
METHODS AND APPARATUS FOR CONTROLLING PLASMA IN 

A PLASMA PROCESSING SYSTEM 

RELATED APPLICATIONS 

This application claims is related to a commonly assigned patent application 

entitled "FREQUENCY ENHANCED IMPEDANCE DEPENDENT POWER 

CONTROL FOR MULTI-FREQUENCY RF PULSING", Attorney Docket Number 

P2301P/LMRX-P222Pl, Application Serial No. 611602,040, filed on 02/22/2012, and to 

a commonly assigned patent application entitled "METHODS AND APPARATUS FOR 

SYNCHRONIZING RF PULSES IN A PLASMA PROCESSING SYSTEM", Attorney 

Docket Number P2296P/LMRX-P22IPl, Application Serial No. 611602,401 filed on 

filed on 02/22/2012, all of which are incorporated by reference herein. 

BACKGROUND OF THE INVENTION 

[0001 J Plasma processing has long been employed to process substrates (e.g., wafer or 

flat panels or other substrates) to create electronic devices (e.g., integrated circuits or flat 

panel displays). In plasma processing, a substrate is disposed in a plasma processing 

chamber, which employs one or more electrodes to excite a source gas (which may be an 

etchant source gas or a deposition source gas) to form a plasma for processing the 

substrate. The electrode may be excited by an RF signal, which is furnished by an RF 

generator, for example. 

[0002J In some plasma processing systems, multiple RF signals, some of which may 

have the same or different RF frequencies, may be provided to the substrate-bearing 

electrode (also referred to herein as the lower electrode or chuck) to generate plasma 

while the upper electrode is grounded. In a capacitively-coupled plasma processing 

system, for example, one or more RF signals may be provided to the bottom electrode 

while the top electrode is grounded. 

[0003J In some applications, the plurality of RF signals may be pulsed. For any given 

RF signal, RF pulsing involves turning the RF signal on and off (or alternating betwecn a 
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high power level and a low power level since pulsing does not always require the power 

to be turned off) at a pulsing frequency that may be different from (and typically slower 

than) the RF frequency. Generally speaking, RF pulsing is performed in the past to 

improve certain processing results (such as to improve unifonnity or reduce etching­

related damage). 

[0004] The pulsing of the various RF signals may be unsynchronized or synchronized. 

With respect to synchronized pulsing, for example, if two signals RFI and RF2 are 

synchronized, there is an active pulse of signal RF I for every active pulse of signal RF2. 

The pulses of the two RF signals may be in phase, or the leading edge of one RF pulse 

may Jag behind the leading edge of the other RF pulse, or the trailing edge of one RF 

pulse may lag behind the trailing edge ofthe other RF pulse, or the RF pulses may be out 

of phase. 

[0005] If the pulsing of the various RF signals is not well-controlled, there is a risk that 

RF power instability resulting in plasma pelturbation may occur during the transition 

from low to high (or vice versa) of one or more of the RF signals. This is because during 

such a transition by one or more of the RF signals, the plasma condition in the processing 

chamber changes. Such change may be detected by the match network and/or the other 

RF generators, which may attempt to compensate for the detected plasma condition 

changes. The reactive nature of such compensation means that for the duration between a 

plasma condition change detection and successful compensation, RF power perturbations 

resulting in plasma instability exist. 

[0006] Fig. I shows an example of such RF power perturbation, which may result in 

plasma instability during the transition of one of the pulsing RF signals. In the example 

of Fig. I, the 2 MHz RF signal pulses at 100 Hz with a 50% duty cycle between 2,500 W 

and 0 W. For illustration purposes, suppose the 60 MHz RF signal operates in the 

continuous waveform (eW) mode without pulsing. As the 2 MHz RF signal transitions 

from the low state 102 to the high state 104, the plasma condition within the chamber 

changes in response to the changing power supplied. The 60 MHz RF signal, upon 

detecting such plasma condition change, is shown compensating (either via the 

compensation circuit in the 60 MHz RF power supply or in the match network) for the 

detected plasma condition change. 
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[0007] However, this is a reactive response and depends on first detecting the plasma 

condition change brought about by the low-to-high transition of the 2 MHz pulsing RF 

signal (which pulses at a pulsing fi'equency of 100 Hz as mentioned earlier). The delay 

and subsequent response causes the RF power level perturbation shown by reference 

number 106, which shows a temporary dip in the power level of the 60 MHz RF signal 

after the 2 MHz transitions from low to high. Another instance of RF power level 

pelturbation in the 60 MHz RF signal due to the delayed response of the 60 MHz RF 

signal is shown by reference number 108 after the 2 MHz RF transitions from high (110) 

to low (112). Other RF power perturbations are shown by reference numbers 114 and 

116 in Fig. 1, for example. As can be seen in Fig. 1, these RF power perturbations may 

be in the positive direction or negative direction and may have different intensities. Such 

perturbations result in unstable and/or poorly controlled plasma events, affecting process 

results and/or device yield. 

[0008J Furthermore, modem plasma processes impose stringent process result 

requirements in the fabrication of high density, high performance devices. Some process 

windows cannot be reached or are quite narrow with traditional constant waveform RF 

signals or with traditional RF pulsing methods. 

[0009] Manipulating and further control of the pulsing of various RF signals to improve 

plasma stability and/or to provide additional process control knobs are among the many 

goals of embodiments of the present invention. 
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SUMMARY OF INVENTION 

The invention relates, in one embodiment, a method for processing a substrate in 

a plasma processing chamber having at least one electrode. The plasma processing 

chamber having a plurality ofRF power supplies coupled to provide a plurality ofRF 

signals to the electrode. The method includes pulsing a base RF pulsing signal between a 

high power level and a low power level at a first pulsing frequency, the base RF pulsing 

signal representing a first RF signal of the plurality of RF signals having the lowest 

pulsing frequency among pulsing frequencies of the plurality ofRF signals, the first 

pulsing frequency being different from an RF frequency ofthe base RF pulsing signal. 

The method also includes sending a control signal at least to a subset of the 

plurality of RF power supplies, wherein the control signal is generated proactively in a 

manner that does not require sensing, while processing the substrate, of a change in one 

or more chamber parameters due to the pulsing of the base pulsing signal. 

The method includes pulsing each of the subset of plurality of the RF power 

supplies, responsive to the control signal, between a first predefined RF-power-supply­

specific power level and a second predefined RF-power-supply-specific power level 

different from the first predefined RF-power-supply-specific power level. 

These and other features of the present invention will be described in more detail 

below in the detailed description of the invention and in conjunction with the following 

figures. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The present invention is illustrated by way of example, and not by way of 

limitation, in the figures ofthe accompanying drawings and in which like reference 

numerals refer to similar elements and in which: 

[0011] Fig. 1 shows an example of such RF power perturbation, whieh may result in 

plasma instability during the transition of one of the pulsing RF signals. 

(0012] Fig. 2 shows, in accordanee with an embodiment of the invention, a simplified 

capacitively coupled plasma processing system having a plasma processing chamber and 

configured for power level control of the various RF signal pulsing states. 

[0013] Fig. 3 shows a plot of delivered power versus time for two RF signals to illustrate 

the effect of proactively synchronizing the pulsing among the various RF signals. 

[0014] Fig. 4 shows, in accordance with an embodiment of the invention, the situation 

wherein the 60 MHz RF signal has its power levels adapted to the pulsing states of the 2 

MHz RF signal. 

[0015] Fig. 5 shows, in accordance with another embodiment of the invention, the 

situation wherein the 60 MHz RF signal has its power levels adapted to the pulsing states 

of the 2 MHz RF signal. 

[0016] Fig. 6 shows, in accordance with another embodiment of the invention, the 

situation wherein the 27 MHz RF signal and the 60 MHz RF signal have their power 

levels adapted to the pnlsing states of the 2 MHz RF signal. 

[0017J Fig. 7 shows a proof of concept plot, illustrating the fact that under certain 

conditions, the non-base RF generator is unable to deliver RF power at the required 

. power set point. 

[0018] Fig. 8 shows, in accordance with an embodiment of the invention, a method for 

learning the optimal tuned RF frequencies for the non-base RF generator while the base 

RF generator pulses. 

[0019] Fig. 9 shows, in accordance with an embodiment of the invention, a method for 

delivering optimal RF power to the plasma load in a plasma chamber while the plasma 

chamber is provided with a pulsing base RF signal and at least one non-base RF signal. 
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DETAILED DESCRIPTION OF EMBODIMENTS 

[0020] The present invention will now be described in detail with reference to a few 

embodiments thereof as illustrated in the accompanying drawings. In the following 

description, numerous specific details are set forth in order to provide a thorough 

understanding of the present invention. It will be apparent, however, to onc skilled in the 

art, that the present invention may be practiced without some or all of these specific 

details. In other instances, well known process steps and/or stmctures have not been 

described in detail in order to not unnecessarily obscure the present invention. 

[0021J Various embodiments are described herein below, 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 

instmctions for carrying out embodiments of the inventive technique are stored. The 

computer readable medium may include, for example, semiconductor, magnetic, opto­

magnetic, optical, or other fOTITIS 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 

programmable, to carry out tasks pertaining to 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. 

[0022] Embodiments of the invention relate to methods and apparatus for controlling 

plasma processes by proactively setting the RF power levels of one or more higher 

frequency RF signals and proactively control the pulsing to minimize RF power 

perturbation during processing. The power levels ofthe higher frequency RF signals are 

detennined and then set separately responsive to the pulsing state of the base pulsing RF 

signal. In other words, the power levels of the higher frequency RF signals are 

detennined and then set separately for the high pulse of the base pulsing RF signal and 

for the low pulse of the base pulsing RF signal. 
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[0023) As the tenn is employed herein, the base pulsing RF signal represents the lowest 

frequency RF signal that pulses. For example, if the lower electrode is provided with 

three RF signals (2 MHz, 27 MHz, and 60 MHz) and the 2 MHz RF signal pulses, the 2 

MHz RF signal represents the base pulsing RF signal since it is the lowest frequency RF 

signal that pulses. As another example, if a plasma processing chamber is provided with 

three RF signals to its lower electrode (2 MHz, 27 MHz, and 60 MHz) and the 2 MHz RF 

signal is operated in the continuous wavefonn (i.e., non pulsing mode) and the 27 MHz 

RF signal and the 60 MHz RF signal pulse, the 27 MHz RF signal represents the base 

pulsing RF signa\. 

(0024) To clarify tenns, the base pulsing RF signal may be the same or may be different 

from a master RF signal, which represents the independently pulsing RF signal. When 

multiple RF power supplies pulse, one of the RF power supplies may be designated the 

master RF power supply and pulses its master RF signal independently. The master RF 

power supply may issue control signals to other RF power supplies to synchronize 

pulsing. There is no requirement that the master RF signal be the lowest frequency RF 

signal. Thus, the 27 MHz pulsing RF signal may act as a master for the 2 MHz pulsing 

RF signal, and vice versa. However, the base pulsing RF signal is, as the tenn is 

employed herein, the lowest frequency RF signal that pulses. It should be noted at this 

point that the use of a master RF power supply to synchronize pulsing among RF power 

supplies is only one way to synchronize pulsing. An extemal circuit may be employed to 

synchronize the pulsing among all RF power supplies, for example. 

(0025) In one or more embodiments, as the base RF signal pulses, each of the other 

pulsing RF signals proactively altemates between its first preset power level and its 

second preset power level in synchronization with the pulsing states ofthe base pulsing 

RF signal. The first preset power level represents the other pulsing RF signal's power 

level that is established for the high pulse of the base RF signal. The second preset power 

level represents the other pulsing RF signal's power level that is established for the low 

pulse of the base RF signal. 

[0026) For example, suppose a plasma processing chamber is provided with three RF 

signals to its lower electrode (2 MHz, 27 MHz, and 60 MHz) and both the 2 MHz and the 

27 MHz RF signals pulse at 100 Hz. The 2 MHz base pulsing RF signal would pulse 
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between a 2 MHz high power level and a 2MHz low power level at 100 Hz. The 27 MHz 

RF signal would proactively, responsive to a control signal from a master RF power 

supply or an extemal synchronization control circuit, altemate between a first preset 

power level (which occurs responsive to the 2 MHz high power level) and the second 

preset power level (which occurs responsive to the 2 MHz low power level). 

[0027] The preset power levels of the non-base pulsing RF signal (such as the 27 MHz 

RF signal in the previous example) are ascertained and/or established to achieve certain 

desired processing results. Further, each of the first preset power level and the second 

preset power level of the non-base pulsing RF signal is established independently for 

each pulsing state of the base pulsing RF signal. As such, they are independently 

ascertained and/or established for the plasma conditions that exist during the high state of 

the base RF signal (such as the 2 MHz RF signal in the previous example) and the low 

state of the base RF signal. Once these preset power levels are established for the non­

base RF signal (e.g., during recipe formation), the non-base RF signal would proactively, 

responsive to a control signal from the master RF power supply or from an external 

synchronization control circuit, altemate between the first preset power level and the 

second preset power level during production (e.g., during substrate processing) as the 

base pulsing RF signal pulses between its high state and its low state. Another way of 

stating this is that the non-base pulsing RF signal response depends not only to the fact 

that the base RF signal pulses but also to the state (high or low) of the base RF signal. 

[00281 In one or more embodiments, proactive response is used to optimize RF power 

instability dming pulsing. As the term is employed herein, proactive or proactive 

response refers to the fact that compensation and/or pulsing of the RF signals is 

perfonned proactively instead of reactively. As discussed earlier, reactive response 

occurs when the match network or when the RF power supply associated with an RF 

signal detects that the plasma condition (such as plasma impedance, for example) has 

changed in the chamber due to the pulsing of one of the other RF signals. In the reactive 

response mode, after such detection occurs, the match network or the RF power supply 

responds to compensate for the detected plasma condition change. To elaborate, in the 

reactive response mode, the match network or the RF power snpply responds only after 

detection is made. 
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10029] In contrast, in the proactive response mode, the response of the match network or 

the RF power supply of the other RF signal is proactively initiated by a control signal 

without having to wait for the detection. For example, an external control circuit and/or 

processor and/or computer may proactively send a control signal to instruct the match 

network or an RF power supply to respond based on its knowledge of the pulsing 

behavior/timing of one or more ofthe other RF signals. Such control signal and response 

occur without having to wait for the detection of the pulse-related plasma condition 

change to occur. As another example, the RF generator for one of the pulsing RF signals 

may communicate with other RF generators to provide control signals to initiate the 

responses by the other RF generators. In this case, the RF generator that issues the 

control signal would act as the master RF generator, and other RF generators act as slave 

RF generators. The master RF generator issues control signals to its slave RF generators 

proactively instead of in response to the detection of plasma condition change. 

[0030J By proactively controlling the response of the match network and/or the response 

of other RF generators, the RF power instability and/or the plasma perturbation due to 

pulsing is reduced in duration and/or in intensity. In this manner, power perturbation is 

reduced and plasma stability is enhanced. 

[0031 J The features and advantages of embodiments of the invention may be better 

understood with reference to the figures and discussions that follow. 

[0032] Fig. 2 shows, in accordance with an embodiment of the invention, a simplified 

capacitively coupled plasma processing system 202 having a plasma processing chamber 

204. Although a typical plasma processing system may have multiple chambers, only 

one chamber is shown for illustration purpose. Also omitted are other details well-known 

to those skilled in the art such as robot transfer arms, storage cassettes, gas supplies, etc. 

[0033] In the example of Fig. 2, upper electrode 206 is grounded while lower electrode 

208, representing the substrate holder or chuck, is supplied with three RF signals (2 MHz, 

27 MHz, and 60 MHz) from three RF power supplies 220, 222, and 224 respectively 

through matching network 230. Although three RF signals and three RF power supplies 

are shown, lower electrode 208 may be supplied with as few as one or as many RF 

signals as desired. Further, although the RF frequencies of 2 MHz, 27 MHz, and 60 MHz 
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are selected for illustration, different RF frequencies may be used if desired. As 

illustrated, plasma processing chamber 204 is configured for dielectric etching. 

[0034J As is known by those skilled in the art, matching network 230 matches the 

impedance of the RF power sources 220, 222, and 224 with the impedance ofthe plasma 

load in plasma processing chamber to minimize the reflected power and to maximize 

power delivery. In accordance with an embodiment of the invention, the RF power 

sources 220, 222, and 224 are in communication such that if one of the RF power sources 

acts as an RF pulse master, that RF power source can send control signals proactively to 

other RF signals in order to proactively initiate the pulsing of these other RF signals. 

[0035J For example, RF power source 220 (the 2 MHz RF power source) may act as the 

pulse master and send digital or analog control signals (which may be electrical or optical 

signals, for example) via conduits 230 and 232 to RF power sources 222 and 224 

respectively to instruct RF power sources 222 and 224 to synchronize their pulsings with 

the master 2 MHz RF signal pulse (for example with the leading edge, the trailing edge, 

or any predetennined time in the 2 MHz RF pulse period) without having to wait for a 

detection of the plasma change condition in plasma processing chamber 204. 

[0036] As another example, RF power source 222 (27 MHz RF power source) may act as 

the pulse master and send digital or analog control signals (which may be an electrical or 

an optical signal, for example) via conduits 234 and 232 to RF power sources 220 and 

224 respectively to instruct RF power sources 220 and 224 to synchronize their pulsings 

with the master 27 MHz RF signal pulse (for example with the leading edge, the trailing 

edge, or any predetermined time in the MHz RF signal pulse period) without having to 

wait for a detection of the plasma change condition in plasma processing chanlber 204. 

[0037J Alteruatively, a control circuit 250 may be used provide control signals to all 

three RF power sources 220, 222, and 224 as shown. In this case, none of the RF power 

sources would need to act as a master and all may receive control signals that proactively 

instruct the RF power sources to pulse from control circuit 250. By proactively 

controlling the pulsing of the various RF signals, RF power perturbation is minimized as 

will be shown in Fig. 3 below. 

[0038] Fig. 3 shows a plot of delivered power versus time for two RF signals: a 2 MHz 

RF signal 302 and a 60 MHz RF signal 304. The 2 MHz RF signal 302 pulses at 100 Hz 
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with 50% duty cycle between 2,500 Wand 0 W. For illustration clarity, the 60 MHz RF 

signal 304 pulses with its first preset power level set at 900 W for the high pulse duration 

of the 2 MHz RF signal and its second preset power level also set at 900 W for the low 

pulse duration of the 2 MHz RF signal in the example of Fig. 3. In the example of Fig. 3, 

both the 2 MHz and the 60 MHz RF power sources that generate these pnlsed RF signals 

receive a control signal from a common control circuit (such as control circuit 250 of Fig. 

2) and thus pulse proactively in a simultaneous manner without waiting for a detection of 

the plasma condition change. Alternatively, one of the RF power sources (e.g., either the 

2 MHz RF power source or the 27 MHz RF power source) may act as a pulse master for 

the other RF power source and may issue a contr'ol signal proactively to instruct the other 

RF power source to pulse substantially simultaneously without waiting for a detection of 

a plasma condition change. 

[0039] As can be seen in Fig. 3, power perturbation in the 60 MHz RF signal 304 is kept 

substantially lower (below 3% in the case of Fig. 3) for each high-to-Iow or low-to-high 

transition of the 2 MHz base pulsing RF signal 302. These are shown by reference 

numbers 320, 322, 324, and 328. There is substantially less RF power perturbation 

compared to the situation in Fig. 2 wherein the 60 MHz RF power source operates in the 

reactive mode (i.e., compensates responsive to a detection of a plasma condition change). 

This is because once the power level set points are detelmined for the non-base pulsing 

RF signals, the non-base pulsing RF signals can pulse between its two power set points 

without delay upon receiving a control signal, thereby contributing to a more stable RF 

power delivery. 

[0040] In one or more embodiments, each of the first power level and the second power 

level of the non-base pulsing RF signals (i.e., higher RF frequency pulsing signals) may 

be dynamically ascertained from one or more measurable plasma processing chamber 

parameters (such as chuck bias or return RF current, for example). By "dynamic", it 

should be understood that this detenllination of the power levels may be done 

algorithmically during recipe formation or machine calibration, for example, or may be 

done on-the-fly during processing. The non-base pulsing RF signal's first power level 

(corresponding to the power level of the non-base pulsing RF signal while the base 

pulsing RF signal is in its high state) may be algorithmically ascertained automatically 
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from sensor measurements of one or more plasma processing chamber parameters and 

computed for the high state of the base pulsing RF signal. Likewise, the non-base 

pulsing RF signal's second power level (corresponding to the power level of the non-base 

pulsing RF signal while the base pulsing RF signal is in its low state) may be 

algorithmically ascertained automatically from sensor measurements of one or more 

plasma processing chamber parameters and computed for the low state of the base 

pulsing RF signal. 

[0041 J In this case, the ability to dynamically detennine and set the power levels of the 

non-base pulsing RF signals (i.e., the higher frequency pulsing RF signals), using a 

programmed computer for example, based on sensor measurements of one or more 

plasma processing chamber parameters during the high state and low state of the base RF 

pulsing signal in order to achieve a desired process parameter, represents an advantage 

since the power levels of the higher frequency pulsing RF power signals during the high 

state of the base pulsing RF signal and during the low state of the base pulsing RF signal 

are now separate control knobs for the process. Thereafter, the non-base pulsing RF 

signal simply transitions from the first predefined power level to the second predefined 

power level (and vice versa) upon receiving control signals £i'om either the master RF 

power source or from an external controller (e.g., controller circuit 250 of Fig. 2). 

10042J Note that the first predefined power level and the second predefined power level 

are specific to each RF power supply. In other words, a 27 MHz power supply may have 

its own first predefined RF-power-supply-specific power level and second predefined 

RF-power-supply-specific powcr level while a 60 MHz RF power supply may have its 

own first predefined RF-power-supply-specific power level and second predefined RF­

power-supply-specific power level that are different than those of the 27 MHz RF power 

supply. 

[0043J In one or more embodiments, the power levels (i.e., the high pulsing power level 

and the low pulsing power level) of the base pulsing RF signal may also be detelmined 

dynamically, using a programmed computer for example, based on sensor measurements 

of one or more plasma processing chamber parameters (such as chuck bias) in order to 

achieve a desired process parameter (such as deposition rate). The ability to dynamically 

detennine the power levels of the base pulsing RF signal, using a programmed computer 
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for example, based on sensor measurements of one or more plasma processing chamber 

parameters in order to achieve a desired process parameter represents an advantage since 

the power levels of the base pulsing RF power signals are now control knobs for the 

process. 

10044] Fig. 4 shows, in accordance with an embodiment of the invention, the situation 

wherein the 2 MHz RF signal 402 is pulsed at 100 Hz with 50% duty cycle between 

2,500 W and 0 W. The 60 MHz RF signal 404 is synchronized in a proactive manner 

such that for the high state of the 2 MHz RF signal, the power level of the 60 MHz RF 

signal is at 900 Wand during the low state ofthe 2 MHz RF signal, the power level of 

the 60 MHz RF signal is 450 W. Note that each of these two power levels of the 60 MHz 

RF signal is separately determined and set in view of the specific state (high or low) of 

the base RF pulsing signal (e.g., the 2 MHz RF signal) and is determined and set to 

achieve a desired process result (such as low polymer deposition, reduced wafer bias, 

etc.). Also, pulsing of the two RF signals of Fig. 4 occurs proactively, i.e., without 

waiting on the detection of a change in plasma condition or a detection of changes in one 

or more chamber parameters that reflect such plasma condition change due to base RF 

signal pulsing. As such, RF power perturbation and RF plasma instability are greatly 

reduced. 

[0045J Fig. 5 shows, in accordance with another embodiment of the invention, the 

situation wherein the 2 MHz RF signal 502 is pulsed at 100 Hz with 50% duty cycle 

between 2,500 W and 0 W. The 60 MHz RF signal 504 is synchronized in a proactive 

manner such that for the high state of the 2 MHz RF signal, the power level of the 60 

MHz RF signal is at 900 W. During the low state ofthe 2 MHz RF signal, the power 

level of the 60 MHz RF signal is increased to 1,125 W. Fig. 4 and Fig. 5 illustrate that 

the power level of the non-base RF signal (i.e., the higher frequency pulsing RF signal) 

may be higher or lower after the base pulsing RF signal transitions from a high state to a 

low state. Again, note that each of these two power levels of the 60 MHz RF signal is 

determined and set in view of the specific state (high or low) of the base RF pulsing 

signal (e.g., the 2 MHz RF signal) and is determined and set to achieve a desired process 

result (such as low polymer deposition, reduced wafer bias, etc.). Also, pulsing of the two 

RF signals of Fig. 4 occurs proactively, i.e., without waiting on the detection of a change 
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in plasma condition. As such, RF power perturbation and RF plasma instability are 

greatl y reduced. 

[0046] Fig. 6 shows, in accordance with another embodiment of the invention, the 

situation wherein the 2 MHz RF signal 602 is pulsed at 100 Hz with 50% duty cycle 

between 2,500 Wand 0 W. The 60 MHz RF signal 604 s synchronized in a proactive 

manner such that for the high state of the 2 MHz RF signal, the power level of the 60 

MHz RF signal is at 500 W. During the low state ofthe 2 MHz RF signal, the power 

level of the 60 MHz RF signal is increased to 625 W. The 27 MHz RF signal 606 is 

synchronized in a proactive manner such that for the high state of the 2 MHz RF signal, 

the power level of the 27 MHz RF si!,>nal is at 1,000 W. During the low state of the 2 

MHz RF signal, the power level of the 27 MHz RF signal is decreased to 250 W. Again, 

note that each of these two power levels of the 60 MHz RF signal and of the 27 MHz RF 

signal is determined and set in view ofthe specific state (high or low) of the base RF 

pulsing signal (e.g., the 2 MHz RF signal) and is determined and set to achieve a desired 

process result (such as low polymer deposition, reduced wafer bias, etc.). 

[0047) In the case of Fig. 6, one of the RF power sources (such as either the 2 MHz RF 

power source, the 27 MHz RF power source, or the 60 MHz RF power source) may act as 

the master and may send control signals to the other RF power sources to synchronize 

pulsing proactively. Alternatively, an external control circuit can act as a master and may 

send control signals to all three RF power sources to synchronize pulsing proactively. 

[0048] As mentioned, the RF power levels ofthe various RF signals may be tuned 

separately during the high state of the base pulsing RF signal and during the low state of 

the base pulsing RF signal to achieve a desired process result. As an example, it is 

believed that ion energy may be increased by increasing the RF power level of the 2 MHz 

RF signal. Increasing ion energy is beneficial may also result in unwanted excessive 

polymer deposition in some cases. Pulsing the 2 MHz RF signal at its optimum pulsing 

frequency and optimum high and low RF power levels may result in increased ion energy 

without suffering from undue polymer deposition. 

[0049J Once the optimum RF power levels of the base pulsing RF signal are determined 

and/or set, the RF power levels of the non-base pulsing RF signals (i.e., the higher 

frequency pulsing RF signals) may be separately determined and set for the high state of 
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the base pulsing RF signal and the low state of the base pulsing RF signal to further tune 

the process (such as to tune the plasma density since the power levels of the higher 

frequency RF signals tend to affect plasma density more). As such, these different RF 

power levels of different RF pulsing signals may be employed as separate control knobs 

for the process. 

[0050] As mentioned, since the various pulsing RF signals are proactively synchronized, 

RF power perturbations are minimized. Even if an RF signal (such as the 60 MHz RF 

signal) is specified by the recipe to operate in a continuous waveform (CW) mode, it may 

be desirable, in one embodiment, to set sueh RF signal to proactively pulse at the same 

power level (such as 900 W) during both the high state of the base pulsing RF signal 

(such as the 2 MHz RF signal) since as shown in Fig. 3, such pulsing at the same power 

level reduces RF power perturbation compared to the reactive compensation approach. 

[0051] In one or more embodiments, the RF power levels of the base pulsing RF signal 

and the non-base RF signals are set such that plasma is sustained during pulsing. In other 

words, the plasma is not extinguished during the low state of either the base pulsing RF 

signal and/or the low state of the non-base pulsing RF signal. Keeping the plasma ignited 

allows process control to be more efficiently exerted by the process knobs of separate RF 

power levels (as mentioned earlier) and also minimizes plasma disturbance since plasma 

striking and/or ignition (which would have been necessary ifthe plasma is allowed to 

extinguish) is not as well-controlled a process as a continuous plasma .. As such, 

repeatability and uniformity is enhanced. 

[0052] In one or more embodiments, bimodal auto-fi'equency tuning techniques and 

apparatus therefor are disclosed. In a bimodal auto-frequency tuning approach, the tuned 

frequency ofthe non-base RF signal is proactively changed as the base RF signal pulses 

fTOm one state to another state to ensure efficient and stable power delivery for every 

state of the base RF signal. 

[0053] To elaborate, modern RF power supplies are capable of tuning its delivered RF 

frequency to improve power delivery (e.g., by changing the RF frequency delivered to the 

load). As an example, a 60 MHz RF generator may be capable of changing its tuned RF 

frequency by, for example,S to 10% (i.e., changing the RF frequency delivered to the 

load by 60 MHz +/- 5% to 10%). 
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[0054) However, such frequency change has been perfonned, so far, as an after-the-fact 

response of the RF generator when its sensors detect a change in the amount of RF power 

delivered to the load. Such detection often depends on a measurement of, for example, 

the ratio of the reflected power to the forward power (also known as gamma). When the 

RF generator detects a condition that is characteristic of inefficient power delivery (based 

on some preset gamma threshold, for example), the RF generator would, in a frequency 

tuning scheme, change its tuned RF frequency in order to more efficiently deliver power 

to the load. 

[0055J However, the after-the-fact nature of the current frequency tuning scheme often 

means that there is a lag in the response when changes occur to the plasma impedance or 

the plasma load. During this lag time. under certain conditions such as when the base RF 

signal pulses from one state to another state, the non-base RF generator may be highly 

inefficient or may be unable to deliver power at the required power set points (as 

specified by the recipe) until the non-base RF generator changes its tuned frequency 

sufficiently to adapt to the changed plasma load. 

(0056) In accordance with one or more embodiments of the invention, the tuned 

frequency of the non-base RF signals are asceliained in advance for every pulse state 

(e.g., high or low) of the base RF signal. Consider the situation, for example, when the 2 

MHz base RF signal pulses at about 1 kHz with a 50% duty cycle. For example, during 

the learning phase, it may be ascertained that when the 2 MHz base RF signal is in its low 

pulse state (i.e., after pulsing low), power delivery by the 60 MHz RF generator is 

efficient when the 60 MHz RF generator actually delivers its RF power using a 61 MHz 

tuned frequency. Further, it may be ascertained, in another example, in the learning 

phase that when the 2 MHz RF signal is in its high pulse state (e.g .• after pulsing high). 

the 60 MHz RF generator is efficient when the 60 MHz RF generator actually delivers its 

RF power using a 59 MHz tuned frequency. 

[0057J In one or more embodiments. during production, the 60 MHz RF generator (i.e., 

the non-base RF generator in this example) would proactively change its tuned frequency 

at the same time as the base RF signal pulses from one state to another state. The 

frequency change is said to be proactive since the change in the tuned fi'equency by the 

non-base RF generator is not made based on an after-the-fact detection of a change in the 
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plasma condition or a change in the impedance seen by the 60 MHz RF generator due to 

the pulsing of the base RF signal. 

(0058] Rather, the change in the tuned RF frequency by the non-base RF generator is 

synchronized such that the change occurs at an optimal time to ensure adequate and/or 

efficient power delivery as the base RF signal pulses from one state to another state. For 

example, the 60 MHz RF generator may change its RF tnned frequency proactively based 

on a coordination signal (which may be issued by the 2 MHz RF generator or anyone of 

the RF generators or by a separate control circuit that coordinates the RF generators) 

instead of waiting for a detection of a change in the plasma condition or a change in the 

impedance seen by the 60 MHz RF generator due to thc pulsing of the base RF signal. 

Generally speaking, the non-base RF generator may change its tuned frequency at the 

same time or even before the base RF signal pulses from one pulsing state to another 

. pulsing state. 

[0059] Fig. 7 shows a proof of concept plot, illustrating the fact that under certain 

conditions, the non-base RF generator is unable to deliver RF power at the required 

power set point. This is the situation in the prior art, for example. In the example of Fig. 

7, the base 2 MHz RF gcnerator has a power set point of 9 kW (not shown in Fig. 7), and 

the 60 MHz RF generator has a power set point of 750 W. These are the desired power 

levels for the respective RF generators. Further, the base 2 MHz RF signal ramps for 5 

seconds from a high state to a low state (from 2.2 seconds to 7.2 seconds) in the example 

of Fig. 7. 

[0060] In Fig. 7, the left vertical axis represents the amouut of power delivered by the 60 

MHz RF generator while the right vertical axis represents the tuned frequency of the 60 

MHz RF generator. Both vertical axes are plotted against the horizontal time axis. Line 

702 represents the amount ofRF power delivered. Line 730 represents the tuned 

frequency of the 60 MHz RF generator. 

(0061 J At point 700, the 2 MHz RF generator is at the high pulse state. At this point, the 

60 MHz RF generator delivers its power efficiently at a tuned RF frequency of 

approximately 61 MHz (line 730 at time t=2 seconds). 

10062J At time 2.2 seconds, the 2 MHz base RF signal begins to ramp low, reaching its 

low state at 7.2 seconds. As can be seen by the RF power line 702, the 60 MHz RF 
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generator senses the change in the plasma load and attempts to maintain its power set 

point of750W. At some point in time, starting at about 5 seconds (point 704), the 60 

MHz RF generator begins to change its tuned frequency downward in order to increase 

the RF power delivery efficiency in response to the detected change in the plasma load 

(which is caused by the 2 MHz base signal ramping to the low state). 

[0063] At time 7.2 seconds (reference number 706 on the horizontal time axis), the 2 

MHz base RF signal is at its low state. As can be seen in Fig. 7, the amount ofRF power 

delivered by the 60 MHz RF generator temporarily drops to about 220 W from point 708 

to point 710. This amount ofRF power delivered by the 60 MHz RF generator is 

substantially below the 750 W power set point for the 60 MHz RF generator. This 

represents an undesirable situation. 

[0064] From point 706 to point 7 I 2, the 60 MHz RF generator hunts for the tuned RF 

frequency that would enable the delivery of 60 MHz RF power at the required power set 

point of750 W with the 2 MHz RF signal at its low pulse state. At point 714, the 60 

MHz RF generator settles to a tuned RF frequency of about 59.75 MHz. At this lower 

tuned RF fi-equency, the 60 MHz generator is able to deliver RF power at its set point of 

750 W again. 

[0065] The proof of concept plot of Fig. 7 illustrates that for every pulse state of the 2 

MHz base signal, there is an optimal tuned RF frequency for the 60 MHz RF generator. 

Further, ifthe 60 MHz generator changes its tuned RF frequency in an after-tbe-fact 

manner (i.e., after detecting a change in the plasma load due to the pulsing of the 2 MHz 

base RF signal as per Fig. 7), there may exist situations where the power set points and 

thc RF frequencies are such that the 60 MHz RF generator would be unable to meet its 

required power set point. This is shown in Fig. 7 between points 706 and 712. 

[0066] Fig. 8 shows, in accordance with an embodiment of the invention, a method for 

learning the optimal tuned RF fi-equencies for the non-base RF generator while the base 

RF generator pulses. In step 802, the plasma chamber is powered with a pulsing base RF 

signal and at least one non-base RF signal. In step 804, the non-base RF generator(s) 

is/are operated in the auto-tuning mode to enable the non-base RF generator to seek its 

optimal RF frequencies (fl and £2) for the high state and the low state respectively of the 

base RF signal. In this auto-tuning mode, the non-base RF generator is allowed to seek 
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its own tnned RF frequency dnring each of the states of the base RF signal. These 

optimal RF freqnencies (for the non-base RF signal) for each of the states of the base RF 

signal serve as predefined RF frequencies, and the non-base RF generator proactively 

switches from one predefined RF frequency to another predefined RF frequency as the 

base RF signal pulses. 

[0067] As the term is employed herein, optimal RF frequency for the non-base RF 

generator refers to the RF frequency at which the non-base RF generator can deliver its 

power acceptably or efficiently (according to some predefined criteria) and/or can meet 

its power delivery set point. As discussed herein, there are at least two optimal RF 

frequencies for the non-base generator. These two optimal RF frequencies correspond to 

the two switching states of the base RF signal. 

[0068] Note that the first predefined RF frequency and the second predefined RF 

frequency employed during production are specific to each RF power supply. In other 

words, a 27 MHz power supply may have its own first predefined RF-power-supply­

specific RF frequency and second predefined RF-power-supply-specific RF frequency 

while a 60 MHz RF power supply may have its own first predefined RF-power-supply­

specific RF frequency and second predefined RF-power-supply-specific RF frequency 

that are different than those of the 27 MHz RF power supply. 

[0069] In one or more embodiments, all other conditions ofthe chamber are preferably 

arranged such that they mimic as closely as possible the conditions in production. In 

another embodiment, the fi'equency of the non-base RF generator may be manually 

changed to ascertain (e.g., by measuring gamma) the optimal frequencies f1 and f2 for 

the high state and the low state respectively of the base RF signal. 

[0070] In step 806, these optimal non-base RF generator frequencies for the high state 

and low state of the base RF signal are recorded and/or stored for use during production 

(i.e., production of substrates after the optimal non-base RF generator frequencies were 

learned in the learning phase). During production, the non-base RF generator proactively 

switches between optimal RF frequency f1 and optimal RF frequency f2 as the base RF 

signal pulses instead of waiting for the detection of a change in the plasma impedance or 

in the gamma. 
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[0071 J Fig. 9 shows, in accordance with an embodiment of the invention, a method for 

delivering optimal RF power to the plasma load in a plasma chamber while the plasma 

chamber is provided with a pulsing base RF signal and at least one non-base RF signal. 

In step 902, the plasma chamber is powered with a pulsing base RF signal and at least 

one non-base RF signal. In step 904, the non-base RF generator(s) is/are operated in the 

non-autotuning mode. In step 906, the frequency switching of the non-base RF signal is 

proactively synchronized with the pulsing ofthe base RF generator. This proactive 

synchronization enables the non-base RF generator to switch its tuned frequency between 

previously learned optimal tuned fl'equency fl and previously learned optimal tuned 

frequency f2 as the base RF signal pulses between its high state and its low state. The 

switching of the tuned fi'equency of the non-base RF generator is said to be proactive 

during production since the switching is performed in response to a synchronization 

signal and is independent of changed plasma load condition sensing (i.e., detection of 

changes in chamber parameter/parameters that reflectslreflect such changed plasma load 

condition due to the pulsing of the base RF signal). 

[0072J The synchronization signal may be issued by the base RF generator, by any RF 

generator of the multiple RF generators, or by an external synchronization circuit or 

computer, for example. In an embodiment, the non-base RF generator proactively 

switches from one previously learned optimal RF frequency fl to another previously 

learned optimal RF frequency f2 at the same time as the base RF signal switches from 

one state to another state. 

[0073J For example, if the previously learned optimal RF frequency fI for the non-base 

RF generator is ascertained to be efficient for the high state of the base RF signal and the 

previously learned optimal RF frequency f2 for the non-base RF generator is ascertained 

to be efficient for the low state of the base RF signal, the non-base RF generator may 

switch, responsive to a synchronization signal, to previously learned optimal RF 

frequency fl as the base RF generator pulses to the high state. Further, the non-base RF 

generator may switch, responsive to a synchronization signal, to previously learned 

optimal RF frequency f2 as the base RF generator pulses to the low state. 

[0074] In another embodiment, the non-base RF generator may proactively switch fi'om 

one previously learned optimal RF frequency fl to another previously learned optimal RF 
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frequency £1 even slightly before the base RF signal switches from one state to another 

state. 

(0075) In another embodiment, the non-base RF generator may proactively switch from 

one previously learned optimal RF frequency fl to another previously learned optimal RF 

frequency £1 even slightly after the base RF signal switches from one state to another 

state. 

[0076) In one or more embodiments, the proactive non-base RF signal frequency 

switching (e.g., between previously learned RF fi'equency fl and previously learned RF 

frequency £1) of the non-base RF generator may be combined with the proactive power 

level setting of the non-base RF generator in order to improve RF power delivery 

efficiency and stability as the base RF signal pulses. In one or more embodiments, the 

proactive frequency switching of the non-base RF signal and/or the proactive power level 

switching of the non-base RF generator may be synchronized with the pulsing of the base 

RF signal. If multiple non-base RF signals are involved, the frequencies and/or power 

levels of these non-base RF signals may be proactively switched as the base RF signal 

pulses using a similar arrangement as that discussed for the single non-base RF signal 

situation. 

(0077) As can be appreciated from the foregoing, embodiments of the invention improve 

RF power delivery stability and efficiency as the base RF signal pulses between its high 

state and its low state. By proactively changing the RF power levels of the non-base RF 

generator or non-base RF generators (if multiple non-base RF generators are involved), 

power delivery stability is improved while the base RF signal pulses between its high 

state and its low state. By proactively switching between previously learned optimal RF 

fi'equencies for the non-base RF generator or non-base RF generators (if multiple non­

base RF generators are involved), power delivery efficiency is improved or power 

delivery is rendered possible for every pulse state of the base RF signal and for the time 

durations surrounding the transition from high-to-low and low-to-high of the base RF 

(0078) By providing these additional control knobs, the process recipe window may be 

opened to accommodate more stringent process requirements, leading improved 

processing and yield of high density/high performance devices. 
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[0079J While this invention has been described in tenns of several preferred 

embodiments, there are alterations, pennutations, and equivalents, which fall within the 

scope of this invention. It should also be noted that there are many altemative ways of 

implementing the methods and apparatuses of the present invention. Although various 

examples are provided herein, it is intended that these examples be illustrative and not 

limiting with respect to the invention. 
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