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INERT-DOMINANT PULSING IN PLASMA PROCESSING

SYSTEMS

PRIORITY CLAIM

0001} This application claims priovity under 35 USC. 119(e} to a commonly-owned
provisional patent apphication entitled “INTER-DOMINANT PULSING IN PLASMA
PROCESSING SYSTEMS™, US Application Number 61/560,005, filed on November 15,

2011 by Keren Jacobs Kanarik all of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

(00021 Plasma processing systems have long been emploved to process substrates

(e.g., wafers or flat panels or LCD panels) to form integrated circuits or other electromic
products. Popular plasma processing systems may include capacitively coupled plasma
processing systems {CCP)Y or mductively coupled plasma processing systems (1CP),

among others.

{00031 Generally speaking, plasma substrate processing involves a balance of ions
and radicals {also referred o as neutrals). For example, wath a plasma that has wore
rachicals than lons, etchung tends to be more chenucal and 1sotropic. With a plasma that
has more tons than radicals, etching tends to be more physical and selectivity tends to
suffer. In a traditional plasma chamber, ions and radicals tend to be closely coupled.
Accordingly, the process window (with respect to processing parameters) tends to be
faurly narrow due to the fact that there are himited control knobs to mdependently achieve

an ion-dominant plasma or a radical-dominant plasma.

[0004] As electronic devices become smaller and/or more complex, etching
requirements sach as selectivity, umiformity, high aspect ratio, aspect dependent etching,
et¢., have increased. While it has been possible to perform etches on the current

generation of products by changing certain parameters such as pressure, RF bias, power,
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ete., the next generation of smaller and/or more sophisticated products demand different
eich capabilities. The fact that tons and mdicals cannot be more effectively decoupled
and independently controlied has limited and 1o some cases maade it impraciical to
perform some etch processes to manafactare these smaller and/or more sophisticated

electronc devices in sore plasma processing systems.

[0005] in the prior art, attempts have been made to obtain plasma conditions to
modulate the fon-to-radical ratio at different imes doring an etch. In a conventional
scheme, the source RF signal may be pulsed {e.g., on and off) in order to obtain a plasma
that has the normal 1on 1o neatral flux ratio during one phase of the pulse cyele {e.g., the
pulse on phase) and a plasma with lower 1on to neutral Hox ratio during another phase of
the pulse cycle {e.g., during the pulse off phase). 1t is known that source RF signal may

be pulsed synchronousty with bias RE signal

{0006} However, it has been observed that while the prior art pulsing has, to some
extent, resulied in alternate phases of normal {on to neutral Hlux ratio plasmas at different
points in time and has opened up the operating window for some processes, larger

operating windows are still desired.

BRIEF DESCRIPTION OF THE DRAWINGS

{00071 The present invention 18 Hlustrated by way of example, and not by way of
Himztation, in the figures of the accompanying drawings and in which like reference
numerals refer to similar elements and in which:

{0008} Fig. 1 shows, in accordance with one or wmore embodiments of the invention,

an example combination pualsing scheme where the input gas (such as reactant gas anddor

inert gas) and the source RF signal are both pulsed, albeit at different pulsing frequencies.

{00091 Fig. 2 shows, in accordance with one or more embodiments of the mvention,

another example combination pulsing scheme.
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[00010]  Fig. 3 shows, m accordance with one or more embodiments of the invention,

yet another example combination pulsing scheme.

[00011]  Fig. 4 shows, in accordance with one or more embodiments of the invention,

other possible combinations for the combination pulsing scheme.

(00012]  Fig 5 shows, m accordance with one or more embodiments of the vention,
the steps for performing combination pulsing.

[00013]  Fig. 6 shows, in accordance with one or more embodiments of the invention,

the steps for performing gas pulsing.

[00014]  Figs. 7A and 7B iHustrate, in accordance with embodiments of the invention,
different example variations of the gas pulsing scheme discussed in connection with Fig.

6.
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DETAILED DESCRIPTION OF EMBODIMENTS

{00015]  The present invention will now be described in detail with reference to a few
embodiments thereof as ilfustrated 1o the accompanying drawings. In the following
description, numerous spectfic details are set forth in order to provide a thorough
understanding of the present invention. It will be apparent, however, to one skilled 1o the
art, that the present invention may be practiced withoat some or all of these specific
details. In other instances, well known process steps andf/or structures have not been

described i detat] in order to not ennecessarily obscure the present mvention,

[00016]  Various embodiments are described hereinbelow, including methods and
techaiques. It should be kept in mind that the invention might also cover asticles of
manufactere that inclades a computer readable medium on which computer-readable
mstructions for carrving out embodiments of the inventive technigue are stored. The
computer readable mediam may include, for example, semiconductor, magnetic, opto-
magnetic, optical, or other forms of computer readable medium for storing computer
readable code. Further, the invention may also cover apparatuses for practicing
embodiments of the mvention. Such apparatus may mclude circunits, dedicated and/or
programmable, to carry out tasks pertaining 0 embodunents of the vention. Examples
of such apparatus inchude a general-purpose computer and/or a dedicated computing
device when appropriately programmed and may include a combination of a
computer/computing device and dedicated/programmable circuits adapted for the various

tasks pertaining to embodiments of the invention.

000171  Embodiments of the invention related to a combination pulsing scheme that
pulses the input gas (2.2, reactant gases andfor iner{ gases) using a first pulsing
frequency and the source R¥ signal at a different second pulsing frequency. Although an
mductively coupled plasma processing system and an inductive RF power source are
employed 10 discuss in the examples herein, it shounld be understood that embodiments of
the mvention apply equally to capacitively coupled plasma processing svstems and

capacitive RF power sources.

[00018]
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[00019]  In one or more embodiments, the input gas s pulsed at a slower pulsing
frequency, and the inductive source RF signal is pulsed at a diffevent, faster pulsing
frequency in an inductively coupled plasma processing system. For example, if the
indactive source RF signal is a1 13 56 MHz, the inductive sowrce RF signal may be
pulsed at, for example, 100 Hz while the gas is pualsed at a different pulsing rate, sach as

1 Hz

{00020] Thas, a complete gas pulse cycle is 1 second in this example. 1f the gas
pulsing duty cycle is 70%, the gas may be on for 70% of the 1-second gas pulsing period
and off for 30% of the l-second gas pulsing pertod. Since the source RF signal pulsing
rate 38 100 Hz, a complete RF sigoal pulsing period is 10 ws. Ifthe RF pulsing duty
cycle 1s 40%, the RF on-phase {when the 13.56 MHaz signal is on) is 40% of the 10 ms
RF pulsing period and the RE off phase (when the 13.56 Mz signal 1s off) 1s 60% of the

10 ms RF pulsing penod.

(00021} In one or more embodiments, the inductive source RF signal may be pulsed
with two different frequencies while the gas is pulsed at its own gas pulsing frequency.

For example, the aforementioned 13.56 MHz RF signal mav be pulsed not only at

>

frequency f1 of 100 Hz but may aiso be pulsed with a different, higher frequency during
the on-phase of frequency f1. For example, if the RF pulsing duty cycle is 40% of the 1
puise, the on-phase of {1 is 40% of 10ms or 4ms. However, during that 4ms on-phase of
{1, the RF signal may also be pulsed at a different, higher frequency of {2 {such as at 400
Hz).

[00022]  Embodiments of the invention contemplate that the gas pulses and RF pulses
may be synchronous (i.e., with maiching leading edge and/or lowering edge of the pulse
signals) or may be asynchronons. The duty cvele mav be constant or may varv in a
manuer that 18 independent of the other pulsiag frequency or n @ manner that is

dependent on the other pulsing frequency.

000231 In one or more embodiments, frequency chirping may be emploved. For
example, the RF signal mav change its fundamental frequency in a periadic or non-
periedic manner so that during a phase or a portion of a phase of any of the pulsing

periods (e.g., any of the RF signal or gas pulsing periods), a different frequency {e.g., 60

(e
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MHz versus 13.536 MHz) may be employed. Likewise, the gas pulsing frequency may be

changed with time m a periodic or non-periodic manner if desired.

[00024]  In one or more embodiments, the sforementioned gas and soorce RF pulsing
may be combined with one or more pulsing or variation of another paramicter (such as
pulsing of the bias RF signal, pulsing of the DC bias 1o the electrode, pulsing of the
multiple RF fiequencies at different pulsing frequencies, changing the phase of any of the

parameters, ic.}

[00025]  The features and advantages of embodiments of the invention may be better

understood with reference to the figures and discussions that follow.

[00026]  Fig. 1 shows, in accordance with an embodiment of the invention, an example
combination pulsing scheme where the input 2as (such as reactant gas and/or inert gas)
and the source RF signal are both pulsed, albeit at different pulsing frequencies. In the
example of Fig. 1, the input gas 102 is pulsed at a gas pulsing vate (defined as /Ty

where Ty, is the period of the gas pulse) of about 2 seconds/pulse or 2 MHz,

[00027]  The TCP source RF signal 104 of 13.56 MHz is pulsed at a RF pulsing rate
(delined as /T, where Ty is the period of the RF pulsing). To clarify the concept of
RF pulsing herem, the RF sigoal is on (sach as the 13.56 MHz RF signal) durmg the time
period 120 and the R¥F signal is off during the time period 122, Each of the gas pulsing
rate and the RF pulsing rate may have its own daty cycle (defined as the pulse on-tume
divided by the total palsing period). There are no requirements that the duty cvele has to
be 30% for any of the pulse signals, and the duty cycle may vary as needed fora

particular process.

[00028]  In an embodiment, the gas pulsmg and the RF signal pulsing are at the same
duty cvele. In another embodiment, the gas pulsing and the RF signal pulsing are at
mdependently controilable {and may be different) duty cycles to maximize gramudar
control. In one or more embodiments, the leading and/or trailing edges of the gas pulsing
signal and the RF pulsing signal may be synchronous. In one or more embodiments, the
teading andfor trailing edges of the gas pulsing signal and the RF pulsing signal may be

asyachronous.

&
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[00029]  In Fig. 2, the gas wput 202 15 pulsed at its own gas pulsing frequency.
However, the source RF stgnal 204 may be pulsed with two different frequencies while
the gas is pulsed at its own gas pulsing frequency {defined as 1Ty, where Ty is the
period of the gas pulse). For example. the RF signal may be pulsed not only at frequency
{1 (defined as /Ty from the figure) but may also be pulsed with & different, bigher
frequency during the on-phase of f1 pulsing. For example, daring this on-phase of {1
pulsing, the RF signal may be pulsed at a different pulsing frequency 2 (deftined as 1/Tp

from the figure)

{00030]  In Fig. 3, the gas wput 302 15 pulsed at its own gas pulsing frequency.
However, the source RF stgnal 304 may be pulsed with three different frequencies while
the gas 13 pulsed at ifs own gas pulsing frequency. For example, the RE signal may be
pulsed not only at trequency 1 {defined as 17Ty from the figure) but may also be pulsed
with a different, higher frequency during the on-phase of f1 pulsing. Thus, during this
on-phase of 1 pulsing, the RF signal may be pulsed at a different pulsing frequency 2
(defined as 1Ty from the figure. During the off-phase of f1 pulsing, the RT signal may

be pulsed at a different pulsing frequency £3 (defined as 1Ty from the figure)

(000311 Additonally of alternatively, although the duty cvcle is shown 1o be constant
m the examples of Figs, 1-3, the duty cycle may also vary, in a periodic or non-periodic
manner and independently or dependently on the phases of one of the pulsing signals
{whether gas pulsing signal, RF pulsing signal, or otherwise). Further, the change in the
duty cycle may be syachronous or asynchronous with raspect to phase of any one of the
pulsing signals (whether gas pulsing signal, RF pulsing signal, or otherwise},

f00032]  In one embodiment, the duty cvcle of the RF pulsing is advantageously set to
be one value doring the on-phase of the gas pulse {e.g, 154 in Fig 1), and the duty cycle
of the RF pulsing is set to be another different valye during the off-phase of the gas pulse

g., 1536 of Fig. 1), In a preferred embodiment, the duty oycle of the RF pulsing is

(6.
advantageousty set to be one value duwring the ou-phase of the gas pulse (e g, 134 m Fig
1} and the duty cyele of the RF pulsing is set to be a lower value during the off-phase of
the pas pulse {e.g., 156 of Fig. 1), It 15 contemplated that thus RF pulsing duty cyele

embodiment wherein the duty cvele is higher during the on phase of the gas pulsing and

w3
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fower during the off phase of the gas pulsing is advantageous for some etches. Ttis
contemplated that this RF pulsing duty eycle variance wherein the duty cycle s fower
during the on phase of the gas pulsing and higher during the off phase of the gas pulsing
is advantageous for some etches. As the term is employed herein, when a signal is
pulsed, the duty cycle is other than 100% duning the time when the signal 1s pulsed (e,

pulsing and “always on” are two different concepts).

000331 Additionally or alternatively, frequency chirping may be emploved with any
of the pulsing signals (whether gas pulsing signal, RF pulsing signal, or otherwise).
Frequency chirping is described in greater detail in connection with the R¥ pulsing signal

in Fig. 4 below.

[00034]  In one or more embodiments, the gas is pulsed such that during the gas
pulsing on phase, reactant gas{es) and inert gas{es) {such az Argon, Helium, Xenon,
Krypton, Neon, efc.) are as specitied by the recipe. During the gas pulsing off phase, at
feast some of both the reactant gas{es) and inert gas{es} may be removed. In other
embodiments, at least some of the reactant gas{es) is removed and replaced by inert
gas(es) during the gas palsing off phase. In an advantageous, at least some of the reactant
pas({es) is removed and replaced by inert gas{es) during the gas puising off phase to keep

the chanmber pressure substantially the same.

[00035]  In one or more embodiments, during the gas pulsing off phase, the percentage
of inert gas{es) o total gas(es) flowed into the chamber may vary from about X% to
about 100%, wherein X is the percentage of inert gas(es} to total gas flow that is
employed during the gas pulsing on phase. In a more preferred embodiment, the
percentage of imert gasfes) to total gas{es) flowed into the chamber may vary from about
1.1 X to about 100%, wherein X is the percentage of inert gas{es) to total gas flow that is
crployed during the gas pulsing on phase. In a preferred embodiment, | the percentage
of inert gas{es} to total gas(es) flowed nto the chamber may vary from about 1.5 X to
about 100%, wherein X is the percentage of mnert gas(es) to total gas flow that is

emploved during the gas pulsing on phase.

[00036] The gas pulsing rate is himited at the high end {upper frequency limit) by the

residence time of the gas m the chamber. This residence time concept is one that is
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known to one skilled in the art and varies from chamber design to chamber design. For
example, residence time typically ranges in the tens of muilbiseconds for a capacitively
coupled chamber. In another example, residence tirne typically ranges in the tens of

milliseconds to hondreds of milliseconds for an inductively coupled chamber.

{00037]  In one or more embodiments, the gas pulsing period may range from 10
milliseconds to SO seconds, more preferably from 30 milliseconds to about 10 seconds

and preferably from about 300 milliseconds 10 about 3 seconds.

[00038]  The source RF pulsing period s lower than the gas pulsing period in
accordance with embodiments of the invention. The RF pulsing frequency is himited at
the upper end by the frequency of the RF signal fe.g.. 13.36 MHz would establish the
upper limit for the R¥ pulsimg frequency if the RF frequency is 13.56 MHz).

[00039]  Fig. 4 shows, in accordance with one or more embodiments of the invention,
other possible combinations. In Fig. 4. another signal 406 (such as blas RF or any other
periodic parameter) may be palsed along with gas pelsing signal 402 and source RF
pulsing signal 404 (pulsed as shown with 430 and 432). The pulsing of signal 406 may

be made synchronous or asynchronous with any other signals in the system.

{00040} Alternatively or additionally, another signal 408 (such as DU bias or
temperature or pressure of any other non-periodic parameter) may be pulsed along with
gas pulsing signal 402 and source RF pulsing signal 404, The puolsing of signal 408 may

&

be made synchronous or asynchronous with any other signals 1n the system.

[00041]  Alternatively or additionally, another signal 410 (such as RF source or RF
bias or any other non-periodic parameter) may be chirped and pulsed along with gas
pulsing signal 402, For exaraple, while signal 410 18 pulsing, the frequency of sigaal 410
may vary depending on the phase of signal 410 or another signal (such as the gas pulsing
signal} or m response to a control signal from the ool contrel compater. In the example
of Fig. 1, reference 422 points to a region of higher frequency than the frequency
assoctated with reference number 420, An example of a lower frequency 422 may be 27
MHz and & higher frequency 420 may be 60 MHz, The pulsing and/or chirping of signal

410 may be made synchronous or asynchronous with any other signals in the system.
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[00042]  Fig. 5 shows, m accordance with an embodiment of the invention, the steps
for performing combination pulsing. The steps of Fig. 5 may be executed via software
under control of one or more computers, for example. The software may be stored in a
computer readable medinm, inclading a non-transitory computer readable medtom in one

or more embodiments.

[00043]  Instep 502, a substrate is provided in a plasma processing chamber. In step
504, the substrate {s processed while pulsing both the RF soprce and the input gas.
Optional pulsing of one or more other signals {such as RF bias or another signal) is
shown in step 506, In step 508, the frequency, duty cycle, gas percentages, etc. may

optionally be vaned while pulsing the RF source and the input gas.

[00044]  In one or more embodiments, the gas is pulsed such that theve are at least two
phases per cycle, with cycles repeating periodically. The other parameters, including the
RF source signal, may be left unpulsed. During the first phase, the reactant gas {which
may comprise multiple different etching and’or polymer-forming gases) to inert gas {such
as one or more of Argon, Heltam, Nenon, Kiypton, Neon, ete.} ratio 1s at a first ranio.
During the second phase, the reactant gas to inert gas ratio 1s at & second ratio dufferent
from the first ratio. If the ratio of reactant gas flow to total gas flow into the chambaer is
reduced {i.e., the ratio of inert gas to total gas flow inte the chamber iy increased) during
the second phase, the chamber contains a higher percentage of the inert gas during the
second phase than in the first phase. In this case, an lon~dominant plasma resulis wherein

the plasma fon flux is formed primarily with inert gas to perform the etching,

(000451 This is unlike the prior art situation where reactant gas is added to pulse the
gas. By increasing the percentage of the inert gas in the chamber without increasing the
reactant gas flow into the chamber, emboduments of the invention achieve au ipn-rich

plasnia to improve etch uniformity, directionglity and/or selectivity,

(00046]  In an embodiment, the ratio is changed not by adding anyv reactant (such as
etchant or polymer-forming) gases into the chamber but by reducing the reactant gases
flow rate such that the flow percentage of inert gas to reactant gas increases. [n this

crbodiment, the chamber pressure would inherently reduce during the second phase.
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[00047]  Alternatively or additionally, the ratio of reactant gas{es) to inert gas{es) way
be changed by increasing the inert gas{es) flow into the chamber while keeping the
reactant gas{es) How into the chamber either constant or by reducing the reactant gas{es}
flow (but not by increasing the reactant gases flow into the chamber). In an embodiment,
the flow of inert gas i3 increased to offset the reduction in the flow of reactant gas. In thas
embodiment, the chamber pressure remains substantially the same duning the first and
second phases. In another embodiment, the flow of mert gas 15 increased but i
msufficient to fully offset the reduction in the flow of reactant gas. In this embodiment,
the chamber pressure is reduced during the second phase. In another embodinent, the
flow of inerf gas is increased more than sufficient to offset the reduction in the flow of
reactant gas. In this embodiment, the chamber pressure is increased during the second

phase.

{00048]  As mentioned, m one or more embodiments, during the gas pulsing second
phase, the percentage of inert gas{es) to total gas{es) flowed into the chamber may vary
from about X% 1o about 100%, wherein X is the percentage of inert gas{es) to total gas
flow that is present when the plasma chamber is stabihized for processing or the
percentage of mert gas{es) o total gas How that 1s present during the first phase. Ina
more preferred embodiment, the percentage of inert gas{es) to total gas(es) flowed me
the chamber may vary from about 1.1 X to about 100%. In 3 preferred embodiment, the
percentage of inert gas{es) (o total gas{es) flowed into the chamber may vary from about

1.5 X to about 100% during the second phase.

[00049]  The gas pulsing rate 15 ltmtted at the tugh end (upper frequency limut) by the
residence time of the gas in the charober. As mentioned, for example, residence tume
typically ranges in the tens of nulliseconds for a capacitively coupled chamber. In
another example, residence time typically ranges in the tens of milliseconds to hundreds
of milliseconds for an mductively coupled chamber. Also as mentioned, in one or more
embodiments, the gas pulsing period may range from 10 milhiseconds to 50 seconds,
more preferably from 50 mlliseconds to about 10 seconds and preferably from about 500

milliseconds to about S seconds.
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[00050]  In one or more embodiments, the inert gas added during the second phase of
the periodic pulsing may be the game inert gas or a diffevent inert gas with different
chemical composition and/or different constituent gases. Alternatively or additionally,
the duty cycle of the gas pulsing rate may vary from 1% to 99%. Ahematively or
additionally, the gas pulsing rate may be chuped, i.e., may change, during processing.
For example, the gas pulsing may be done with a S-second gas pulsing period with a 40%
duty cycle and then switched 1o a 9-second gas pulsing period with either the same 40%
duty eycle or a different duty cycle. The chirping may be done periodically in
accordance with a chirping frequency (such as 20 second chirping frequency wherain the

gas pulsing frequency may be changed every 20 seconds).

[00051]  Fig. 6 shows, in accordance with one or more embodiments of the invention,
the steps for performing gas pulsing. The steps of Fig. 6 may be executed via software
under control of one or more computers, for example. The software may be stored in a
computer readable medium, including a non-transitory computer readable medmum i one

or more embodiments.

[00052]  Instep 602, a substrate is provided 10 a plasma processing chamber. In step
604, a plasma is generated in the chamber and stabilized with a baseline ratio of inert gas
flow to reactant gas flow. In step 606, the ratio of inert gas flow to reactant gas flow is
increased in one phase of the gas pulsing without increasing the reactant gas flow into the
chantber. In step 608, the ratio of inert gas flow to reactant gas flow is decreased, relative
to the ratio of inert gas flow o reactant gas flow of step 606, in another phase of the gas
pulsing without increasing the reactant gas flow into the chamber, In various
embodiments, the ratio of mert gas flow to reactant gas flow in step 608 may be the
substantially the same as the ratio of mert gas flow to reactant gas flow of step 604
(stabilize plasma step) or may be higher or lower than the ratio of inert gas flow to
reactant gas flow of stabilize step 604, In step 610, the substrate is processed while the
gas 18 pulsed by having the aforementioned mert-to-reactant flow ratio fluctoates

periodically with the ratios of steps 6006 and 608,

[00053]  Figs. 7A and 7B illustrate, in accordance with embodiments of the wveation,

different example variations of the gas pulsing scheme discussed in connection with Fig.
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6. Inthe example of Fig. 7A, cases A, C, D, and E represents the various ratio of ment
gas to reactant gas. In case A, the ratio of inert gas (1) to reactant gas (R} s 37 for
example. In case B, the ratio of inert gas to wactant gas is 81, for example. In case C,
the ratio of inert gas to reactant gas is 1:9, for example. In case D. the gas flow into the
chamber is essentially all inert. While example ratio values are given, the exact values of
the ratios are only ihwtrative; the important pomt 1s that these cases all have ditferent

ratios relative to one another.

000541 In Fig. 7B, an example pulsing 702 may be ADAD in a preforred embodiment

where the gas pulse may fluctuate periodically between case A and case D of Fig. 7A and
repeat.

[00035]  Another example pulsing 704 mayv be ABABAB/ADAD/ABABAB/ADAD
where the gas pulse may fluctuate periodically between case A and case B of Fig. 7A,
then between cases A and D of Fig. 7A, and then back to cases A and B of Fig. 7A and

repeat.

[00056]  Another example pulsing 706 may be ABABAB/ACAC/ABABAB/ACAC
where the gas pulse may fluctuate periodically between case A and case B of Fig. 7A,
then between cases A and D of Fig. 7A, and then back to cases A and B of Fig. 7A and

repeat.

{00057 Another example pulsing 768 may be ABABAB/CDUIVABABAB/CDRCD
where the gas pulse may fluctuate periodically between case A and case B of Fig. 74,

then between cases C and D of Fig. 7A, and then back to cases A and B of Fig. 7A and

repeat.

[000S8]  Another example pulsing 710 may be
ABABAB/CDRDCD/ADAD/ABABAB/CDCD/ADAD where the gas pulse may fuctuate
periodically between case A and case B of Fig. 74, then between cases C and D of Fig.
74, then between cases A and D of Fig, 7TA sod then back 1o cases A and B of Fip. 7A

and repeat,
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{00059]  Other exsmples may include 4 phases such as ABAB/CDCD/ADAD/ACAC
and repeat. The complex pulsing 1s highly advantageous for processes involving, for

example, in-sifu etch-then~clean or nulti-step etches, efc.

[O0060]  In another embodiment, the gas pulsing of Figs 6, 7A and 7B may be
combined with asynchronous or synchronous pulsing of the R¥ bias signal that 1s
supplied to the powered electrode. In an example, when the gas is pulsed to a high inert
gas percentage or 100% or near 100% ert gas percentage in one phase of the gas
pulsing cycle, the RF bias signal is pulsed high. When the gas is pulsed to a lower inert
gas percentage m another phase of the gas pulsing cycle, the RF bias signal is pulsed low
or zero. In various embodiments, the pulsing frequency of the RF bias signal may be the
same or different compared to the pulsing frequency of the gas pulsing. In vanous
embodiments, the duty cycle of the RF bias signal may be the same or different compared
tn the duty cvcle of the gas pulsing. Chirping may be employed with one or both of the

RF Iuas signal pulsing and the gas pulsing if desired.

[{00061]  In each of the gas pulsing examples, the pulsing frequency, the number of

pulses, the duty cycle, ete.. mayv be varied kept constant throughout the etch or may vary

periadically or non-periadically as required.

[G0062]  As can be appreciated from the foregoing, embodiments of the invention
provide another control knob that can widen the process window for etch processes.
Since many current plasma chambers are alveady provided with pulsing valves or pulsing
mass flow controllers, the implementation of gas-pulsing in accordance with Figs. 6-
TASTH and the discussion herein may be achieved without requiring expensive hardware
retrofitting. Further, if RE pulsing s desired in conjunction with gas pulsing, many
current plasma chambers are already provided with pulse-capable RF power supplies.
Accordingly, the achievement of a wider process window via gas/RF power pulsing may
be obtained without requiring expensive hardware retrofitting. Current tool owners may
leverage on existing etch processing systems to achieve improved etches with minor
software upgrade and/or minor hardware changes. Further, by having improved and/or
more granular control of the ton-to-radical flux ratios, selectivity and wniformity and

reverse RIE lag effects may be improved. For exaniple, by increasing the ion flux
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refative to radical flux may taprove the selectivity of one layer to another layer on the
substrate in some cases. With such mproved control of ton-to-radical, atomic layer etch

(ALE) may be more efficiently achieved.

[00063]  While this invention has been described in tevms of several preferred
embodiments, there are alterations, permutations, and equivalents, which fall within the
scope of this invention. For example, the puising techniques discussed in the figures may
be combined in any combination 1o suit the requirement of a particular process. For
example, the duty cvele variance may be practiced with techniques discossed with any
one {or part of any one or a combination of multiple ones) of the figures. Likewise, the
frequency chirping nray be practiced with technigues discussed with any one {or part of
any one or a combination of multiple ones) of the figures andfor with duty cycle variance.
Likewise, mert gas substitution may be practiced with techniques discussed with any one
(or part of any ong or a combination of muitiple ones) of the figures andfor with duty
cycle variance and/or with frequency chirping. The point is although technigues are
discussed individually and/or in connection with a specific figure, the various techniques

can be combined in any combination in order to perform a particular process.

[00004]  Although various examples are provided berein, it is intended that these
examples be iltustrative and not Hmiting with respect to the invention. Also, the title and
summary are provided herein for convenience and should not be used to construe the
scope of the clatms herein. 1f the term “set” is employved herain, such tenm is intended to
have its commanly understood mathematical meadng to cover zero, one, or more than
one member. It should also be noted that there are wmany altcrnative wavs of

mmplementing the methods and apparatuses of the present invention.
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CLAIMS
What is clanmed is:
i A method for processing a sabstrate in a plasma processing chamber of a plasma

processing system, samd plasma processing chamber having at least one plasma generating
source and at feast a gas source for providing a process gas mto an interior region of said
plasma processing chamber, comprising:

exciting said plasma generating source with an RF signal having an RF frequency:
and

pulsing said gas source, using at least a first gas pulsing frequency, such that a
first process gas 1s flowed mto sad plasma processing chamber during a fivst portion of a
gas pulsing period associated with said first gas pulsing frequency and a second process
pas is flowed imnto said plasma processing chamber during a second portion of said gas
pulsing period associated with said first gas pulsing frequency, said second process gas
having a lower reactant-gas-to-inert-gas ratic refative to a reactant-gas-to-~-inert-gas ratio
of said frst process gas, wherein said second process gas s formed by removing at least a

portion of a reactant gas flow from said first provess gas.

2. The method of claim 1 wherein said plasma processing chamber represents an
mductively coupled plasma processing chamber and said at least one plasma generating

source represents af least one inductive antenna.

3 The method of claim | wherein said plasma processing chamber represents
capacitively coupled plasma processing chamber and said at least one plasma generating

source represents an electrode.

4, The method of claim 1 wherein said pulsing said gas source further comprising
flowing a higher flow of an inert gas during said second portion of said gas pulsing
et & e b & i o
veriod relative to a flow of said inert vas dunng sad second portion of said gas pulsing
L £ et K R
period to at least partially compensate for a pressure drop caused by satd removing said at

least g portion of said reactant gas flow.
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5 The method of clapm | wherein said pulsing said gas source further comprising
flowing a higher flow of an inert gas during said second portion of said gas pulsing
period relative to a flow of said tnert gas during said second portion of said gas pulsing
period to fully compensate for a pressure drop caused by said removing said at least a

portion of said reactant gas flow.

6. The method of claim 1 wherein said pulsing said gas source further comprising
flowing a higher flow of an inert gas during said second portion of said gas pulsing
period relative to a flow of said mert gas during said second portion of said gas pulsing
period to more than fully compensate for a pressure drop caused by said removing said at

least a portion of said reactant gas flow,

7. The method of claim 1 wherein said pulsing said gas source further comprising
flowing a third process gas into said plasma processing chamber durmg a third portion of
saxd gas pulsing penod associated with said gas pulsing penod, wherein sawd thid process
gas has a reactant-gas-to-inert-gas ratie that s different from a reactant-gas-to-inert-gas
ratio associated with said first process gas, said third process gas has said reactant-gas-to-
inert-gas ratio that is also different from a reactant-gas-to-inert-gas ratto associated with

said second process pas,

8. The method of claim 7 wherein said pulsing said gas source further comprising
Howing a fourth process gas nto said plasma processing chamber during a fourth portion
of sawd gas pulsing period associated with said gas pulsing peniod, wherein sawd fourth
process gas has & reactant-gas-to-nert-gas atio that 1s different from said reactant-gas-to-
mert-gas ratio associated with said first process gas, said fourth process gas has said
reactant-gas-to-mert-gas ratio that 1§ also different from said reactant-gas-to-inert-gas
ratio associated with satd secound process gas, sard fourth process gas has said reactant-
gas-to~-inert-gas ratio that is also different from said reactant-gas-to-inert-gas ratio

associated with said third process gas.

bt
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9. The method of claim 7 wherein said pulsing sad gas source further inclodes
pulsing said second gas sowrce using a second gas pulsing frequency, wherein gas pulsing
during a pulsing period associated with said second gas pulsing {requency is different

from gas pulsing period associated with said first gas pulsing frequency.

10, The method of claim | wherein said gas pulsing pertod associated with said first

gas pulsing frequency 1s between about 10 milliseconds and about 50 seconds.

RS The method of claim 1 wherein said gas pulsing period associated with said fust

gas pulsing frequency 18 between about 50 milliseconds and about 10 seconds.

12, The method of claim 1 wherein said gas pulsing period associated with said fivst

pas pulsing frequency is between about 300 milliseconds and about 3 seconds,

{3, The method of clatm 1 wherein a percentage of inert gas m said first process gas
1 about 11X to about 100%, wherem X vepresents a percentage of wert gay i satd

second process gas.

14, The method of claim | wherein a percentage of inert gas in said first process gas
ts about 1.53X to about 100%, wherein X represents a percentage of inert gas in saud

second process gas.

15, The method of claim 1 whevein sard pulsing said gas source further comprising
providing a flow of an inert gas during said second portion of said gas pulsing period,

said mert gas is different from inert gas present in said first process gas.

16, The method of claim 1 wherein saud pulsing said gas source employs a constant

duty cvele.

17 The method of claim 1 wherein said palsing said gas source employs a varying

duty cycle.
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1§ The method of claim 1 wherein said pulsing said gas source employs frequency
chirping

18, The method of claim 1 further comprising pulsing an RF signal that is provided to

an RF sovrce of said plasma processing chamber, said pulsing sard R signal 18

performed during said pulsing said gas source, said pulsing said RF signal uses an RF

signal pulsing frequency that ts different from said first gas pulsing frequency.

20, The method of claim 19 further comprising pulsing another parameter other than
said RF signal and said gas source, osing ancther pulsing frequency that is different from
satd RF signal pulsing frequency and said first gas pulsing frequency, during said pulsing

said RF signal and said pulsing said gas source.

2t A method for processing a substrate i a plasma processing chamber of a plasma
processing system, sard plasma processing chamber having at least one plasma generating

source and at least a gas source for providing a process gas mtoe an mnterior region of said
plasma processing chamber, comprising:

a) exciting said plasma generating source with an RF signal having an RF
frequency;

b} processing said substrate by forming a first plasma with a first process gas, said
first process gas baving a first reactant-gas-to-inert-gas ratio; and

¢ processing said substrate by forming a second plasma with a second process
gas, said second process gas having a second reactani-gas-to-mert-gas ratio, wherein said
second reactant-gas-to-nert-gas ratio 18 achieved without adding reactant gas to sad first
process gas and wherein said first reactant~-gas-to~-inert-gas ratio 1s achieved withont

adding reactant gas to said second process gas.

22, The method of clabm 21 wherein saxd second reactant-gas-to-inert-gas ratio is

achieved by adding inert gas flow to said first process gas.
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