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MIXED MODE PULSING ETCHING IN PLASMA

PROCESSING SYSTEMS

PRIORITY CLAIM

[0001] This application claims priority under 35 USC. 119(e) to a commotity-owned
provisiona patent application entitled "MIXED MODE PULSING ETCHING IN
PLASMA PROCESSING SYSTEMS', OS Application Number 61/581,054, filed on
December 28, 201} by Keren Jacobs Kanarik ail of which are incorporated herein by

reference.

BACKGROUND OF THE INVENTION

[0002] Plasma processing systems have long bee: employed to process substrates
(e.g., wafers or flat panels or LCD panels) to form integrated circuits or other electronic
products. Popular plasma processing systems may include capacitively coupled plasma
processing systems (CCP) or inductively coupled plasma processing systems (ICP),
among others.

[0003] Generally speaking, plasma substrate processmg involves a balance of ions
and radicals (also referred to as neutrals). Aselectronic devices become smaller and/or
more complex, etching requirements such as selectivity, uniformity, high aspect ratio,
aspect dependent etching, etc., have increased. While it has been possible to perform
etches on the current generation of products by changing certain parameters sich as
pressure, RF bias, power, etc., the next generation of smaller and/or more sophisticated
products demand different etch capabilities. The fact that ions and radicals cannot be
more effectively decoupled and independently controlled mthe current art has limited
and i1 some cases made it impractical to perform some etch: processes to manufacture
these smaller and/or more sophisticated electronic devices in some plasma processing

systems.
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[0004] I the prior art, attempts have been made to obtain plasma conditions to
modulate the ion-to-radical ratio at different times during an etch. In aconventiona
scheme, the source RF signal may be pulsed (e.g., on and off) in order to obtain aplasma
that has the normal ios to neutral flux ratio during one phase of the pulse cycle {e.g., the
pulse on phase) and aplasma with lower ion to neutral flux ratio during another phase of
the pulse cycle (e.g., during the pulse off phase). it isknown that source RF signal may

be pulsed synchronously with bias RF signal.

[0003] However, it has been observed that while theprior art pulsing has, to some
extent, resulted i aternate phases of normal ion to neutral flux ratio plasmas at different
points in tinte aitd has opened up the operating window for some processes, larger

operating windows are still desired.

BRIEF DESCRIPTION OF THE DRAWINGS

f0006] The present invention isillustrated 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 which:

[0007] Fig. 1shows, in accordance with one or more embodiments 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.

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

another example combination pulsing scheme.

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

yet another example combination poising scheme.

[000183]  Fig. 4 shows, in accordance with one or more embodiments of the invention,

other possible combinations for the combination pulsing scheme.
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[000t1]  Fig. 5shows, in accordance with one or more embodiments of the invention,

the steps for performing combination pulsing.

[00012] Fig. 6 shows, in accordance with one or more embodiments of the invention,

che steps for performing gas pulsing.

[00013] Figs. 7A and 7B illustrate, in accordance with embodiments of the invention,
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 cycles for the siiicon etching example, with each cycle involving & least an

MMP preparation phase and an MMP reactive phase.

[00015]  Fig. 9 shows, in accordance with an embodiment of die invention, other

conceptual M MP etching cycles where someions exist in the MMP preparation phase.

[00016] Fig. JOoshows, in accordance with an embodiment of the invention, a method

for performing MMP etching in aproduction 1CP chamber.

b
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DETAILED DESCRIPTION OF EMBODIMENTS

[00017]  The present invention will now be described in detail with reference to afew
embodiments thereof asillustrated in the accompanying drawings. In the following
description, numerous specific details are set forth in order to provide athorough
understanding of the present invention. it will be apparent, however, to one skilled in the
art, that the present invention may be practiced without some or all of these specific
details. In other instances, wetl known process steps and/or structures have not been
described it detail h order to not unnecessarily obscure the present invention.

[00018]  Various embodiments are described hereinbelow, including methods and
techniques it should be kept in mind that the invention might also cover articles of
manufacture that includes a computer readable medium on which computer-readable
instructions for carrying out embodiments of the inventi ve technique are stored. The
computer readable medium may include, for example, semiconductor, magnetic, opto-
magnetie, 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 invention. Such apparatus may include circuits, dedicated and/or
programmabl.e, to carry out tasks pertaining io embodiments of the invention. Examples
of such apparatus include 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.

[0031%]  Embodiments of the invention related to a combination pulsing scheme that
pulses the input gas (e.g., reactant gases and/or inert gases) using afirst pulsing
frequency and the source RF signdl at a different second pulsing frequency. Although an
inductively coupled plasma processing system and an inductive RF power source are
employed to discuss in the examples herein, it should be understood that embodiments of
the invention apply equally to capacitively coupled plasma processing systems and

capacitive RF power sources.

SUBSTITUTE SHEET (RULE 26)



WO 2013/098702 PCT/IB2012/057385

[00020]  In one or more embodiments, the input gas ispulsed at aslower pulsing
frequency, and the Inductive source RF signa ispulsed & adifferent, faster pulsing
frequency in an inductively coupled plasma processing system. [For example, if the
inductive source RF signal is at .13.56 MHz, the inductive source RF signal maybe
pulsed at, for example, 100 Hz while the gasispulsed at adifferent pulsing rate, such as
1Hz.

[00021] Thus, a complete gas pulse cycle is 1second.in this example. |f the gas
pulsing duty cycle is 70%, the gas may be or for 70% of the }-second gas pulsing period
and off for 30% of the 1-second gas pulsing period. Since the source RF signal pulsing
rate is 180 Hz, a complete RF signal pulsing period is 10 ms. If the RF pulsing duty
cycle is40%, the RF on-phase (when the 13.56 MHz signal ison) is 40% of the 10 ms
RF pulsing period and the RF ff phase (when the 13.56 MHz signal is off} is 60% of the
16 ms RF pulsing period.

[00022]  In one or more embodiments, the inductive source RF signal may be pulsed
with two different frequencies while the gas ispulsed at its own gas pulsing frequency.
For example, the aforementioned 13.56 MHz RF signal may be pulsed not only a
frequency fl of 10 Hz but amy 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 fl
pulse, the on-phase of 1 is40% of 18msor 4ms. However, during that 4ms on-phase of
fl, the RF signal may also be pulsed a adifferent, higher frequency of f2 (such as at 400
Hz).

[00023] Embodiments of the invention contemplate that the gas pulses aid RF pulses
may be synchronous (i.e., with matching Leading edge and/or lowering edge of the pulse
signals) or may be asynchronous. The duty cycle may be constant or may vary in a
manner that isindependent of the other pulsing frequency or hi & manner that is

dependent oz the other poising frequency.

[00024]  inone or more embodiments, frequency chirping may be employed. For
example, the RF signal may change its fundamental frequency in a periodic or non-
periodic manner so that during a phase or aportion of aphase of any of the pulsing

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

2]
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MHz versus 13.56 MHz) may be employed. Likewise, the gas pulsng frequency may be

changed with time in aperiodic or non-periodic manner if desired.

[00025] in one or more embodiments, the aforementioned gas and source 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 biasto the electrode, pulsing of the
multiple RF frequencies at different pulsing frequencies, changing the phase of any of the

parameters, etc.)

[00026] The features and advantages of embodiments of the invention may be better

understood with reference to the figures and discussions that follow.

[00027]  Fig. 1shows, in accordance with an embodiment of the invention, an exampie
combination puismg scheme ‘where the input gas (such asreactant gas and/or inert gas)
and the source RF signal are both pulsed, albeit at different pulsing frequencies. inthe
example of Fig. 1, the input gas 1{}2 is pulsed at agas pulsing rate (defined as 1/,

where ¥ , isthe period of the gaspulse) of about 2 seconds/pulse or 2 MHz.

[00028] The TCP source RF signa 1{4 of 13.56 MHz ispulsed at a RF pulsing rate
(defined as 17T, where % , isthe period of the RF pulsing). To clarify the concept of
RF pulsing herein, the RF signal is on (such asthe 13.56 MHz RF ssgnal) during the time
period 120 and the RF signal isoff during the time period 122. Each of the gas pulsing
rate and the RF pulsing rate may have its own duty cycle (defined as the pulse on-time
divided by the total pulsing period). There are no requirements that the duty cycle hasto
be 50% for any of tlxe pulse signals, and the duty cycle may vary as needed for a

particular process

[00029] in an embodiment, the gas pulsing and the RF signal pulsing are a the saine
duty cycle Inanother embodiment = the gas pulsing and the RF signal pulsing are at
independently controllable (and may be different) duty cycles to maximize granular
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
leading and/or trailing edges of che gas pulsing signal and the RF pulsing signal may be

asynchronous.
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[00030] In Fig. 2,the gasinput 202 ispulsed at its own gas pulsing freguency.
However, the source RF signd 204 may be pulsed with two different frequencies while
the gas ispulsed at its own gas pulsing frequency (defined as Jlfi‘gi,, where Tg, isthe

per od of the gas pulse). For example, the RF signal may be pulsed not only at frequency
fl (defined as 1/Tn from the figure) but may also he pulsed with &different, higher
frequency during the on-phase of f1 pulsing. For example, during this on-phase of fi
pulsing, the RF signal may be pulsed at a different pulsing frequency f2 (defined as /T

from the figure).

[0003%] inFig. 3,the gasinput 302 ispulsed at its own gas pulsing frequency.
However, the source RF signal 304 may be pulsed with three different frequencieswhile
the gas ispulsed at its own gas pulsing frequency. For example, the RF signal may be
pulsed not only at frequency fl (defined as 1/Tn f om the figure) but may also be pulsed
with adifferent, higher frequency during the on-phase of fl pulsing. Thus, during this
on-phase of f1pulsing, the RF signal may hepulsed at adifferent pulsing frequency £2
(defined as i f"TB from the figure. During the off-phase of fi. pulsing, the RF signal may
he pulsed at adifferent pulsing frequency f3 (defined as /TR from the figure).

[00032] Additionally or alternatively, although the duty cycle is shown to be constant
in the examples of Figs. 1-3, the duty cycle may also vary, in aperiodic or non-periodic
manner and independently or dependency 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 asynchronous with respect to phase of any one of the

pulsing signals (whether gas pulsing signal, R- pulsing signal, or otherwise).

[00033] Inone 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 in Fig. 1), and the duty cycle
of the RF pulsing is set to be another differeiit value during the off-phase of the gas pul se
(e.g., 156 of Fig. 1). In apreferred 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 in Fig.
1) and the duty cycle of the RF pulsing is set to be alower value during the off-phase of
the gas pulse (e.g., 156 of Fig. ). It is contemplated that this RF pulsing duty cycle

embodiment wherein the duty cycle is higher during the on phase of the gas pul sing and

-3
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lower during the off phase of the gas pulsing is advantageous for some etches. ltis
contemplated 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
isadvantageous for some etches. Astheterm is employed herein, when asigna is
pulsed, the duty cycle isother than 100% during the time when the signal is pulsed (i.e.,

pulsing and "aways on" are two different concepts).

[00034] Additionally or alternatively,, frequency chirping may be employed 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 RF pulsing signal
in Fig. 4 below.

[00035] in one or more embodiments, the gasispulsed such that during the gas
pulsing on phase, reactant gasies) and inert gas(es) (such as Argon, Helium, Xenon,
Krypton, Neon, etc) are as specified by the recipe. During the gas pulsing off phase, at
least some of both the reactant gasies) and inert gas(es) may be removed. In other
embodiments, at least some of tire reactant gas(es) isremoved and replaced by inert
gas(es) during the gas pulsing off phase. In an advantageous, at least some of the reactant
gasf es) isremoved and repl.aced by inert gas(es) during the gas pulsing off phase to keep

the chamber pressure substantially the same.

[00036] Inone or more embodiments, during the gas pulsing off 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 isthe percentage of inert gasies) to total gas flow that is
employed during the gas pulsing on phase. In amore preferred embodiment, the
percentage of inert gasies) 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
employed during the gas pulsing on phase. In apreferred embodiment, , the percentage
of inert gas(es) to total gasies) flowed into the chamber may vary .from about 1.5 X to
about 1{30%, wherein X is the percentage of inert gas(es) to total gas flow that is
employed during the gas pulsing on phase.

[00037] The gaspulsing rate is limited at the high end (upper frequency limit) by the

residence time of the gas in the chamber. This residence time concept isonethat is
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known to one skilled in the art and varies from chamber design to chamber design. For
example, residence timetypically ranges in the tens of milliseconds for acapacitively
coupled chamber. in another example, residence time typically ranges in the tens of

milliseconds to hundreds of milliseconds for an inductively coupled chamber,

[00038]  inone or more embodiments, thegas pulsing period may range from 16
milliseconds to 50 seconds, more preferably from 50 milliseconds to about i3 seconds

and preferably from about 500 milliseconds to about 5 seconds.

[00039] The source RF pulsing period islower than the gas pulsing period in
accordance with embodiments of the invention. The RF pulsing frequency islimited at
the upper end by the frequency of the RF sigaal (e.g., $3.56 MHz would establish the
upper limit for the RF pulsing frequency if the RF frequency is 13.56¢ MHz).

[00040]  Fig. 4 shows, in accordancewith one or more embodiments of the invention,
other possible combinations- in Fig. 4, another signal 406 (such as bias RF 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 inay

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

[00041] Alternatively or additionally, another signal 408 (such as DC bias or
temperature or pressure or 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 in the system.

[00042]  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 example, while signal. 4@ ispulsing, the frequency of signal 410
may vary depending on the phase of signal 4t{} or another signal (such asthe gaspulsing
signal) or in response to a control signal from the tool control computer. Inthe example
of Fig. 1, reference 422 points to a region of higher frequency than die frequency
associated with reference number 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 in the system.
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[00043] Fig. 5 shows, in 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 miore computers, for example. The software may be stored in a
computer readable medium, including anon-transitory computer readable medium in one

or more embodiments.

[00044] In step 502, a substrate is provided in aplasma 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 as RF bias or another signal) is
shown in step 506. In step 508, the frequency, duty cycle, gas percentages, ec. may

optionally be varied while poising the RF sour ce and the input gas.

[00045]  in one or more embodiments, the gas is pulsed such that thereare at least two
phases per cycle, with cycles repeating periodically. The other parameters, including the
RF source signal, may be left impulsed. During the first phase, the reactant gas (which
may comprise multiple different etching and/or polymer-forming gases) to inert gas (such
asone or more of Argon, Helium, Xenon, Krypton, Neon, etc) ratio isat af rgt ratio.
During the second phase, the reactant gasto inert gasratio is at a second ratio different
from the first ratio. If the ratio of reactant gas flow to total gasflow 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 inert gas during the
second phase than in the first phase. In this case, an ton-dominant plasma results wherein

the plasma ion flux is formed primarily with inert gas to perform the etching.

[00046] 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 tire chamber, embodiments of the invention achieve an ion-rich

plasma to improve etch uniformity, directionality and/or selectivity.

[00047]  In an embodiment, theratio is changed not by adding any reactant (such as
etchant or polymer-farming) gases into the chamber but by reducing the reactant gases
flow rate such that the flow percentage of inert gas to reactant gas increases. | this

embodiment, the chamber pressure would inherently reduce during the second phase.

]
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[00048] Alternatively or additionaly, the ratio of reactant gas(es) to inert gas(es) may
he 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 tlie reactant gas(es)
fiow (but not by increasing the reactant gases flow into the chamber). In an embodiment,
the flow of inert gas isincreased to offset the reduction in the flow of reactant gas. inthis
embodiment, the chamber pressure remains substantially the same during the first and
second phases. in another embodiment, the flow of inert gas is increased but is
insufficient to folly offset thereduction in the flow of reactant gas. Inthis embodiment,
the chamber pressure is reduced during the second phase. in another embodiment, the
flow of inert gasis increased more than sufficient to offset the reduction in the flow of
reactant gas. in this embodiment, the chamber pressure isincreased 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 isthe percentage of inert gas(es) to total gas
flow that ispresent 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 gas(es) flowed into
the chamber may vary from about 1.1 X to about 100%. In apreferred embodiment, the
percentage of inert gas(es) to total gas(es) flowed into the chamber may vary from about
1.5 X to about 1{}0% during the second phase.

[00050]  The gas pulsing rate is limited at the high end (upper frequency limit) by the
residence time of the gas in the chamber. Asmentioned, for example, residence time
typically ranges in the tens of milliseconds for a capacitively coupled chamber. In
another example, residence time typically ranges in the tens of milliseconds to hundreds
of milliseconds for an inductively coupled chamber. Also as mentioned, in oze or more
embodiments, the gas pulsing period may range from 10 milliseconds to 50 seconds,
more preferably froms 50 milliseconds to about 13 seconds and preferably from about 500

milliseconds to .about 5 seconds.
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[0005%]  Iu one or more embodiments, theinert gas added during the second phase of
the periodic pulsing may he the sante inert gas or adifferent 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%. Alternatively or
additionally, the gas pulsing rate may be chirped, i.e., may change, during processing.
For example, the gas pulsing may be done with a 5-second gas pulsing period with a 40%
duty cycle and then switched to a 9-second gas pulsing period with either the same 40%
duty cycle or adifferent duty cycle. The chirping may be done periodically in
accordance with achirping frequency (such as 20 second chirping frequency wherein the

gas pulsing frequency may he changed every 20 seconds).

[00052] 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 anor-transitory computer readable medium in one

or more embodiments.

[00053] In step 602, a substrate is provided in aplasma processing chamber. In step
604, aplasma 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
chamber. In step 60S, the ratio of inert gas flow to reactant gas flow is decreased, relative
to the ratio of inert gas flow to reactant gas flow of step 606, in another phase of the gas
pulsing without increasing the reactant gas flow into the chamber. 1u various
embodiments, the ratio of inert gas fl ow to reactant gas flow in step 608 may be the
substantially the same asthe 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 61.0, the substrate is processed while the
gasispulsed by having the aforementioned inert-to-reactant flow ratio fluctuates
periodically with the ratios of steps 606 and 608.

[00054] Figs 7A and 7Biillustrate, in accordance with embodiments of the invention,

different example variations of the gas pulsing scheme discussed in connection with Fig.
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6. In the example of Fig. 7A, cases A, C, D, and E represents the various ratio of inert
gasto reactant gas. In case A, the ratio of inert gas (I) to reactant gas {R) is 37, for
example. In case B, the ratio of inert gas to reactant gasis 8:1, for example. In case C,
cheratio of inert gas to reactant gas is 1:9, for example, in case D, the gas flow into the
chamber isessentially all inert While example ratio values are given, the exact values of
theratios are only illustrative; the important point is that these cases all have different

ratios relative to one another.

[00055] inFig. 7B, an example pulsing 702 may be ADAD in apreferred embodiment
wher e the gas pulse may fluctuate-periodically between case A and case O 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]  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.

[00058]  Another example pulsing 70S may be ABABAB/CDCD/ABABAB/CDCD
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, and then biack to cases A and B of Fig. 7A and
repeat.

[00059]  Another example pulsing 710 may be
ABABAB/CDCD/ADAD/ABABAB/CDCD/ADAD  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 repeat.
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[00060] Other examples may include 4 phases such as ABAB/CIDCD/ADAD/ACAC
and repeat. "The complex pulsing is highly advantageous for processes involving, for

example, in situ etch-then-clean or multi-step etches, etc.

[0006.] In another embodiment, the gas puising of Figs 6, 7A and 7B may be
combined with asynchronous or synchronous pulsing of the RF bias signal that is
supplied to the powered electrode. In an example, when the gas ispulsed to ahigh inert
gas percentage or 100% or near 100% inert gas percentage in one phase of the gas
pulsing cyele, the RF bias signal is pulsed high. When the gas ispulsed to a lower inert
gas percentage in another phase of dhe gas pulsing cycle, the RF bias signal is pulsed low
or zero. Invarious embodiments, the pulsing frequency of the RF bias signal may bethe
same or different compared to the pulsing frequency of die gaspulsing. In various
embodiments, the duty cycle of the RF bias signal may be the same or different compared
to the duty cycle of the gas pulsing. Chirping may be employed with one or both of the
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 may vary
periodicaly 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/7B and the discussion herein may be achieved without requiring expensive hardware
retrofitting. Further,if RF pulsing isdesired in conjunction with gas pulsing, many
current plasma chambers are aready provided with pulse-capable RF power supplies.
Accordingly, the achievement of awider process window via gas/RF power pulsing may
be obtained without requiring expensive hardwareretrofitting. Current tool owners may
leverage on existing etch processing systems to achieve improved etches with minor
softwar e upgrade and/or minor hardware changes. Further, by having improved and/or
more granular control of the ion-to-radieal flux ratios, selectivity and uniformity and

reverse RIE lag effects may be improved. For example, by increasing the ion flux
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relative to radical. flux may improve the selectivity of one layer to another layer 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
involving at least an MMP preparation (MMPP) phase and an MMP reacti ve (MMPR)
phase. The mixed mode pulsing is configured to more fully separate torn and neutra
radicals temporaly (i.e., in time) in situ in aproduction inductively coupled plasma (ICP,
also known as TCP or transformer coupled plasma in some instances) chamber or in a

capacMvely coupled plasma (CCP) chamber.

[00065] To clarify, the MMP etching is practiced in aproduction inductively coupled
plasma (ICP) chamber to accomplish, for example, atomic layer etching (ALE) or very
precise etching of the type that typically requires the use of another chamber (such asa
beam-type chamber) in the prior art. The fact that the inventive MMF etching allows
such atomic layer etching (ALE) or precise layer-by-layer etching in the production ICP
chamber substantially improves the overal 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 eliminates the need for
speciaized ALE or layer-by-layer etching equipment, thereby reducing manufacturing
cost. MMP etching is also employed in aproduction ICP chamber to accomplish high
selectivity etching, aswill bediscussed later herein.

[00066] To clarify, an {CP chamber, which construction iswell known, involves the
use of at least one RF-powered inductive coil for inductively coupling, through a
dielectric window, RF energy to aplasma cloud formed from reactant and other gases.
The plasma cloud is disposed below the dielectric window but above a substrate for
etching the substrate. The substrate itself isdisposed on a work piece holder, typicaly an
E£SC chuck for example. The work piece holder may also be supplied with its own RF
signal(s), if desired. RF energy provided to the work piece holder is known as bias
power. ICP chambers are commonly employed for producing substrates in today's I1C

(integrated circuit) fabrication facilities and are suitable for high throughpuit.
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[00067]  Iu one or more embodiments, theMMP preparation phase involves using
plasma to generate radicals (also known asneutrals) trom: reactant gases. No bias power
isapplied to the substrate work piece holder in. one embodiment. "The elimination or
minimal usage of bias power is critical for reducing the influence of ions during the

MMP preparation phase.

[00068]  Using silicon etching as an example, the reactant gas niay be chlorine §Clz},
for example. Depending on the material to be etched, other reactant gases may be for
example CgFy or CH«F; (where x and y are integers), CH3Cl, Nz, BCL ,, O2. or other
commonly used reactant gases for etching substrates. During the MMP preparation
phase, aplasma isformed from the reactant gas and allowed to adsorb into exposed top
layer of the silicon substrate. The MMP preparation phase istimed to allow the
adsorption to penetrate at least one atomic layer of silicon in one embodiment and
multiple atomic layers of silicon in another embodiment if a more aggressive etch is
desired.

[00069] Parameters of the chambers are optimized to increase the speed of adsorption
without unduly removing the adsorbed SiCl layer in die 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 adsor ption it one or more
embodiments. Alternatively or additionally, as another example, the substrate or the
substrate surface may be heated (or cooled) duringthe MMP preparation phase.
Alternatively or additionally, as another example, the inductive coil RF power may be
pulsed on and off (either symmetrically or non-symmetrically with respect to the duration
of the on and off cycles) to reduce ion energy and/or to promote adsorption. fn one or
more embodiments, inductive coil RF signal(s) may be chirped with different RF

frequencies during asingle MMP preparation phase.

[00070] Alternatively or additionally, asanother example, the chamber gap between
the electrodes (of avariable gap chamber) may be set larger during the MMP preparation
phase relative to the MMP reactive phase in order to lower theion energy level, reduce
self-bias, and/or reduce the influence of ions. Alternatively or additionally, as another

example, if ions are incidentally generated, the parameters may be adj usted so that the ion

6
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energy isbelow the level required to etch the adsorbed SiCl layer in one or more
embodiments. For example, chamber pressure may be kept high (e.g., above 40 T ix
ong example etch) during the MMP preparation phase to reduce the ion energy in one or

more embodiments.

[0007%] Inone or more embodiments, some non-reactive gas (such as argon) may be
allowed during the MMP preparation phase. However, such non-reactive gas fiow during
the MMP preparation phase, if allowed, is set to be lower than the amount of non-reactive
gas flow that occurs during the M MP reactive phase. The same non-reactive gas iay be
employed in both the MMP preparation phase and the MMP reactive phase or different
non-reactive gases tnay be empioyed. In other embodiments, the MMP preparation phase
involves only reactive gases (such as chloring) and no non-reacti ve gases (such as argon)

isempioyed during the MMP preparation phase.

[00072]  Inone or more embodiments, different reactive gases may be employed
simultaneously during asingle MM¥ preparation phase. Alternatively, in one or more
embodiments, different reactive gases may be flowed in sequential order into the
chamber during the MMP preparation phase. Thismay 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 atomic layer etching is desired or where
etching of asmall number of atomic layers isdesired, it is preferable that :no bias power is
applied during the MMP preparation phase. In applications where a higher throughput is
desired while maintaming precision, asmall amount of bias power (relative to the bias
power applied during the MMP reactive phase) may be applied during the MM P
preparation phase to promote some implantation of the reactive species. |If the small
amount of bias power is applied during the MMP preparation phase, this bias power may
be kept constant during the MM P preparation phase or may be pulsed (either
asynchronously or synchronously with the inductive coil RF pulsing) if desired..

[00074]  After the MMP preparation phase, there is an MMP reactive phase during

which reactant gases are not per mitted to be present in the chamber and aplasma is
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generated f-om non-reactive gases (such asinert gases) to form aplasma having a
specific ion energy window. in the above-mentioned silicon example, argon may he
employed asthe non-reactive gas during the MM Preactive 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, theion energy of the Ar+ ions (which is generated
from non-reactive gases in the absence of reactant gases) is above the threshold required
to etch the adsorbed SiCl layer but desired to be below the threshold required to etch the
non-adsorbed Si substrate below. For example, theion energy window may be between
50eV and 70eV for etching silicon in one embodiment. This is one aspect of the self-
limiting feature of one embodiment of the MMP etching that per mits precise control of
the etching and causes the etching to stop when the adsorbed layer isall etched away.
Another aspect of the self-limiting feature of one embodiment of the MMP etching is
control of the depth of the adsorbed SiC! layer during the MMP preparation phase, in one
or more embodiments. Another aspect of the self-limiting feature of one embodiment of
the MMP etching is the length -of time of the MMP reactive phase to ensure that only
some or all of the adsorbed SiCl layer is removed and the underlying Si material is not
etched. Another aspect of the self-limiting feature of one embodiment of the MMP
etching isthe length of time of the MMP preparation phase.

[00076]  Of significant note isthe fact that the bias power isturned on during the MMP
reactive phase (in contrast, the bias power is preferably completely off during the MMP
preparation phase or isturned onto alevel lower than the bias power level inthe MMP
reactive phase to help ensure that the ion energy remains below the threshold for ion-
induced etching of the adsorbed layer). Other parameters of the chamber may be
optimized to promote the directional etching of the adsorbed SiCl layer by the plasma
that is formed from the non-reactive gas. For example, the chamber pressure may be
reduced in the MMP reactive phase (relative to the higher chamber pressure of the MMP
preparation phase) in order to reduce the number of collisions, thereby reducing the angle
distribution of the ions and resulting in a raore directtonai etch. Asanother example, the
bias power may be pulsed on and off multiple times 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.

I8
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[00077]  Alternatively or additionally, as another example, both the bias power and the
RF inductive coil power may be pulsed multiple times, either synchronously or
asynchronously relative to one another, during a single MM P reactive phase.

Alternatively or additionally, as another example, the inductive coil RF .frequency 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 coil RF signal during the MMP reactive
phase. Alternatively or additionally, as another example, the bias RF and/or the inductive
coil RF imay be chirped with different RF frequencies during a single MMP reactive
phase. Alternatively or additionally, atailored bias waveform may be employed during
the MMP reactive phase to reduce the ior energy. To elaborate, ataiiored bias waveform
tsan RF bias signal having awaveform tailored or shaped (e.g., clipped or modified) in

order b optimize or regulate the ion energy).

[00078] The MMP preparation phase and the following MMP reactive phase form a
cycle, which cycle may be repeated anumber of times until etching is deemed completed.
To ensure complete or substantially complete removal of the reactant gas from the
chamber prior to the MMP reacti ve phase, at MMP transition phase may (but not
required in all cases) beinterposed 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 preparethe chamber for the MMP reactive phase. Alternatively
or additionally, another transition phase may be employed in between the MMP transition
phase of apreceding cycle and an MMP preparation phase b stabilize and/or preparethe

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

[00079] Because of theneed b perform the MMP reactive phase without using
reactant gases (or as little reactant gas as possible compared to the MMP preparation
phase), a limit is imposed on how fast the etch can be pulsed between the MMP
preparation phase and the MMP transition phase. Since it takes 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 limited, in one embodiment, by the gas residence
time of the chamber, which can be readily calculated by one skilled in theart. As
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mentioned, an MMP transition phase may be employed (but not required in al 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 gases are

removed or to stabilize the chamber in one embodiment).

[00080] inone or more embodiments, the MMP preparation phase may be betweer
about 0.0% second to about 5 seconds, more preferably from 0.2 second to about 1
second. {1 one or more embodiments,, the MMP reactive phase may be between about
0.01 second to about 5 seconds, more preferably trom 0.05 second to about 1second. in
one or more embodiments, the switching rate may bearound t¥#z. Thisisa
differentiation from techniques that involve synchronous or asynchronous pulsing of the
TCP and/or TCP/bias power that does not take gas residence time into consideration
and/or does not involve tbe removal of reactant gases from the chamber during the MMP

reactive phase.

[0008%] Note that the use of a grid or some other structures to accelerate the ions
toward. the substrate isnot necessary, in one or more embodiments. Also note that the
MMP preparation and etching phases are advantageously performed completely in situin

the same ICP chamber that is employed for other 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 during the
MMP reactive phase isalowed to etch only asingle atomic layer (ALE). In this
example,. the adsorption. may be controlled such that the adsorbed layer is around orne
atomic layer thick. In one or more embodiments, the reactive etchmg during the MMP
reactive phase is alowed 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 abulk MMP reactive etch, followed by & more precise but
slower monolayer MMP reactive etch during a single MMP reactive phase.

[00083] I3t one or more embodiments, MMP etching is employed to improve
selectivity. Up to now, the MMP etching example involves a single material (such as

silicon in the example). Asmentioned above, the selection of the reactant gas during the
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MMP preparation phase involves selecting asuitable reactant gas for etching silicon
(such as (%4}, and the configuring of the ion energy level during the MMP reactive phase
involves selecting an ion energy level suitable for etching the adsorbed SiCl layer but not
the bull non-adsorbed Si material 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
reactant gas forms a plasma that favors adsorption into one material over the other
material. Additionally or alternatively, the gas chosen -may be adsorbed onto both
materials but favors the formation of volatile compounds on one material over the other
material. Additionally o alternatively, 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 thaa the
decrease in bonding strength at the surface of another material. Additionally or
aternatively, the ion energy during the MMP reactive phase may be chosen to more
aggressively etch one material over another material. A n example of this M M
selectivity etching isetching polystlicoa but not oxide. Enthis case, the reactant gas may
be chosen to be Ch during the MMP preparation phase, which does not teizd to etch oxide
based on chemistry considerations alone, and the ion energy threshold during the MM P

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

[00085] Fig. 8 shows, in accordance with an embodiment of the invention, conceptual
MMP etching cycles (showing species density versus time) for the silicon etching
example, with each cycle involving at least an MM P preparation phase and an MMP
reactive phase With reference to Fig. 8, an MMP etching cycle 802 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 are
discussed above. Of significant note is the fact that radicals and ions are separated in
time, with a high amount of radicals and substantially no ions during the MMP
preparation phase 804 and high amount of ions and substantially no radicals during the
MMP reactive phase 806.
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[00086] Fig. 9 shows, in accordance with an embodiment of the invention, other
conceptual MMP etching cycles where someions exist in the MMP preparation phase
904. lorn may be present as an unintended side-effect of plasma generation but is kepi
below (by manipulating chamber parameters) the threshold ion energy level necessary to
etch the adsorbed SiCt surface during the MMP preparation phase 904. lons may aso be
intentionally 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 MM P
preparation phase.

[00087] During the MMP reactive phase 906, reaetant gasisexcluded from the
chamber and preferably substantially no reaeiants are present in the chamber during the
MM P reactive phase 906. Chamber and gas conditions for each of MMP preparation
phase 904 and MMP reactive phase 906 are discussed above. As mentioned earlier, an
MMP transition phase inay be interposed between MMP preparation phase 904 and MMP
reactive phase 906 if desired. Alternatively or additionally, another MMP transition
phase may be interposed between preceding MMP reactive phase 906 and the MMP
preparation phase 90S of the next MMP cycle.

[00088] Fig. 10 shows, in accordance with an embodiment of the invention, a method
for performing MMP etching in aproduction ICP chamber. In step 1000, a substrate is
provided in the production ICP chamber to prepare for the in situ MMP etch. It should be
understood that the substrate may have been disposed in the chamber for some time and
other processing steps (such asbulk etch) may have already taken place prior to the MMP
etching. In step 1002, the chamber is configured to operate in the MMP preparation
phase. Inthis MM P preparation phase, reactant gas is allowed to adsorbed into the
substrate surface with the assistance of plasma. The depth of adsorption is controlled to
form one aspect of the self-limiting etch (to ke performed during a subsequent MMP
reactive phase). Other alternative or additional chamber conditions for the MMP
preparation phase are discussed above.

[00089] In step 1004, the chamber is configured to etch the substrate in the MMP
reactive phase. Inthis MMP reactive phase, reactant gas is excluded from the chamber

I
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and the bias power isincreased (or turned o») to promote plasma-assisted removal of the
adsorbed layer(s) using aplasma formed from inert gas(s). The ion energy during the
MMP reactive phase isset to be higher than the level necessary to etch tlie adsorbed layer
hut lower thai the level necessary to etch the non-adsorbed layer underneath, thereby
essentialy self-limit the etch. Other aternative or additional chamber conditions for the
MM P reactive phase isdiscussed above. The MMP cycle including at least the MMP
preparation phase and the MMP reactive phase is repeated (1012) until the MMP etch is
deemed (1006) completed ( 1008).

[00090] Ascanbe appreciated from the foregoing, embodiments of the MMP etch are
highly suitable for ALE etch or precise etches (such as etches for fabrication 3-D logic or
memory devices or MRAM ) or high. selectivity etches. Furthermore, enbodiments of the
invention reduce substrate damage and result in a flat etch front. The self-limiting nature
and/or high selecti vity of the MMP etch helps reduce structural damage to layer(s) or

structure(s) that should not be etched. hi some cases, the self-limiting nature of the MMP
etch helps improve etch precision and/or etch profile and/or may reduce tlie need for

Qveretching.

[000%E]  While this invention has been described interms of several preferred
embodiments, there are alterations, permutations, and equivaents, which fall within the
scope of thisinvention. For example, athough the MMP etch has been disclosed vising
an ICP chamber example, MMP etching may be performed in a capactttvely coupled
plasma (CCP) chamber if desired. With respect to the MMP etch, 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 split up among the plates of the chamber.

[00092] Asanother example, the pulsing techniques discussed in 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 acombination of multiple ones) of the figures. Likewise, the

frequency chirping may be practiced with techniques discussed with any one (or part of
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any one or acombination of multiple ones) of the figures and/or with duty cycle variance.
Likewise, inert gas substitution may be practiced with techniques discussed with any one
(or part of any one or acombination of multiple ones) of the figures and/or with duty
cycle variance and/or with frequency chirping. The point is although techniques are
discussed individually and/or in connection with a specific figure, the various techniques
can he combined in any combination in order to perform aparticular process.

[00093] Although various examples are provided herein, it isintended that these
examples be illustrative and not limiting 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 claims herein. f the term "set" is employed herein, such term isintended to
have its commonly understood mathematical meaning to cover zero, one, or more than
one member. it should also be noted that there are many alternative ways of

implementing the methods and apparatuses of the present invention.
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CLAIMS
What is claimed is:

1. A method for processing a substrate in. a plasma processing chamber of a plasma
processing system, said plasma processing ckamber having a least one plasma generating
scarce and at least areactive gas source for providing at least afirst reactive gas into an
interior region of said plasma processing chamber and a non-reactive gas source for
providing at least a first non-reacti ve gas said interior region of said plasma processmg
chamber, comprising:

@ disposing said substrate on.awork piece holder within said interior region;

{b) performing a mixed-mode pulsing (MMF) preparation phase, including
flowing said first reactive gasinto said interior region, and
forming afirst 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 said 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 fiow
of said first reactive gas during said MM P reactive phase that is less than aflow of said
first reactive gas during saitd MMP preparation phase; and

(d) repeating said steps (b) and (c) for a plurality of i mes.

2. The method of claim 1 wherein no first reactive gas is flowed into said interior
region during said MM P reactive phase.

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

inductively coupled plasma processing chamber.

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

ey
I
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5. The-method of claim | wherein said non-reactive gas source further provides a
second non-reactive gas, wherein said second non-reactive gasis flowed into said interior

region during said MMP preparation phase,

6. ‘The method of claim 1 wherein said first non-reactive gasisalso flowed into said
interior region during said MM#* preparation phase.

7. The method of claim 1wherein no biaspower is applied to said work piece holder
during said MMP preparation phase.

8. ‘The method of claim 7 wherein bias power having abias 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 afirst RF signal having afirst RF frequency during said MMP preparation
phase, said at least one plasma generating source is excited with asecond RF signal
having a second RF frequency that is different from said first RF frequency daring said
MMP reactive phase.

10. The method of claim 1wherein said & least one plasma generating source is
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 1wherein said & least one plasma generating source is
excited with afirst RF signal having a first RF frequency during said MMP preparation

phase, said first RF signal representing an RF signal having chirped frequencies.

2. Themethod of clam | further comprising flowing a second reactive gas different

from said first reactive gas into said interior region during said M MP reactive phase.
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3.  The-method of claim 12 wherein no first reactive gas is flowed during said MMP

reactive phase.

14. The method of claim 1wherein afirst bias power is applied to said work piece
holder during said MMP reactive phase and asecond bias power having a different power
level from apower level of said first bias power is applied to said work piece holder

during said MM P reactive phase.

15, Themethod of claim 4 wherein said power level of said second bias power is

higher than said power level of said first bias power.

16.  The method of clam 1wherein said plasma processing chamber is configured
during said MMP reactive phase to generate non-reactive ions having alevel of ion
energy that is higher than required to etch adsorbed layer on a surface of said substrate
but insuff icient to etch non-adsorbed layer 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 aplasma processing system, said plasma processing chamber having at least
one inductive antennaand at least areactive gas source for providing at least a first
reactive gas into an interior region of said plasma processing chamber and a non-reactive
gas source for providing at least a first non-reactive gas said interior region of said
plasma processing chamber, comprising:
@ disposing said substrate on awork piece holder within said interior region;
(b) performing a mixed-mode pulsing (MMP) preparation phase, including
flowing said first reactive gasinto said interior region, and
forming a first plasma with at least said first reactive gas to process said
substrate with said first plasma;
(©) performing amixed mode pulsing (MMP) reactive phase, including

flowing at least said first non-reactive gas into said interior region, and
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forming asecond 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 is lessthan a flow of said
first reactive gas during said MMP preparation phase, wherein said plasma processing
chamber is configured during said MMP reactive phase to generate non-reactive ions
having alevel of ion energy that is higher titan required to etch adsorbed layer on a
surface of said substrate but insufficient to etch non-adsorbed layer of said substrate, the
adsorbed layer formed during said MMP preparation phase; and

(d) repeating said steps (b) and (c) for aplurality of times.

B.  Themethod 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 18 wherein biaspower having abias power level greater

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

21, Themethod of claim 20 wherein said bias power ispulsed during ssid MMP

reactive phase.

22. The method of claim 17 wherein said at |east one inductive antenna is excited
with afirst RF signal having afirst RF frequency during said MMP preparation phase,
said at least one inductive antenna is excited with a second RF signal having a second RF

frequency that isdifferent from said first RF frequency during said MMP reactive phase.
23. The method of claim 17 wherein said at least one induct:ve antennais excited

with afirst RF signal having afirst RF frequency during said MMP preparation phase,
said first RF signal representing aptiised RF signal
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24, The method of claim 17 wheiein sad at |east one inductive antennais excited

with afirst RF signal having afirst RF frequency during said MMP reactive phase, said
first RF signal representing apulsed RF signal.
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