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MIXED MODE PULSING ETCHING IN PLASMA

PROCESSING SYSTEMS

PRIORITY CLAIM

{00011 Thus appheation claims priority under 35 USC. 119(e) fo a commonly-owned
provisional patent application entitled “MIXED MODE PULSING ETCHING IN
PLASMA PROCESSING SYSTEMS”, US Application Number 61/581,054, filed on
Pecember 28, 2011 by Keren Jacobs Kanarik all of which are tncorporated herem by

reference.

BACKGROUND OF THE INVENTION

{00021  Plasma processing systems have long been emploved 1o process substrates
{e.g., waters or flat panels or LCD panels) to form: integrated circuits or other electronic
products. Popalar plasnia processing systems may include capacitively coupled plasma
processing systems {CCP) or inductively coupled plasma processing systems (ICP),

antong others.

{00031 Generally speaking, plasma substrate processing mnvolves a balance of tons
and radicals (also referred 0 as neutrals).  As electronic devices become smaller and/or
more complex, etching requirements such as selectivity, uniformity, high aspect ratio,
aspect dependent etching, ete., have tncreased. While it has been possible to perform
etches on the current generation of products by changing certain parameters such as
pressure, RF bias, power, ete., the next generation of smaller and/or more sophisticated
products demand different etch capabilities. The fact that ions and radicals cannot be
maore effectively decoupled and mdependently controlled in the current art has Hmited
and in some cases made it impractical to perform some etch processes to manufacture
these smaller and/or more sophisticated electronie devices in some plasma processing

systems.
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[0004]  Inthe prior ari, attempts have been made to obtain plasma conditions to
modulate the ton-to-radical ratio at different times duoring 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 ton to neutral flux ratio during one phase of the pulse cycle (e.g2., the
pulse on phase} and a plasma with lower ion to neutral flux ratio during another phase of
the pulse cvele {e.g., during the pulse off phase). 1t is known that source RF signal may

be pulsed synchronousty with bias RF signal

{0003} However, it has been observed that while the prior art pulsing has, to some
extent, resulted in alternste phases of normal ion to neutral flux 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

{00061 The present invention is illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings and in which like reference

numerals refer to similar elements and in whicly:

{00071  Fig. 1 shows, in accordance with one or more embodiments of the invention,
an example combination pulsing scheme where the nput gas (such as reactant gas andior

mert gas) and the source RF signal are both pulsed, albeit ar different pulsing frequencies,

{0008} Fig. 2 shows, in accordance with one or more embodiments of the invention,

another example contbination pulsing schemg.

{0009} Fig. 3 shows, in accordance with one or more embodiments of the invention,

yet another example combination pulsing scheme.

{O0010]  Fig 4 shows, in accordance with one or more embodiments of the invantion,

other possible combinations for the combination pulsing scheme.
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[00011] Fig. 3 shows, in accordance with one or more embodiments of the mvention,
the steps for perfornting combination pulsing.
[00012]  Fig. 6 shows, in accordance with one or mere embodiments of the invention,

the steps for performing gas pulsing.

{00013}  Figs. 7A and 7B illustrate, m accordance with embodiments of the mvention,
different example variations of the gas pulsing scheme discussed in connection with Fig.
6.

{00014]  Fig 8 shows, in accordance with an embodiment of the invention, conceptual
MMP etching cvcles for the silicon etching example, with each cycle invelving at least an

MMP preparation phase and an MMP reactive phase.
[000153] Fig. 9 shows, in accordance with an embodiment of the invention, other
conceptual MMP etching cveles where some 1ons exist in the MMP preparation phase.

[00016]  Fig. 10 shows, m accordance with an embodiment of the invention, a method

for performing MMP etching in a production HCP chamber.

St
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DETAILED DESCRIPTION OF EMBODIMENTS

[00017]  The present mvention will now be described in detal wath reference to a few
embodiments thereof as illastrated in the accompanying drawings. In the following
description, numerous specific details are set forth m order to provide a thorough
understanding of the present inveation. It will be apparent, however, to one skilled in the
art, that the present mvention may be practiced without some or all of these specific
details. In other mstances, well known process steps andf/or structures have not been

describad in detail in order to not unnecessanily obscure the present invention.

[00018]  Various embodiments are described herembelow, including methods and
techniques. 1t should be kept i mind that the invention mught also cover articles of
manufacture that mcludes a computer readable medium on which conmyputer-readable
instructions for carrying out embodiments of the inventive technique are stored. The
computer readable medium may include, for example, seniconductor, magnetic, opto-
magnetic, optical, or other forms of conputer readable medivwm for storing computer
readable code. Farther, the invention may also cover apparatuses for practicing

embodimenis of the invention, Such apparatos may include cireuits, dedicated and/or

of such apparatus include a general-purpose computer andfor a dedicated computing
device when appropriately programimed and may include a combination of g
computer/computing device and dedicated/progranimable civcuits adapted for the various

tasks pertaining to embodiments of the invention.

{00019]  Embodiments of the mvention related to a combination pulsing scheme that
pulses the input gas (c.g., reactant gases and/or inert gases) using a first pulsing
frequency and the source RF signal at a different second pulsing frequency, Although an
nductively coupled plasma processing system and an inductive RF power sonrce are
emploved to discuss in the examples herein, it should be vnderstood that embodiments of
the invention apply egually to capacitively coupled plasma processing systems and

capacitive RF power sources.
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[00020]  In one or more embodiments, the mpat gas is pulsed at a slower pulsing
frequency, and the inductive source RF signal is pulsed at a different, faster pulsing
frequency in an inductively coupled plasma processing system. For example, if the
mductive source RFE signal 15 at 13.56 MHz, the mductive source RF signal may be
pulsed at, for example, 100 Hz while the gas is pulsed at a different pulsing rate, such as
1 Hz

{00021]  Thus, a complete gas pulse cvele is 1 second in this example. Ifthe gas
mulsing daty oycle is 70%, the gas may be on for 70% of the I-second gas pulsing period
and off for 30% of the I-second gas pulsing perind. Since the source RF signat pulsing
rate is 100 Hz, a complete RF signal pulsing period is 10 ms. I the RF pulsing dotv
cycle 1s 40%, the RF on-phase (when the 13.36 MHz signal is on) is 40% of the 10 ms
RF pulsing periad and the RF off phase {when the 13.56 MHz signal 15 off) 15 60% of the

10 ms RF pulsing period.

[00022]  In one or more embodiments, the inductive source RY 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 may be pulsed not only at
frequency f1 of 100 Hz but may also be pulsed with a different, higher frequency during
the on-phase of frequency fl. For example, if the RF pulsing duty cycle is 40% of the 1
pulse, the on-phase of 1 18 40% of 10ms or 4ms. However, during that 4ms on-phase of
{1, the RF signal nuay also be pulsed at a different, higher frequency of £2 {such as at 400
He).

[00023] Embodiments of the invention contemplate that the gas pulses and RF pulses
may be synchronons {i.e., with matching leading edge and/or lowering edge of the pulse
signals} or may be asynchronous. The duty ¢ycle may be constant or may vary i a
manner that 15 independent of the other pulsing frequency or in & manner that is

dependent on the other pulsing frequency.
{00024]  In one or more embodiments, frequency chirping may be employed. For

periodic 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 pertods), a different frequency (e.g., 60

2]
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MHz versas 13.56 MHz) may be employed. Likewise, the gas pulsing frequency may be

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

f00023]  In one or more embodiments, the aforementioned gas and sowrce RF pulsing
may be combined with one or more pulsing or variation of another parameter (such as
pulsing of the bias RF signal, pulsing of the DC bias to the electrode, pulsing of the
multiple R¥ frequencies at different pulsing frequencies, changing the phase of any of the

parameters, etc.}

{00026]  The features and advantages of embodiments of the mvention may be better

understood with reference to the figures and discussions that follow.

[00027]  Fig 1 shows, in accordance with an embodiment of the invention, an example
combination pulsing scheme where the input gas (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 rate (defined as 11,

where Ty Is the period of the gas pulse} of about 2 seconds/pulse or 2 MHz.

[00028]  The TCP source RF signal 104 of 13.56 MHz i1s pulsed at a RF pulsing rate
{defined as 1/ Ty, where Ty is the period of the RF pulsing). To clarify the concept of
RF pulung herein, the RF signal is on (such as the 13.56 MHz RF signal) during the time
period 120 and the RF signal is off during the time period 122, Each of the gas pulsing
rate and the RF pulsing rate mayv have its own duty oycle (defined as the pulse on-time
divided by the total pulsing period). There are no requirements that the duty cycle has to
be 50% for any of the pulse signals, and the duty ¢ycle may vary as needed for a

particular process,

{00029]  In an embodument, the gas pulsing and the RF signal pulsing are at the same
duty cycle. In another embodiment, the gas pulsing and the RF signal pulsing are at
independently controliable (and may be different) duty cveles to maximize granular
control. In one or more embodiments, the leading andfor trailing edges of the gas pulsing
signal and the RF pulsing signal may be synchronous. In one or more embodiments, the

ges of the gas pulsing signal and the RF pulsing signal may be

Py

leading and/for tratling ed

asyuchronous.

fi
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[00030] InFig 2, the gas input 202 15 pulsed at its own gas pulsing frequency.
However, the source RF signal 204 may be pulsed with two different frequencies while
the gas is pulsed at #ts own gas pulsing frequency (defined as /Ty, where Ty, is the
period of the gas pulse). For example, the RF signal may be pulsed not only at frequency
1 {defined as 1/Tq from the figure) but may also be pulsed with a different, higher
frequency during the on-phase of 1 pulsing. For example, during this on-phase of i
pulsing, the RF signal may be pulsed at a different pulsing frequency £2 (defined as 1Ty
from the figure).

f00031] In Fig 3, the gas tnput 302 is pulsed at its own gas pulsing frequency.
However, the source RF signal 304 may be pulsed with three different frequencies while
the gas is pulsed at its own gas pulsing frequency. For example, the RF signal mayv be
pulsed not only at frequency {1 (defined as 1/Tq from the figure) but may also be pulsed
with a different, higher frequency during the on-phase of 1 pulsing. Thus, during this
on-phase of {1 pulsing, the RF signal mayv be pulsed at a different pulsing frequency £2
{defined as 1T from the figure. During the of-phase of 1 pulsing, the RY signal may

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

{00032]  Addivionally or altematively, although the duty cycle is shown to be constant
it the examples of Figs. 1-3, the duty cyele 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 synchronous or asynchronouns with respect to phase of any one of the

pulsing signals (whether gas pulsing signal, RF pulsing signal, or otherwise).

{00033]  In one embodiment, the duty cycle of the RF pulsing is advantageously set to
be one value during the on-phase of the gas pulse (e.g., 154 Fig. 1), and the duty cycle
of the RF pulsing i3 set to be another different value during the off-phase of the gas pulse
{e.g., 156 of Fig. 1). In a preferred embodiment, the duty cycle of the RF pulsing is
advantageously set 1o be one value during the on-phase of the gas pulse (e.g., 154 in Fig.
1} and the doty cvcle of the RF polsing is setto be a lower value during the off-phase of
the gas pulse (e.g., 1536 of Fig. 1} It is contemplated that this RF pulsing duty cycle

embodiment wherein the duty evcle 1s higher during the on phase of the gas pulsing and

-3
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lower during the off phase of the gas pulsing 1s advantageous for some etches. Itis
contenpiated that this RF pulsing duty cycle variance wherein the duty cycle is lower
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 1s employed herein, when a signal is
pulsed, the duty cycle is other than 100% during the time when the signal 1s pulsed (ie.,

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

[00034]  Additonally or altematively, frequency chirping may be emploved with any
of the pulsing signals {(whether gas pulsing sigaal, RF pulsing signal, or otherwise).
Frequency chirping is described in greater detail in connection with the RF pulsing signal

i Fig. 4 below.

{00033]  In one or more embodiments, the gas &5 pulsed such that during the gas
pulsing on phase, reactant gas{es) and mert gas(es) {such as Argon, Helium, Xenon,
Krypton, Neon, ete.) are as specified by the recipe. During the gas pulsing off phase, at
feast some of both the reactant gas{es} and men 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 pulsing off phase. In an advantageous, at least sonme of the reactant
gas{es) is removed and replaced by inert gas{es) during the gas pulsing off phase to keep

the chamber pressure substantially the same.

{00036]  In one or more embodiments, daring the gas pulsing off phase, the percentage
of inert gas(es) to total gasies) flowed mto the chamber may vary from about X% to
about 100%, wherein X 1s the percentage of mert gas{es) to total gas flow that is
employed duning the gas pulsing on phase. In a more preferred embodiment, the
pereentage of inert gas(es) to total gas{es) flowed into the chamber may vary from about
1.1 X 1o about 100%, wherein X 1s the percentage of inert gas(es) to total gas flow that is
employed during the gas pulsing on phase. In a preferred embodiment, | the percentage
of inert gas{es) to total gas{es) Howed mto the chamber may vary from abowt 1.5 X to
about 100%, wherein X 1s the percentage of inert gas(es) 1o total gas flow that s

employved during the gas pulsing on phase.

{00037]  The gas pulsing rate 1s limited at the lgh end {upper frequency limit) by the

residence time of the gas in the chamber. This residence time concept is one that is

ol
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known to one skilled in the art and varies from chamber design to chamber design. For
example, residence time fypically ranges in the tens of mifliseconds for a capacitively
coupled chamber. In another example, residence time typically ranges in the tens of

mithiseconds to hundreds of milliseconds for an inductively coupled chamber,

[00038]  In one or more embodiments, the gas pulsing period may range from 10
muiliseconds to 50 seconds, more preferably from 50 milliseconds to about 10 seconds

and preferably from about 500 milliseconds to about § seconds.

{00038]  The sowrce RF pulsing pertod 1s lower than the gas pulsing period in
accordance with embodiments of the invention. The R¥F pulsing frequency is himited at
the upper end by the frequency of the RF signal (e.g., 13.56 MHz would establish the

upper Himit for the RF pulsing frequency if the RF frequency is 13.56 MHz).

[00040]  Fig. 4 shows, in accordance with one or more embodiments of the invention,
other possible combinations. In Fig. 4, another signal 406 (such as bias R¥F or any other
periodic parameter) may be pulsed along with gas pulsing 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 systent.

[00041]  Alternavtvely or additionally, another signal 408 (such as DC 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 pulsing of signal 408 may

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

[00042]  Altematively 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 exanple, while signal 410 is pulsing, the frequency of signal 410
may vary depending on the phase of signal 410 or another signal (such as the gas pulsing
signal} or in response to a control signal from the tool control computer. In the example
of Fig. 1, reference 422 points 1o a region of higher frequency than the frequency
assoctated with reference munber 420, An example of a lower frequency 422 may be 27
MHz and a 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 i the system.
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[00043]  Fig. 3 shows, i accordance with ap embodiment of the mvention, 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 medium, including a non-transitory computer readable medivan 1 one

or meore embodimenis,

{00044]  In step 502, a substrate 13 provided in a plasma processing chamber. In step
504, the substrate is processed while pulsing both the RF source and the input gas.
Optional pulsing of one or more other signals (such ax RE bias or another signal} is
shown m step 506, In step 508, the frequency, duty cycle, gas percentages, etc. may

optionally be varied while pulsing the R¥ source and the input gas.

{00045]  In one or more embodiments, the gas 1s pulsed such that there are at least two
phases per cyele, with cycles repeating pertodically. The other parameters, including the
RF source signal, mav be left unpulsed. During the frst phase, the reactant gas (which
may comprise maltiple different etching andior polymer-forming gases) to imert gas {such
as one or more of Argon, Helium, Xenon, Krypton, Neon, 2tc.) ratio is at a first ratio.
During the second phase, the reactant gas to inert gas ratio is at a second ratio different
from the first ratio. If the ratio of reactant gas flow to total gas flow into the chamber is
reduced {i.e., the ratio of inert gas to total gas flow into the chamber is increased) during
the second phase, the chamber contains a higher percentage of the nert gas during the
second phase than in the first phase. In this case, an ion-dominant plasma results wherein

the plasma ion flux 1s formed primarily with ert gas to perform the etching,

[00046]  This s anlike the prior art sitpation where reactant gas is added to pulse the
gas. By increasing the percentage of the inent gas in the chamber without increasing the
reactant gas flow into the chamber, embodiments of the invention achieve an on~rich

plasma to improve etch uniformity, directionality andVor selectivity.

{00047]  In an embodiment, the ratio is changed not by adding any 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. In this

embodimoent, the chamber pressure would inberently reduce duning the second phase.

]
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[00048]  Alternatively or additionalily, the ratio of reactant gas(es) to mert gas{es) may
be changed by increasing the inert gas(es) flow into the chamber while keeping the
reactant gas(es) flow into the chamber either constant or by reducing the reactant gas(es)
flow (but not by increasing the reactant gases flow mto the chamber). In an embodunent,
the flow of mnert gas is increased to offset the reduction in the flow of reactant gas. In this
embodinent, the chamber pressure remains substantially the same during the first and
second phases. In another embodiment, the flow of nert gas 15 tncreased but 13
insufficient 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 embodiment, the
flow of inert gas 18 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.

[00049]  As mentioned, in 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% to about 100%, wherein X is the percentage of inert gas{es) to total gas
flow that is present when the plasma chamber is stabilized for processing or the
percentage of inert gas{es) to total gas flow that is present during the first phase, Ina
more preferred embodiment, the percentage of inert gas{es) to total gag{es) flowed mto
the chamber may vary from about 1.1 X to about 100%. In a preferred embodiment, the
percentage of inert gas{es) to total gas(es) flowed into the chamber may vary from abouwt

1.5 X to about 100% duning the second phase.

{00030]  The gas pulsing rate is linuted at the high end (upper frequency himit) by the
residence time of the gas in the chamber. As mentioned, for example, residence time
typicatly ranges in the tens of milliseconds for a capacitively coupled chamber. In
another example, residence time typically ranges in the tens of mulliseconds to hundreds
of milliseconds for an inductively conpled chamber, Also as mentioned, in one or more
embodiments, the gas pulsing period may range from 10 milliseconds to 50 seconds,
more preferably from 50 milliseconds to about 10 seconds and preferably from about 500

milliseconds to about § seconds.
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[00051]  In one or more embodiments, the ment gas added during the second phase of
the periodic puising may be the sante inert gas or a different inert gas with different
chemical composition and/or different copstituent gases. Alternatively or additionally,
the duty cycle of the gas pulsing rate may vary from 1% to 99%. Altematively or
additionally, the gas pulsing rate may be chitped, Le., may change, during processing.
For example, the gas pulsing may be done with a 5-second gas pulsing period with a 40%
duty eycle and then switched to a 9-second gas pulsing pertod with either the same 40%
duty cvcle or a different duty cvcle. The chirping may be done peniodically in
accordance with a chirping frequency (such as 20 second chirping frequency wherein the

gas pulsing frequency may be changed every 20 seconds).

[00052] Fig. 6 shows, m accordance with one or more embodiments of the invention,
the steps for performung as pulsing. The steps of Fig. 6 may be executed via software
under control of one or more computers, for example. The software mav be stored in a
computer readable medivm, including 8 non-transitory computer readable medium in one

or more embodiments.

[O0053]  In step 602, a substrate is provided in a plasma processing chamber, In step
604, a plasma 13 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 1o regctant gas flow s
increased i one phase of the gas pulsing without increasing the reactant gas fow into the
chamber. In step 608, the ratio of inert gas flow to reactant gas How is decreased, relative
to the ratio of inert gas flow to reaciant gas flow of step 606, in another phase of the gas
pulsing without mcreasing the reactant gas flow into the chamber. In various
embodiments, the ratio of mert gas flow to reactant gas flow i step 608 may be the
substantially the same gs the ratio of inert 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 s processed while the
gas 13 pulsed by having the aforementioned inert-to-reactant fow ratio fluctuates

periodically with the ratios of steps 606 and 608.

{00054]  Figs. 7A and 7B dlustrate, in accordance with embodiments of the invention,

different example variations of the gas pulsing scheme discussed i connection with Fig.
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6. Inthe example of Fig. 7A, cases A, C, D, and E represents the various ratio of mext
¢as to reactant gas. In case A, the ratio of inert gas {I) 1o reactant gas (R) s 3.7, for
gxample. In case B, the ratio of inert gas to reactant gas is 8:1, for example. In case C,
the ratio of inert gas 1o reactant gas 1s 1:9, for example. In case I, the gas flow into the
chamber is essentially all inert. While example ratio values are given, the exact values of
the ratios are ondy iHustrative; the important point is that these cases all have different

tatios relative to one another,

{00035] In Fig. 7B, an example pulsing 702 may be ADAD in 1 prefarred embodiment
where the gas pulse may fluctuate periodically between case A and case D of Fig. 7A and

repeat.

{00056]  Another example pulsing 704 may 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.

{00057  Anocther 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.

{00058]  Another example pulsing 708 may be ABABAB/CDCD/ABABAB/CDCD
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.

{00059]  Another example pulsing 710 may be
ABABAB/CDCD/ADAD/ABABAB/CDCIYADAD where the gas pulse may fluctuate
periodically between case A and case B of Fig. 7A, then between cases C and D of Fig.
7A, then between cases A and D of Fig. 7A and then back to cases A and B of Fig. 7A

and repest.
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[00060]  Other examples may include 4 phases sach as ABAB/CDCD/ADAD/ACAC
and repeat. The complex pulsing is highly advantageous for processes involving, for

example, in situ etch-then-clean or multi-step eiches, ete.

{00611  In another embodiment, the gas palsing of Figs 6, 7A and 7B may be
combined with asynchronous or synchronous puising of the RF bias signal that is
supplied to the powered electrode. In an example, when the gas is puised to a high inert
gas percentage or 100% or pear 100% mert gas percentage in one phase of the gas
mulsing cvele, the RE bias signal is pulsed high. When the gas is pulsed o0 a lower mert
gas percentage in another phase of the gas pulsing cycle, the RF bias signal is pulsed low
or zero. In vartous embodiments, the pulsing frequency of the R¥ bias signal may be the
same or different compared to the pulsing frequency of the gas pulsing. In various

embodiments, the duty cvcle of the RF bias signal may be the same or different compared

RF bias signal pulsing and the gas pulsing if desired.

[00062]  In each of the gas pulsing examples, the pulsing frequency, the number of
pulses, the duty cycle, etc., may be varied kept constant throughout the etch or nwy vary

periodically or non-periodically as required.

[00063]  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 already provided with pulsing valves or pulsing
mass flow controllers, the implementation of gas-pulsing in accordance with Figs. 6-
7A/78 and the discussion herein may be achieved without requining expensive hardware
retrofitting. Further, i RF pulsing is 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 requuring expensive hardware retrofitting.  Current tool owners may
feverage on existing etch processing systems to achieve improved etches with munor
software upgrade and/or minor hardware changes. Fuorther, by baving mmproved andfor
more granglar control of the ton-to~radical flux ratios, selectivity and uniformity and

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

{ALE} may be more efficiently achieved.

[00064]  In one or more embodiments, mixed mode pulsing (MMP) etching is
disclosed whereby the etching involves repeating a multi-step sequence, each sequence
mvolving at least an MMP preparation (MMPP) phase and an MMP reactive (MMPR}
phase. The mixed mode pulsing is configured to more fully separate ions and neutral
radicals temporally (1.e., in time) m sitw 0 a production inductively coupled plasma (ICP,
also known as TCP or transformer coupled plasma in some instances) chamber or ina

capacitively coupled plasma (CCP) chamber.

{00063]  To clanty, the MMP etching 1s practiced i a production inductively coupled
plasma {(1CP) chamber to accomplish, for example, atomic layer siching (ALE} or very
precise eiching of the type that typically requires the use of another chamber (suchas a
beam-type chamber) in the prior art. The fact that the inventive MMP etching allows
such atomic layer etching (ALE} or precise layer-by-layer etching ia the production ICP
chamber substantially improves the overall throughput since there is no need to transfer
the substrate from the production chamber into another chamber for such ALE or precise
layer-by-layer etching. The inventive MMP etching also elinunates the need for
specialized ALE or layer-by-laver etching equipment, thereby reducing manufacturing
cost. MMP etching is also employed in a production ICP chamber to accomplish high

selectivity etching, as will be discussed later hevein.

[00066]  To clanify, an ICP chamber, which construction is well known, involves the
use of at least one RF-powered inductive coil for inductively coupling, through a
diclectric window, RF energy to a plasma clond formed from reactant and other gases.
The plasma cloud is disposed below the diclectric window but above a substrate for
etching the substrate. The substrate stself is disposed on a work piece holder, typically an
ESC chuck for example. The work piece holder may also be sapplied with s own RF
signal{s), if desired. RF energy provided to the work prece holder is known as bias
power. P chambers are comunonly emploved for producing sabstrates in today’s IC

(integrated circnit) fabrication facilities and are suitable for high throughput.
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[00067]  In one or more embodiments, the MMP preparation phase involves using
plasma o generate radicals {also known as neutrals) from reactant gases. No bias power
is appiied to the substrate work piece holder in one embodiment. The elimination or
minimal usage of bias power is critical for reducing the wfluence of ions dusing the

MMP preparation phase.

{00068} Using silicon etching as an example, the reactant gas may be chlorine (Cly),
for example. Depending on the material to be etched, other reactant gases mav be for
example CF, or CHF, (where x and v are wtegers), CHiCL, Ng, BCLy, Os, or other
conmenly used reactant gases for etching substrates. During the MMP preparation
phase, a plasma s formed from the reactant gas and allowed to adsorb into exposed top
laver of the silicon substrate. The MMP preparation phase 1s timed to allow the
adsorption to penetiate at least one atomic layer of silicon in one embodiment and
multiple atomic layers of silicon in anocther embodiment if a more aggressive etch is

desired.

[00069]  Parameters of the chambers are optimuzed to increase the speed of adsorption
without unduly removing the adsorbed SiCl layer in the MMP preparation phase. For
example, the inductive coil RF frequency may be different during the MMP preparation
phase relative to the MMP reactive phase to promote adsorption in one or more
embodiments. Allernatively or additionally, as another example, the substrate or the
substrate surface may be heated {or cooled) during the MMP preparation phase.
Alternatively or additionally, as another example, the inductive coil RF power may be
pulsed on and off {either symmetnically or non-symmetrically with respect to the duration
of the on and off cycles) to reduce ton energy andfor to promote adsorption. Inone or
more embodiments, inductive coil RF signal(s) may be chirped with different RF
frequencies during a single MMP preparation phase.

[00070]  Alternatively or additionally, as another example, the chamber gap between
the electrodes {of a variable gap chamber} may be set larger during the MMP preparation
phase relative 1o the MMP reactive phase in order to lower the fon energy level, reduce
self-bias, and/or reduce the influence of 1ons. Alternatively or additionally, as another

example, if jons are incidentally generated, the parameters may be adjusted so that the ion
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energy is below the level required o eich the adsorbed SiCl layer i one or more
embodiments. For example, chamber pressure may be kept high {e.g., above 40 mT in
one example etch) during the MMP preparation phase to reduce the ion energy in one or

more embodiments.

[00071]  In one or more embodiments, some non-reactive gas (such as argon) may be
allowed during the MMP preparation phase. However, such non-reactive gas flow during
the MMP preparation phase, if allowed, is set t© be lower than the amount of non-reactive
gas flow that occurs during the MMP reactive phase. The same non-reactive gas may be
employed in both the MMP preparation phase and the MMP reactive phase or different
non-reactive gases may be emploved. In other embodiments, the MMP preparation phase
mvolves only reactive gases {such as chlorine) and no non-reactive gases {such as argon)

is emploved during the MMP preparation phase.

{00072]  In one or more embodiments, different reactive pases may bhe enmployed
simultaneously during a single MMP preparstion phase. Alternatively, in one or more
embodiments, different reactive gases may be flowed in sequential order into the
chamber during the MMP preparation phase. This may be advantageous for etching
binary or other compounds. If desired, the chamber may be flushed with a non-reactive
gas (such as argon) in between the flowing of different reactive gases during the MMP
preparation phase.

{00073]  For ALE etches where a single gtomic layer etehing is desived or where
etching of a small number of atomic lavers is desired, #t is preferable that no bias power is
applied during the MMP preparation phase. In applications where & higher throughpot is
desired while maintaining precision, a small amount of bias power {relative 1o the bias
power applied doring the MMP reactive phase) may be apphied during the MMP
preparation phase to promote some implantation of the reactive species. If the small
amount of bias power is apphed during the MMP preparation phase, this bias power may
be kept constant during the MMP preparation phase or may be pulsed {either

asvachronously or synchronously with the indoctive coil RF pulsing) if desired..

{00074]  After the MMP preparation phase, there is an MMP reactive phase doring

which reactant gases arve not pernutied to be present in the chamber and a plasma is

=
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generated from non-reactive gases {such as inert gases) to form a plasma having a
specific on energy window. in the above-mentioned silicon example, argon may be
gmployed as the non-reactive gas during the MMP reactive phase. Alternatively or

additionally, the non-reactive gas(es) may be Xe, He, Ne or clusters of any of the above.

[00075]  Inthe MMP reactive phase, the ion energy of the Ar+ ions {which is generated
from non-reactive gases in the absence of reactant gases) is above the threshold required
o etch the adsorbed SiCl layer but desired to be below the threshold required to etch the
not-adsorbed S substrate below. For example, the 1on energy window may be between
S0eV and 70eV for etching silicon in one embodiment. This is one aspect of the self-
fimiting feature of one embodiment of the MMP etching that permits precise control of
the etching and causes the etching to stop when the adsorbed layer i3 all etched away.
Another aspect of the self-limiting feature of ong embodiment of the MMP etching is
control of the depth of the adsorbed SiCl ayer during the MMP preparation phase, in one
or more embodiments. Another aspect of the self-limiting feature of one embodiment of
the MMP etching 15 the length of time of the MMP reactive phase to ensure that only
some or all of the adsorbed SiCH fayer is removed and the underiving Si material s not
ctched, Another aspect of the self-hmiting feature of one embodiment of the MMP

etching 1¢ the length of time of the MMP preparation phase.

[00076]  Of significant note 1s the fact that the bias power 1s tured on during the MMP
reactive phase {in contrast, the bias power is preferably completely off during the MMP
preparation phase or is tumed on o a level lower than the bias power level in the MMP
reactive phase to help ensure that the ion energy remains below the threshold for won-
mduced etching of the adsorbed layer). Other parameters of the chamber may be
optimized to promote the directional eiching of the adsorbed SiC1 layer by the plasma
that is formed from the non-reactive gas. For example, the chamber pressure may be
reduced 1o the MMP reactive phase (relative to the lugher chamber pressure of the MMP
preparation phase) in order to reduce the number of collisions, thereby reducing the angle
distribution of the ions and resoling in a more divectional etch. As another example, the
bias power may be pulsed on and off multiple tmes during a single MMP reactive phase.
Alternatively or additionally, as another example, the RF inductive coil power may be

pulsed on and off multiple times during a single MMP reactive phase.
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[00077]  Alternatively or additionally, as another example, both the bias power and the
RF mductive coll power may be pulsed nuidtiple times, either synchronously or
asynchronously relative to one another, during a single MMP reactive phase.
Alternatively or additionally, as another example, the inductive coll RF fiequency may be
different (such as higher to increase the ion energy distribution function) during the MMP
reactive phase relative to the MMP preparation phase. In an example, the MMP reactive
phase may employ 60 MHz for inductive coil RF signal while the MMP preparation
phase may employ 13.56 MHz for the inductive coul RF signal during the MMP reactive
phase. Alternatively or additionally, as another example, the bias RF andfor the inductive
coif RF may be chirped with different RF frequencies during a single MMP reactive
phase. Alternatively or additionally, a tatlored bias waveform may be smployed during
the MMP reactive phase to reduce the fon energy. To elaborate, a tailored bias wavetorm
is an RF bias signal having a waveforn tailored or shaped {e.g., clipped or modified) in

order to optimize or regulate the ion energy).

[00078]  The MMP preparation phase and the following MMP reactive phase form a
cvele, which cycle may be repeated a number of times until etching is deemed completed.
To ensure complete or substantiglly complete removal of the reactant gas from the
chamber prior to the MMP reactive phase, an MMP transition phase may {but not
required in all cases) be mterposed in between the MMP preparation phase and the MMP
reactive phase to, for example, facilitate more complete removal of the reactant gas(es)
and/or to stabilize and/or prepare the chamber for the MMP reactive phase. Alternatively
or additionally, another transition phase may be employed in between the MMP transition
phase of a preceding oyele and an MMP preparation phase to stabilize and/or prepare the

chamber for the MMP preparation phase, in ene or more embodiments.

{00079]  Because of the need to perform the MMP reactive phase without using
reactant gases (or as little reactant gas as possible compared to the MMP preparation
phase), a it is tmposed on how fast the etch can be pulsed between the MMP
preparation phase and the MMP transibion phase. Since i {akes some finite amount of
time to evacuate a gas from a chamber, the transition between the MMP preparation
phase and the MMP reactive phase is linited, in one embodiment, by the gas residence

time of the chamber, which can be readily calculated by one skilled in the art. As
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mentioned, an MMP transition phase may be employed {(bat not recuured in all cases) in
between the MMP preparation phase and the MMP reactive phase to help prepare the
chamber for the MMP reactive phase (such as to ensure that all reactive pases are

removed or to stabihize the chamber in one embodiment).

[00080]  In one or more embeodiments, the MMP preparation phase may be between
abeut .01 second to about 3 seconds, more preferably from 0.2 second te about 1
second. 1n one or more embodiments, the MMP reactive phase may be between about
0.01 second 1o about § seconds, more preferably from 0.05 second to about 1 second. In
one or mwore embodunents, the switching rate may be around 1Hz, Thisis a
differentiation from techniques that involve synchronous or asynchronous pulsing of the
TCP and/or TCP/bias power that does not take gas residence time mnto consideration
and/or does not invalve the removal of reactant gases from the chamber during the MMP

reactive phase.

[OD081]  Note that the use of a gnid or some other structures to accelerate the ions
toward the substrate is not necessary, in one or more embodiments. Also note that the
MMP preparation and etching phases are advantageously performed completely in situ in

the same ICP chamber that is employed for cther substrate processing steps.

{00082]  In one or more embodiments, the MMP reactive phase may be timed or may
be terminated responsive to chamber monitoring (using for example optical emission
spectroscopy techniques). In one or more embodiments, the reactive etching doring the
MMP reactive phase is allowed to etch only a single atomic layer (ALE). In this
example, the adsorption may be controlled such that the adsorbed layer is around one
atomic laver thick. In one or more embodiments, the reactive etching during the MMP
reactive phase is allowed to proceed to etch thorough multiple atomic layers of the
adsorbed substrate surface. In one or more embodiments, parameters of the chamber may
be adjusted such that there is a bulk MMP reactive eich, followed by a more precise but

slower monolayer MMP reactive etch during a single MMP reactive phase.

[00083]  In one or more embodiments, MMP etching is employed to improve
selectivity. Up 1o now, the MMP etching example involves a single material (such as

sihicon i the example). As mentioned above, the selection of the reactant gas during the
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MMP preparation phase mrvolves selecting a suitable reactant gas for etching silicon
{such as Ch), and the configuring of the ion energy level during the MMP reactive phase
mvolves selecting an ion energy level suitable for etching the adsorbed S:iCl layver but not

the bulk non-adsorbed 51 matenal below.

[00084]  To improve selectivity between two materials when etching a substrate, the
reactant gas may be chosen {for use during the MMP preparation phase} such that the
regotant gas forms a plasma that favors adsomption into one material over the other
material. Addiwonally or aliernatively, the gas chosen may be adsorbed onto both
materials but favors the formation of volatile compounds on one material over the other
material. Additionally or alternstively, the gas chosen may cause deposition more on one
material than on another material. Additionally or alternatively, the gas chosen may
decrease the bonding strength at the surface of one material to a greater extent than the
alternatively, the ton energy during the MMP reactive phase may be chosen to more
aggressively etch one material over another matenial. An example of this MMP
selectivity etching is etching polvsilicon but not oxide. n this case, the reactant gas may
be chosen 1o be Cl; during the MMP preparation phase, which does not tend to eteh oxide
based on chemistry considerations alone, and the 1on energy threshold during the MMP

reactive phase may be 70eV for polysilicon and 80eV for oxide, for example.

[00083]  Fig. 8 shows, in accordance with an embodiment of the invention, conceptual
MMP etching cycles (showing species density versys time) for the silicon etching
example, with each cycle mvolving at least an MMP preparation phase and an MMP
reactive phase. With reference to Fig. 8, an MMP etching cycle 302 involves at least an
MMP preparation phase 804 and an MMP reactive phase 806, Chamber and gas
conditions for each of MMP preparation phase 804 and MMP reactive phase 806 we
discussed above. Of significant note 15 the fact that vadicals and ions are separated m
time, with a high amount of radicals and substantially no ons during the MMP
preparation phase 804 and high amount of tons and substantially no radicals during the

MMP reactive phase §06.
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[00086]  Fig. 9 shows, i accordance with ap embodiment of the invention, other
conceptual MMP etching cycles where some fons exist in the MMP preparation phase
904. lons may be present as an unintended side-effect of plasma generation but is kept
below (by manipulating chamber parameters) the threshold 1on energy level necessary to
etch the adsorbed SiC1 surface during the MMP preparation phase 904. Ions may also be
ntentionally introduced by employing some small amount of bias power to promote
implantation as discussed earlier. Nevertheless, the ion energy is kept below the
threshold ion energy level necessary to etch the adsorbed surface during the MMP

preparation phase.

{00087]  During the MMP reactive phase 906, reactant gas is excluded from the
chamber and preferably substantially no reactants are present in the chamber during the
MMP reactive phase 906, Chamber and gas conditions for each of MMP preparation
phase 904 and MMP reactive phase 906 are discussed above. As mentioned earher, an
MMP transition phase mav be interposed between MMP preparation phase 904 and MMP
regctive phase 206 if desired. Altermatively or additionally, another MMP transition
phase may be interposed between preceding MMP reactive phase 200 and the MMP

preparation phase 908 of the next MMP cyele.

{00088] Fig. 10 shows, in accordance with an embodiment of the invention, a method
for performing MMP etching in a production ICP chamber. In step 1000, & substrate is
provided in the production ICP chamber to prepare for the in situ MMP eich. It should be
understood that the substrate may have been disposed in the chamber for some time and
other processing steps {such as bulk etch) may have already taken place prior to the MMP
eiching. In step 1002, the chamber is configured to operate i the MMRP preparation
phase. Intlus MMP preparation phase, reactant gas is allowed to adsorbed into the
substrate surface with the assistance of plasma. The depth of adsorption 1s controlled to
form one aspect of the seli-hmiting etch {to be performed during a subsequent MMP
reactive phase). Other alternative or additional chamber conditions for the MMP

preparation phase are discussed above.

{0008%]  In step 1004, the chamber is configured to etch the substrate in the MMP

reactive phase. In this MMP reactive phase, reactant gas 15 excluded from the chamber

i
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and the bias power 13 increased {or turned on} to promote plasma-assisted removal of the
adsorbed layer{s} using a plasma formed from inert gas(s). The ion energy during the
MMF reactive phase is set to be higher than the level necessary to eich the adsorbed layer
bt tower than the level necessary to eteh the non-adsorbed layer undemeath, thereby
essentially setf-limit the eteh. Other alternative or additional chamber conditions for the
MMP reactive phase is discussed above. The MMDP cvele inclading at least the MMP
preparation phase and the MMP reactive phase is repeated (1012) until the MMP etch is
deemed (1006) completed (1008},

f00090]  As can be appreciated from the foregoing, embodiments of the MMP etch are
highly suitable for ALE etch or precise etches (such as etches for fabrication 3-ID logic or
memory devices or MRAM) or high selectivity etches. Furthermore, embodiments of the
invention reduce substrate damage and result in a flat etch front. The self-limiting pature
and/or high selectivity of the MMP eteh helps reduce structural damage to laver(s) or
structure(s) that should not be etched. In some cases, the self-limiting nature of the MMP
etch helps improve eich precision and/or etch profile andfor may reduce the need for

overetching.

[00091]  While this invention has been described in terms of several preferred
emnbodiments, there are alterations, permutations, and equivalents, which fall within the
scope of this ivention. For example, althoogh the MMP etch has been disclosed using
an ICP chamber example, MMP etching may be performed in a capacitively coupled
plasma (CCP) chamber if desired. With respect to the MMP eich, when the etch is
performed in a capacitively coupled plasma chamber, the supplied higher RF frequency
may be considered the source RF and the supplied lower RF frequency may be
considered the bias RF irrespective whether these RF signals are provided to only one

plate of the chamber or sphit up among the plates of the chamber.

{00092]  As another example, the palsing techmques discussed 1o the figures may be
combined in any combination to suit the requirement of a particular process. For
example, the duty cycle variance may be practiced with techniques discussed with any
one {or part of any one or a combination of multiple oues) of the figures. Likewise, the

frequency chuping may be practiced with techniques discussed with any one {or part of
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any one or a combination of multiple ones) of the figures andior with duty cvcle variance,
Likewise, mert gas substitution may be practiced with techniques discussed with any one
{or part of any one or a combination of multiple ones) of the figures and/or with duaty
evele vanance andfor with frequency chivping., The pomt is although techmques are
discussed tndividually and/or in connection with a specific figure, the various techniques

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

[00093]  Although various examples are provided herein, it is intended that these
examples be illustrative and not limuting with respect to the invention. Also, the title and
swnmary are provided herein for convemence and should not be used to construe the
scope of the claims herem. I the term “set” is emiployed herein, such term is intended to
have its commoaly undersicod mathematical meaning o cover zero, one, or more than
one member. It should also be noted that there are many alternative ways of

mmplementing the methods and apparatuses of the present invention,
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CLAIMS

‘What 15 claimed is

1. A method for processing a substrate inn a plasma processing chamber of a plasma
processing systen, said plasma processing chamber having at least one plasina generating
source and at least a reactive gas source for providing at least a first reactive gas into an

gas souree for

€
=

intertor regron of said plasma processing chamber and a non-reactive
providing at least a first non-reactive gas said interior region of said plasma processing
chamber, conprising:

{ay  disposing said substrate on a work piece holder within said inerior region;

{by  performing a mixed-mode pulsing (MMP) preparation phase, including
flowing said first reactive gas into said interior region, and
forming a first plasma with at least said first reactive gas to process said

substrate with said first plasma,;

{¢}  performing a mixed mode pulsing (MMP) reactive phase, including
flowing at least saud first non-reactive gas into said interior region, and
forming a second plasma with at least said first non-reactive gas to process

said substrate with said second plasma, wherein said second plasma is formed with a flow
of said first reactive gas during said MMP reactive phase that 1s less than a flow of said
first reactive gas during said MMP preparation phase; and

{dy  repeating said steps (b) and {¢) for a plurality of times.

2. The method of claim 1 wherein no fust reactive gas is flowed into said intertor

region during said MMP reactive phase.

3. The method of claim | wherein said plasma processing chamber represents an

mductively coupled plasma processing chamber.

4. The method of claim 1 wherein said plasma processing chamber represents a

capacitively coupled plasma processing chamber.
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s The method of claim I wherein satd non-reactive gas source further provides a
second non-reactive gas, wherein said second non-reactive gas 1s flowed into said interior

region during said MMP preparation phase.

6. The method of claim I wherem satd first non-reactive gas s also flowed into said

terior region during said MMP preparation phase.

7. The method of claim | wherein no bias power 1s apphed to said work piece holder

during said MMP preparation phase.

8. The method of claim 7 wherein bias power having a bias power level greater than

zero is applied to said work piece holder during said MMP reactive phase.

9. The method of claim | wherein said at least one plasma generating source is
excited with a first RF signal having a first RF frequency during said MMP preparation
phase, said at least one plasma generating source s excited with a second RF signal
having a second RF frequency that is different from said first RF frequency during said

MMP reactive phase.

10.  The method of claim 1 wherein satd at least one plasma generating source 18
excited with a first RF signal having a first RF frequency during said MMP preparation
phase, said first RF signal representing a pulsed RF signal.

11, The method of claim I wherein said at Ieast one plasma generating source is
excited with a first RF signal having a first RE frequency durmg said MMP preparation

phase, said first R¥F signal representing an RF signal having chirped frequencies,

12, The method of claim 1 further comprnising flowing a second reactive gas different

from sard first reactive gas mito said intenior region during said MMP reactive phase.
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13, Themethod of claum 12 wherein no first reactive gas s flowed during said MMP

reactive phase.

14, The method of claim 1 wherein a first bias power is applied to said work piece
holder during said MMP reactive phase and a second bias power having a different power
fevel from a power level of said first bias power is applied to said work piece holder

during said MMP reactive phase,
2 2

15, The method of claim 14 wherein said power level of said second bias power is

higher than said power level of said first bias power,

16, The method of claim 1 wherein said plasma processing chamber is configured
during said MMP reactive phase to generate non-regetive ions having a level of ion
energy that is higher than required 1o etch adsorbed laver on a surface of said substrate
but insufficient to eich non-adsorbed laver of said substrate, the adsorbed layer formed

during said MMP preparation phase,

17 A method for processing a substrate in an inductively coupled plasma processing
chamber of a plasima processing system, said plasma processing charmaber having at least
one inductive antenna and at least a reactive gas source for providing at least a frst
regctive gas mto an interior region of said plasma processing chamber and a non-reactive
gas source for providing at least a first non-reactive gas said intenor region of said
plasma processing chamber, comprising:
{a}  disposmyg saud substrate on a work prece holder within said intenior region;
(b}  perfornung a mixed-mode pulsing (MMP) preparation phase, inclhuding
flowing said first reactive gas into said interior region, and
forming a first plasma with at teast said first reactive gas to process said
substrate with said first plasma;
{c) performing a muxed mode pulsing {(MMP) reactive phase, including

tlowing at least said first non-reactive gas inlo said interior region, and

g
~
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forming a second plasma with at least said [irst non-reactive gas to process
satd substrate with said second plasma, wherein said second plasma is formed with a flow
of said first reactive gas during sald MMP reactive phase that is less than a flow of said
first reactive gas during said MMP preparation phase, wherein said plasma processing
chamber is configured during satd MMP reactive phase to generate non-reactive ions
having a level of ion energy that is higher than reguired to etch adsorbed layeron a
surface of said substrate but insufficient to etch non-adsorbed laver of said substrate, the
adsorbed layer formed during said MMP preparation phase; and

{d)y  repeating said steps (b} and {c) for a plurality of times.

18.  The method of claim 17 wherein no first reactive gas is flowed into said interior

region during said MMP reactive phase.

19, The method of claim 17 wherein no bias power is applied to said work piece

holder during said MMP preparation phase.

20.  The method of claim 19 wherein bias power having a bias power level greater

than zero is applied 1o said work piece holder during said MMP reactive phase.

21, The method of claim 20 wherein satd blas power is pulsed during said MMP

resctive phase.

22, The method of claim 17 wherein said at least one inductive antenna is exciied
with a first RF signal having a first RF frequency doring said MMP preparation phase,
satd at least one nductive antenna 13 excited with a second RF signal having a second RF

frequency that is different from said first RF frequency during said MMP reactive phase.
23, The method of claum 17 wherein said at {east one indactive antenna is excited

with a first RF signal baving a first RE frequency during said MMP preparation phase,

said first RF signal representing a pulsed RF signal.
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24, The method of claum 17 wherein said at {east one mnductive antenna is excited
with a first R¥F signal having a first RF frequency during said MMP reactive phase, said

first RF signal representing a pulsed RF signal.
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