the second species;

applying first power level to the plasma source during a first period to selectively ionize

40
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the first species, the first power level being greater than a power level necessary to ionize the
first species but less than another power level necessary to ionize the second species;

applying second power level to the plasma source during a second period to ionize the
second species, the second power level being greater than the another power level necessary to
jonize the second species; and

directing ions of the first species toward a substrate during the first period.

12. The method of claim 11, further comprising:

directing ions of the second species toward the substrate during the second period.

13. The method of claim 12, further comprising:

implanting ions of the first species into the substrate during the first period; and

implanting ions of the second species into the substrate during the second period.

14. The method of claim 13, wherein the first species comprises at ieast one of P, B, Ge,
Si, N, Se, and As, and the second species comprises at least one of H, C, O, He, Ne, and Ar.

15. The method of claim 12, further comprising:

biasing the substrate during the first period and biasing the substrate during the second
period.

16. The method of claim 14, further comprising:

biasing the substrate during the first pericd without biasing the substrate during the
second period.

17. A method of plasma processing a substrate in an apparatus comprising a piasma
source proximate to a substrate, an RF power supply electrically coupled to the plasma source, a
bias power supply electrically coupled to the substrate, the method comprising:

introducing a feed gas proximate to the plasma source, the feed gas comprising at least
first and second species;

generating an RF waveform having a first power level during a first period and a second
power level during a second period with the RF power supply, wherein the second period occurs
after the first period;

applying the RF waveform during the first and second period to the plasma source to
generate plasma;

generating a bias waveform with the bias power supply, the bias waveform having a first
bias level and a second bias level, the first bias level being zero bias level; and,

applying the bias waveform to the substrate to direct ions from the plasma toward the
substrate.

18. The method of claim 17, wherein the second power levei is greater than the first
power level.

19. The method of claim 18, wherein the first bias level is applied to the substrate during

(1N
-
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the first period.

20. The method of claim 18, wherein the second bias level is applied 1o the substrate
after the second period.

21. The method of clalm 18, wherein the second bias level is applied to the substrate
during the second period.

22. The method of claim 21, wherein the segond bias level is applied to the substrate
during the first period.

23. The method of ¢laim 17, wherein the RF wavaform further comprises a third power
level during a third period, wherein the third power level is less than the first and second power
levels, wherain the third period ocours after the second period, and wherein the first bias level is
applied to the substrate during the third pericd.

24. The method of claim 23, wherein the plasma is not extinguished during the third

period.



PCT/US2011/040206

WO 2011/156813

1715

|
—g5zL YPb g

PO,

¥l

90 V_.mm,.




WO 2011/156813 PCT/US2011/040206

27158

()
|

R

.
Vacium
PR

188

FIG. 1B



WO 2011/156813 PCT/US2011/040206

3715
A AT T P 200
* {\ | AN F
_WJE % F p— mfi‘ ‘;v;‘i‘,.ﬁ_ﬂm

TRTRY Sy

frmnnemnnnn i ’
Tp--204 FIG. 2A
9{25{}

FIG. 2B




WO 2011/156813 PCT/US2011/040206

4415

w o e PRE G302
‘ ?t\'; (}’““”“Pamwsm
TRRRTE

TRTRY

FIG. 3B

RV — e E G, 30




WO 2011/156813 PCT/US2011/040206

f\ i \ | {\ f I ;\i‘ﬁ‘“;{g“” T PRezo
AUV
I A v VU R, 4A
i {
o8 | oaoe |
Co1 o
Tt L Tez
P m%} p 402
EL 0y ?“‘z*“f:i‘z‘m; 1 S
FIG. 48
_‘}l
352 |
404
T — [ FIG.4C
J‘ff



PCT/US2011/040206

WO 2011/156813

5715

500

&

f = PRE 150z
PRE 2+ 304

{

-%»“- ana sanin s W

T
govwnencts
R e
P —
G T .

R

F0 e

FIG. 5B

= F1G. 5C

S04

i

T

Ts:}mg

Qv

150
P P L

304
4—3&3‘._...,&._“.,‘_..“,

v

382



PCT/US2011/040206

WO 2011/156813

7/15

9 "Old

009~

&it?'iii

x

i
3
,1\. -
5

BeS

) gﬁu..v.,..,.,ywﬁw% ,a.m..m.wiw,wm .‘.,Mww

;
i
i

LA S A s it I

hodtd L
&W% §

(g

A L A e N AR N2

SRS

i

3

AR,
[N S?mg.&wﬂww

- 09—

oy

ALt




WO 2011/156813

Prrs -

Pre2

Prri

Vs

PCT/US2011/040206

8518
o _ o0
?3§ f o f
A
o 5 N - !; ¥
Fo4 LY '“)
e {:’
+ To2
D e&-w\ipgw-«-«»» *thv‘“-*
z X
q:;.-‘ ey
702
< L
T3 _ T3
:‘i‘wth& N 2&"1
e wa .
5
706 AN
w 701




WO 2011/156813 PCT/US2011/040206

/15

~ 806
Pres 4 804
(} ‘
Prez 4 SD%
S e~
I
' - ?
FE éi
802
V“ ) 2 3
Y “-““--‘ D almaaanc = f\ %
805 e 03
S Mt‘!‘)“ >>>>>>>> =
Vz % . * SN ;
805 A
g
FIG. 8a
% 816 810
Prrs + 814
Prez -+ 80% ~ ;
PET
Pret + S
i —
803 [l 803
i A
Vp 4 | o ~
815V VA

v FIG. 8b



WO 2011/156813 PCT/US2011/040206

10/18
T e02 204 804,
L e Fas :
Pres 4
Preg o+ R )
N 7
s02
&
e < FA a0
G503 ‘thxw Q\Gﬁ \V,E!Ci 1
\ fhe
Vo e R bt o

Prpg -

F}RF\K &

Prez +
Pret

&

A4

Vit -




WO 2011/156813

PCT/US2011/040206
11418
‘ oo 1060 009, P
08 Wy
By A Py - \_J"l
P 1002 Pat g om
v 1004 .,
Py 2 . Py d e bl
VIS R 28 R —
o ~ -
103 *M’l';szzJ;&g hitve s e B
v*‘.’ : @ \;\ L V}?_ e )
- PP ’ P YA o S Mann
Lot M foos et < shos thos I

FIG. 10a FIG. 10b FIG. 10¢

. fago
Py 1004 AV
i 3
.
R L r‘ 1002
& 1

e
=

1063

et s ™o
1005

FIG. 10d




WO 2011/156813 PCT/US2011/040206

124158

1100
T 1106
104
. Pay 1102 d : 1102
\ J
‘ Py etd L
S i v :
s n R " ifs f?‘m
1103 103 1103 1403 a 3
v 03 too ot 10 y e T v e
27 % 27 - 2V t\)
o RN
N f105 ~ o1 f fios 7 1101 = t107 V' 10s

FIG. 11a FIG. 11b FIG. 11c

1100
1100 VA
Pa
Pa
Py
Vf ' ,,"p (‘-..\ ‘ V1 3 W»-E:w
1103 9 .
srtd fp e 1103 S DR M |
VZVK g"';é( k\j‘\ VE‘ t‘."
. 1105 1101 . ios 1101

FIG. 11d FIG. 11e



WO 2011/156813 PCT/US2011/040206

1200 :
s 1209
‘f'/\»‘f i s‘ﬁ{\/"'f
1202 Y PRI "
4 e <

P i ek . e sdoee SIS » S Pyt
1204 l 1804
ik ‘ o

Pz : sz * e i'"’:g R

) 1206 ; 1208
¥ : { -
Py < Py N P,
; ; P1208 ‘ 205
— H | ek W e _
Vit~ . Y4 s Vi o
1203 o by pe— 1303 et g e 1203 o fge P 120
Wa T Vot e g Va S AN

Sos ™ Szon 1205 fant | $os

FIG. 12a CFIG. 12b FIG. 12¢

1308

1202 ey,

L
Pa =,
¢ l 1204
Py ~'*" ,

Ros

V‘E b s - ¥ -
s B L 1203

VQ & o




WO 2011/156813

1300
1302 S\ 1302
e
PS »‘.\{L e .
1308
P, o
P4 A 1304
1303 )
V7R S 2 >
! B
ot} fyp o130
Vel R
1305 1

FIG. 13a

g1

Pat
Py

Py

Vz :

14715

1300

N AVARE
2, &

Vi

u
e R 1303
< AN
1305 1301

FIG. 13b

Pyt
Py i
Py i

PCT/US2011/040206

Ve
1302 1302
& i
1306 |
—
!
\‘if“1394
1303
5 5
fon,
k]
o fp pe 1303
i
&
1308 \f\fﬁ‘*m




WO 2011/156813

) 1400
T 1402 d
Py i 1406
{
A,
P, o
1404
Pyt o
N
1403 '
VI ST N
’ oy
PR tb PR 1403
VAN
4 fa05 1401

FIG. 14a

T 1402 1400
533,.. 2 Ps :
1406
Y.
i : P, .
P2 & 1404{ 2
148 3
Py ' 2 Py

PCT/US2011/040206

15/15
. ¥ L f\bj 400
] 1408 ; 1406
5. .
PE k ' e Pz : .
1404 {* Sy 1404
X fe
Py " =P 1408 ~ w
1403 ’ 1403 ‘
vy ST
N I AL e by o 1403
Va1 SN Vzi p ~
i 1405 1401 1405 1401

FIG. 14b

o~

fe
1405

Vi
““‘“:1 b
Vz T %

C*’s
1403

\jz,\

1401

FIG. 14d

FIG. 14c¢

Vg ¥

1402
§§ 1400
< 1404
1408 s
- TR TR——
— R
iy e 1403
e
1405 1407

FIG. 14e



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/040206

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO1J37/32
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO1J HOIL C23C

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, INSPEC, WPI Data

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X WO 01/12873 Al (TOKYO ELECTRON LTD [JP]; 1-5,
JOHNSON WAYNE L [US]; STRANG ERIC [US]) 8-12,

22 February 2001 (2001-02-22)

page 13, Tine 10 - page 21, line 2
page 56, line 17 - page 60, line 9
figures 20, 21

US 5 289 010 A (SHOHET JUDA L [US])

22 February 1994 (1994-02-22)
column 3, line 35 - column 4, line
column 5, line 17 - line 24

column 6, line 10 - line 63

column 7, line 23 - column 8, line
figure 3

15-19,21

1,11,17
3

18

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
merr:ts, such combination being obvious to a person skilled
inthe art.

"&" document member of the same patent family

Date of the actual completion of the international search

14 September 2011

Date of mailing of the international search report

22/09/2011

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Aguilar, Maria

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/040206

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

15 October 2009 (2009-10-15)
paragraph [0064] - paragraph [0080]
figures

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A EP 1 973 140 A2 (APPLIED MATERIALS INC 1,11,17
[US]) 24 September 2008 (2008-09-24)
paragraph [0024] - paragraph [0046]
figures
A US 2009/255800 Al (KOSHIMIZU CHISHIO [JP]) 1,11,17

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2011/040206
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 0112873 Al 22-02-2001 AT 420454 T 15-01-2009
CN 1369021 A 11-09-2002
EP 1214459 Al 19-06-2002
JP 2003507880 A 25-02-2003
TW 1267562 B 01-12-2006
US 5289010 A 22-02-1994  NONE
EP 1973140 A2 24-09-2008 CN 101369518 A 18-02-2009
JP 2008235901 A 02-10-2008
KR 20080086373 A 25-09-2008
US 2008230008 Al 25-09-2008
US 2009255800 Al 15-10-2009  CN 101552187 A 07-10-2009
JP 2009246091 A 22-10-2009

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - wo-search-report
	Page 60 - wo-search-report
	Page 61 - wo-search-report

