
FEEDBACK CONTROL AND COHERENCY OF MULTIPLE POWER SUPPLIES 
IN RADIO FREQUENCY POWER DELIVERY SYSTEMS FOR PULSED MODE 

SCHEMES IN THIN FILM PROCESSING 

FIELD 

{0001] The present disclosure relates to radio frequency (RF) 

generators and to feedback control and coherency of multiple power supplies in a 

RF power delivery system. 

BACKGROUND 

[0002] The background description provided herein is for the 

purpose of generally presenting the context of the disclosure. Work of the 

presently named inventors, to the extent the work is described in this background 

section, as well as aspects of the description that may not otherwise qualify as 

prior art at the time of filing, are neither expressly nor impliedly admitted as prior 

art against the present disclosure. 

[0003] Plasma etching is frequently used in semiconductor 

fabrication, in plasma etching, ions are accelerated by an electric field to etch 

exposed surfaces on a substrate. The electric field is generated based on RF 

power signals generated by a radio frequency (RF) generator of a RF power 

system. The RF power signals generated by the RF generator must be precisely 

controlled to effectively execute plasma etching. 

[0004] A RF power system may include a RF generator, a matching 

network, and a load, such as a piasma chamber. The RF generator generates 

RF power signals, which are received at the matching network. The matching 
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network matches an input impedance of the matching network to a characteristic 

impedance of a transmission line between the RF generator and the matching 

network. This impedance matching aids in minimizing an amount of power 

applied to the matching network in a forward direction toward the piasma 

chamber {"forward power") and reflected back from the matching network to the 

RF generator ("reverse power"), impedance matching also assists in maximizing 

forward power output from the matching network to the piasma chamber. 

10005] In the RF power supply field, there are typically two approaches 

to applying the RF signal to the ioad. A first, more traditional approach is to 

apply a continuous wave signal to the load. The continuous wave signal is 

typically a sinusoidal wave that is output continuously by the power supply to the 

load. In the continuous wave approach, the RF signal assumes a sinusoidal 

output, and the amplitude and/or frequency of the sinusoidal wave can be varied 

in order to vary the output power applied to the load. 

[0006] A second approach to applying the RF signal to the load 

involves pulsing the RF signal, rather than applying a continuous wave signal to 

the load, in a pulsed mode of operation, a RF sinusoidal signal is modulated by 

a moduiation signal in order to define an envelope for the modulated sinusoidal 

signal. In a conventional puised modulation scheme, the RF sinusoidal signai 

typically is output at a constant frequency and amplitude. Power delivered to the 

load is varied by varying the modulation signal, rather than varying the 

sinusoidal, RF signal. 
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[0007] In the typical RF power supply configuration, output power 

applied to the load is determined by using sensors that measure the forward and 

reflected power or the voltage and current of the RF signal applied to the load. 

Either set of these signals is analyzed in a typical feedback loop. The analysis 

typically determines a power value which is used to adjust the output of the RF 

power supply in order to vary the power applied to the load. Sn a RF power 

delivery system where the load is a plasma chamber, the varying impedance of 

the load causes a corresponding varying power applied to the load, as applied 

power is in part a function of the impedance of the load. 

[0008] Existing methods and apparatus for measuring power at best 

provide peak and average power information and thus only allow an incomplete 

view of the RF power variation occurring in the plasma chamber. More 

specifically, in a pulsed mode of operation, peak and average power of the pulse 

provide only a narrow view of the RF transients occurring during the pulsed 

power sequences delivered to the piasma. Such power measurement and 

feedback systems also sample at rates that are much slower than the modulation 

intervals and thus do not provide a comprehensive measure of the power 

delivered to the piasma load during the inevitable impedance variations in the 

load. 

[0009] As plasma systems have evolved, many new challenges for 

both continuous wave and pulsed RF control exist to meet the specifications 

required to meet critical manufacturing specifications. One advancement is the 

use of multiple RF sources for increased control of various plasma parameters. 
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These parameters include electron density, electron temperature, ion flux, and 

ion energy. Dual RF plasma systems have been developed in order to enabie 

independent control of ion energy and ion fiux. Thin film processing has evolved 

to use three RF plasma systems for control of the actual energy distribution of 

ions incident on the surface of the material, in addition to controlling ion energy 

and ion fiux. Further yet, phase locked high density systems having 

supplemental RF biasing have become critical to various etching applications. 

The success of multiple power sources to independently control plasma 

parameters such as ion flux and ion energy to the surface of a processed 

material have presented even greater challenges to the delivery of RF power 

coupling and control in pulsed RF piasma systems. 

[0010] The transition from continuous wave RF power delivery systems 

to pulsed RF power delivery systems creates several particular challenges. In a 

typical plasma system, the power dissipated in the plasma depends upon the 

impedance of the piasma. If the impedance varies on the timescale of the RF 

puise (typically in the range of 1 kHz-10 kHz), so as to not extinguish the plasma 

between puise events, the sensors and actuators in the matching network and 

generator must respond on a similar timescale to provide optima! power coupling 

to the piasma load. Further, the time response of the impedance is plasma 

dependent and varies in accordance with factors such as chemistry, pressure, 

and power coupling. Further yet, the various parasitic elements outside of the 

piasma, such as resistive loss in the RF coupling antenna or the match system, 

present a time varying power coupling efficiency during the pulse cycle because 
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ihey are a constant dissipated impedance in series with a time varying 

impedance load. Further yet, because the transmitted and reflected power 

sensors and RF generators are typically calibrated for a matched termination, 

power compensation due to impedance mismatch can contribute to increased 

variability in power delivery. 

[0011] Present pulsed RF systems do not currently provide closed-loop 

power delivery solutions. Present pulsed RF systems address this problem by 

attempting to find an acceptable match condition for the pulsed system and run 

the system in an open loop mode, in this configuration, neither the generator nor 

the match compensate for power delivery inefficiencies during pulsed operation. 

This can significantly degrade the accuracy and reproducibility of the power 

delivery within predefined pulse periods. While faster tuning algorithms have 

helped address some considerations, they further complicate the power transfer 

from the source to the load due to the dynamic impedance variation and pulsed 

mode operation. Further yet, the lack of a closed loop feedback system for 

pulsed RF systems further limits its use in volume manufacturing where thin film 

manufacturing includes different plasma chambers and tools. 

[0012] These considerations continue to limit the use of pulsed RF 

systems and volume manufacturing despite potential benefits of improved 

plasma conditions and subsequent surface reactions. 
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SUMMARY 

[0013] This section provides a general summary of the disclosure, and is 

not a comprehensive disclosure of its full scope or all of its features, 

[0014] A radio frequency (RF) control system includes a power amplifier 

that outputs a RF signal to a load. A sensor monitors the RF signal and generates a 

sensor signal based on the RF signal. An energy detection circuit determines an 

energy of the RF signal in accordance with the sensor signal. A power amplifier 

energy adjustment circuit generates a control signal for varying the RF signal to a 

predetermined energy setpoint in accordance with the energy determined by the 

energy detection circuit. 

[0015] A radio frequency (RF) control system includes a power amplifier 

that outputs a RF signal to a load. A sensor monitors the RF signal and generates a 

sensor signal based on the RF signal. An energy detection circuit determines an 

energy of the RF signal in accordance with the sensor signal. A power detection 

circuit determines a power of the RF signal in accordance with the sensor signal. A 

power amplifier energy adjustment circuit generates a control signal for varying the 

RF signal in accordance with the energy determined by the energy detection circuit 

and the power determined by the power detection circuit. The RF signal includes a 

first signal and a first modulation signal modulating the first signal, and the energy 

detection circuit determines the energy of the first modulation signal to determine the 

energy of the RF signal. 

[0016] A radio frequency (RF) control system includes a plurality of power 

amplifiers that output a respective RF signal to a load. Each power 
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amplifier includes a power amplifier that outputs a RF signal to a load; a sensor that 

monitors the RF signal and generates a sensor signal based on the RF signal; an 

energy detection circuit that determines an energy of the RF signal in accordance 

with the sensor signal; and a power amplifier energy adjustment circuit that 

generates a control signal for varying the RF signal in accordance with the energy 

determined by the energy detection circuit. A RF delivery coordination module 

controls the phase between the respective power amplifiers. 

[0017] A radio frequency (RF) control system includes a plurality of power 

amplifiers that outputs a respective pulsed RF signal to a load. Each power amplifier 

includes a power amplifier that outputs a RF signal to a load; a sensor monitoring the 

RF signal and generating a sensor signal based on the RF signal; an energy 

detection circuit determining an energy of the RF signal in accordance with the 

sensor signal; and a power amplifier energy adjustment circuit generating a control 

signal for varying the RF signal in accordance with the energy determined by the 

energy detection circuit. A RF delivery coordination module synchronizes the 

respective RF power amplifiers. 

[0017a] A radio frequency (RF) control system includes a power amplifier 

that outputs a RF signal to a load; a sensor monitoring the RF signal and generating 

a sensor signal based on the RF signal; a power determination circuit determining a 

power in accordance with the sensor signal and generating a power signal; an 

energy detection circuit determining an energy of the RF signal in accordance with 

the power signal; and a power amplifier energy adjustment circuit generating a 
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contro! signal for varying the RF signal in accordance with the energy determined by 

the energy detection circuit. 

[0018] Further areas of applicability will become apparent from the 

description provided herein. The description and specific examples in this summary 

are intended for purposes of illustration only and are not intended to limit the scope 

of the present disclosure. 
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DRAWINGS 

[0019] The drawings described herein are for illustrative purposes 

only of selected embodiments and not all possible implementations, and are not 

intended to limit the scope of the present disclosure. The present disclosure will 

become more fully understood from the detailed description and the 

accompanying drawings, wherein. 

[0020] FIG. 1 is a functional block diagram of a RF power system 

arranged in accordance with the principles of the present disclosure; 

[0021] FIG. 2 is a functional block diagram of a RF power delivery 

system arranged in accordance with the principles of the present disclosure; 

[0022] FIG. 3 Is a schematic diagram of a model of a RF plasma 

system; 

[0023] FIG. 4 is a plot of an example bi-level pulsing signal; 

[0024] FIGS. 5A and 5B are plots illustrating a relationship between 

phase and actual power to measured power; 

[0025] FIG. 6 is a piot illustrating an example bi-level pulsing signal 

subdivided in two blocks in order to measure the energy contained within each 

block; 

[0026] FIGS. 7A-7C are functional block diagrams of RF delivery 

systems having single and multiple RF generators; 

[0027] FIG. 8 is a plot illustrating normalized energy for varying the 

phase for the energy computed over the period of a sinusoidal signal; 
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[0028] FIG. 9 illustrates an energy control method in accordance with 

the present disclosure; 

[0029] FIG. 10 depicts a pair of waveforms illustrating a phase 

difference between a pair of modulation signals; 

[0030] FIG. 11 depicts a pair of waveforms illustrating a phase 

difference between a pair of modulation signals in accordance with a fixed time 

pulse; 

[0031] FIG. 12 depicts a modulation signal and its associated power 

signal and illustrates a phase difference between the two signals; and 

[0032] FIGS, 13A-13B each depict a modulation signal and its 

associated power signal and illustrates various embodiments for initiating the RF 

signal upon the start of the next pulse sequence of the modulation signal. 

[0033] Corresponding reference numerals indicate corresponding parts 

throughout the several views of the drawings. 

DETAILED DESCRIPTION 

[0034] Example embodiments will now be described more fully with 

reference to the accompanying drawings. 

[0035] The foregoing description is merely illustrative in nature and 

is in no way intended to limit the disclosure, its application, or uses. The broad 

teachings of the disclosure can be implemented in a variety of forms. Therefore, 

while this disclosure includes particular examples, the true scope of the 

disclosure should not be so limited since other modifications will become 
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apparent upon a study of the drawings, the specification, and the following 

claims. For purposes of clarity, the same reference numbers will be used in the 

drawings to identify similar elements. As used herein, the phrase at least one of 

A, B, and C should be construed to mean a logical (A or B or C), using a non­

exclusive logical OR. It should be understood that one or more steps within a 

method may be executed in different order (or concurrently) without altering the 

principles of the present disclosure. 

[0036] As used herein, the term module may refer to, be part of, or 

include an Application Specific integrated Circuit (ASIC); an electronic circuit; a 

combinational logic circuit; a field programmable gate array (FPGA); a processor 

(shared, dedicated, or group) that executes code; other suitable hardware 

components that provide the described functionality; or a combination of some or 

all of the above, such as in a system-on-chip. The term moduie may include 

memory (shared, dedicated, or group) that stores code executed by the 

processor. 

[0037] The term code, as used above, may include software, 

firmware, and/or microcode, and may refer to programs, routines, functions, 

classes, and/or objects. The term shared, as used above, means that some or 

all code from multiple modules may be executed using a single (shared) 

processor. In addition, some or ail code from multiple modules may be stored by 

a single (shared) memory. The term group, as used above, means that some or 

ail code from a single module may be executed using a group of processors. In 
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addition, some or all code from a single moduie may be stored using a group of 

memories. 

[0038] The apparatuses and methods described herein may be 

implemented by one or more computer programs executed by one or more 

processors. The computer programs include processor-executable instructions 

that are stored on a non-transitory tangible computer readable medium. The 

computer programs may also include stored data. Non-limiting examples of the 

non-transitory tangible computer readable medium are nonvolatile memory, 

magnetic storage, and optical storage. 

[0039] Although the terms first, second, third, etc. may be used 

herein to describe various elements, components, loops, circuits, and/or 

modules, these elements, components, loops, circuits, and/or modules should 

not be limited by these terms. These terms may be only used to distinguish one 

element, component, loop, circuit or module from another element, component, 

loop, circuit or module. Terms such as "first," "second," and other numerical 

terms when used herein do not imply a sequence or order unless clearly 

indicated by the context. Thus, a first element, component, loop, circuit or 

module discussed below could be termed a second element, component, loop, 

circuit or module without departing from the teachings of the example 

implementations disclosed herein. 

[0040] In FIG. 1. a RF power system 10 is shown. The RF power 

system 10 includes a RF power delivery control system 12 and a load 14. The 

RF power delivery control system 12 further includes a RF power generator and 
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control system 16 (also referred to as a RF generator) and a matching network 

18. RF generator 16 generates a RF power signal 20, which is provided to the 

matching network 18. The matching network 18 matches an input impedance of 

the matching network 18 to a characteristic impedance of a transmission Sine 22 

between the RF generator 16 and the matching network 18. Put another way, 

the matching network 18 matches an impedance of the load 14 to an impedance 

as seen by the output of the RF generator 16. The matching network 18 and the 

load 14 may be considered as the load on the RF generator 16. The load 14 

may be, for example, a plasma chamber or other RF load. The impedance of the 

load 14 may be static (i.e. unchanging over time) or dynamic (i.e. changing over 

time). 

|0041] The RF generator 16 includes a RF power source 28 (or a 

power amplifier) and a feedback loop 30. The power amplifier 28 generates the 

RF power signal 20, which is output to the matching network 18. The power 

amplifier 28 may generate the RF power signal 20 based on a power signal 

received from a power source 31 external to the power amplifier 28. Although 

the power source 31 is shown as part of the RF generator 16, the power source 

32 may be externa! to the RF generator 16. The power source 32 may be, for 

example, a direct current (DC) power source. 

[0042] Feedback loop 30 includes a pair of feedback loops, each 

providing feedback for a respective parameter that enables feedback control of 

RF generator 16. Feedback loop 30 includes one or more sensors 32. The 

sensors 32 may include voltage, current, and/or directional coupler sensors. The 
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sensors 32 may detect (i) voltage V and current 1 output of the power amplifier 

28, and/or (ii) forward (or source) power PFWD out of the power amplifier 28 

and/or RF generator 16 and reverse (or reflected) power PREV received from the 

matching network 18. The voltage V, current I, forward power PFWD, and 

reverse power PREV may be scaled versions of the actual voltage, current, 

forward power and reverse power of the output of the power amplifier 20. The 

sensors 32 may be analog and/or digital sensors. In a digital implementation, the 

sensors 32 may include analog-to-digita! (AID) converters and signal sampling 

components with corresponding sampling rates. The output from sensors 32 can 

generally be referred as a first signal X and a second signal Y, which may 

represent various analog or digital implementations. 

[0043] Feedback loop 30 includes a pair of feedback loops that 

each receive sensor signals 34 output by sensors 32 to determine a respective 

parameter to enable feedback control of RF generator 16. A first or outer of the 

respective feedback loops comprises a power feedback loop 36 for power 

regulation. A second or inner of the respective feedback loops comprises an 

energy feedback loop 38 for energy regulation. Each respective feedback loop 

36, 38 can perform various filtering and scaling operations of the signals 34 

output by sensors 32. Any combination of filtering and sampling functions may 

be used to adapt the signals for the requisite analysis and feedback control 

[0044] With respect to power feedback loop 36, power feedback 

loop includes a filter moduie 40. Filter module 40 carries out a filtering operation 

defined by the transfer function Gp(X,Y), which is a transfer function associated 
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with filtering sensor signals 34 to output filtered sensor signals for use in power 

feedback loop 36, where the subscript P indicates a value related to power. 

Filter module 40 generates transformed signals and K, respectively. The 

transformed signals and are input to a scaling module 42 which conditions 

the transformed signals by a scalar value KP for feedback to power control 

module 46 via summing junction 48 to generate a power feedback error signal 

P P eft. The power feedback error signal efb is input to power control module 46. 

TsP 
Power control module 46 applies a transfer function 2) to the error to 

generate a power contro! signal uf&. Power control signal is input to energy 

control module 58, which will be described In greater detail herein. It should be 

noted that the signals described here and may be implemented as a single signal 

or as a set of signals. By way of non-limiting example, power control signal XL% 

may be implemented as a single command or a set of commands, as some RF 

generators have a single actuator, such as for controlling rai! voltage or phase, 

while other RF generators have multiple actuators, such as for a drive and rail 

voltage. 

[0045] Feedback loop 30 also includes inner or energy feedback 

loop 38. Energy feedback loop 38 includes a filter module 52. Filter module 52 

carries out a filtering operation defined by the transfer function GB(XfY), which is 

a transfer function associated with filtering sensor signals 34 to output filtered 

sensor signals for use in energy feedback loop 38, where the subscript E 

indicates a value related to energy. It will be understood by one skilled in the art 

that in various embodiments, the transfer function performed by filter moduie 52 
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can be commonly shared with the transfer function performed by filter moduie 40. 

Filter module 52 generates transformed signals X* and respectively. The 

transformed signals XE and are input to a power determination moduie 54 that 

determines a power signal in accordance with the dot product As wili be 

described in greater detail herein, power determination module 54 generates 

power measurements for contiguous and non-overlapping blocks. Power 

determination module 54 outputs a power signal to scaling module 56. Scaling 

module 56 conditions the transformed signals by a scalar value for feedback 

to energy control module 58 via summing junction 60. Scaling module 56 applies 

a scaling factor and a time differential to the output of power determination 

module 54 to generate energy signal Efb) applied to summing junction 60. 

[0046] Summing junction 60 receives the energy signal Efb) and 

also receives an energy value from energy measurement module 64. in various 

embodiments, summing junction 60 also receives an external energy value from 

an external energy measurement module 67. The external energy measurement 

value in various embodiments can, by way of nonSimiting example, be generated 

by an external sensor providing either forward/reverse power information or 

voltage/current information. The external energy measurement value can be 

provided by a RF sensor positioned between the matching network and plasma 

chamber, such as shown in FIG. 2. Energy measured at the input to the plasma 

chamber is more representative of energy delivered to the plasma chamber in 

various embodiments. An externa! energy source could produce the energy-

based measurement as described herein where the post-match RF sensor could 
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be coupled to the RF power supply, and the energy computed locally. Post-

match energy measurements can be introduced to replace or supplement energy 

measurements from the power supply local sensor. 

[0047] Summing junction 60 outputs an energy feedback error 

signal efb. The energy feedback error signal eh is input to energy control 

moduie 58. Energy control moduie 58 receives the energy feedback error signal 

efb and also receives the power update control signal eft, Energy control 

nJJ pgr 
module 58 applies a transfer function and generates a control signal ufb 

to power amplifier 28 to control the output from power amplifier 28 output to load 

14. Energy control module 58 thus generates a control signal ur* which includes 

both power and energy adjustments in accordance with the respective power 

error signal and an energy error signal. Energy control module 58 adjusts the 

output of the power amplifier 28 by updating actuators coupled to the power 

amplifier. Energy feedback loop 38 provides a first control mechanism for energy 

control module 58 to provide controlled by varying the energy duration. 

[0048] Energy control module 58 also outputs a feedback or power 

signal set point Cp correction to summing junction 68. . Summing junction 68 

also receives an external power setpoint signal output by power setpoint module 

70, which may be a component of an external controller (not shown). Feedback 

to summing junction 68 enables an adjustment of the energy amplitude to 

compensate for energy delivery to provide a second control mechanism in 

addition to the first control mechanism of energy duration. By way of nonlimiting 

example, energy control module 58 enables amplitude adjustment of the power 
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setpoint to achieve the desired energy. Such a control mechanism requires 

interaction with the power regulation. This feedback also prevents any updates 

to the power amplitude defined by the output of setpoint module 70 from being 

negated by the power controller. 

[0049] FIG. 2 depicts a functional block diagram of a RF power 

system 10'. RF power system 10' of FIG. 2 is configured similarly to FIG. 1, In 

FIG. 2, sensors 32 of FIG. 1 have been moved outside of RF power generator 

and control system 16 to the location of sensors 32' of FIG. 2. Sensors 32' 

output analogous signals Xand Yas described in connection with FIG. 1. 

[0050] One feature of the above described FIGS. 1 and 2 is the use 

of energy feedback for adjusting the output of power amplifier 28. in order to 

describe this concept in detail, FIG, 3 presents a generalized model of a plasma 

system in order to describe this concept in detail. The plasma system of FIG. 3 

depicts a generalized piasma system 300 including a RF power supply 302, a 

matching network 304, and a plasma chamber 306. 

[0051] RF power supply 302 generates a sinusoidal output signal to 

plasma chamber 306 via transmission line 308 having a resistance Rr 330 and 

matching network 304. Matching network 304 is modeled as a tunable load 

capacitance CLOAD 312 shorted to ground, a tunable series capacitance CTUNE 

314 in series with transmission line 308 and output inductance LQ 316. Current 

flowing into matching network 304 is shown as voltage circulating through 

matching network 304 is indicated as v/ft), and the impedance of matching 

network 304 is shown as Z/. Plasma chamber 306 Is modeled as a real resistive 
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load Rp 320 in series with a reactive element, parasitic capacitance Cp 322. The 

series combination of resistive load Rp 320 and parasitic capacitance Cp 322 is 

placed in parallel with reactive stray capacitance CSTRAY 326; Current flowing 

into plasma chamber 306 is shown as ip(t), voltage circulating through plasma 

chamber 306 is indicated as vp(t), and the impedance of plasma chamber 306 is 

shown as Zp. 

[0052] RF power supply 302 operates at a frequency to within a 

bandwidth AOJ. For optimal power transfer, the impedance Zp of the piasma 

chamber 306 is transformed to match the impedance Rr 330 of transmission line 

308. Matching network 304 thus transforms the impedance of the plasma 

chamber to the impedance Z/ of transmission fine 308, When this occurs in the 

lossless case, all power from RF power supply 302 is delivered to matching 

network 304. The power from matching network 304 is then coupled to plasma 

chamber 306. 

[0053] In the case of continuous wave operation of RF power 

supply 302, the voltage and current supplied to plasma chamber 306 can be 

represented with the following equations: 

•Vp&) - Vp cost&j'O (1) 

/pC0sCcat+ 0} (2) 

Where 9 is the phase angle of the impedance Zp. Similarly, the voltage and 

current signals of the input of matching network 304 can be represented with the 

following equations: 

V/CO - KtCOsfcdi) (3) 
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ivt£) = h cosCwt + ©3 (4} 

Where 0 is the phase angie of the transmission line impedance h. 

[0054] For continuous wave signals, the power and energy of the 

RF signals can be derived from the matching network 304 and the plasma 

chamber 306. The time average power absorbed by the matching network 304 

and plasma chamber 306 are respectively defined by the following integrals: 

h= fl "vmit&it 

fjs m"u 

(6) 

From equations (5) and (6), the energy can be determined from the time integrals 

of the corresponding instantaneous power. 

(7) 

Bp - J vpif)ivmdt 

Based on the efficiency of the impedance transformation of the matching 

network, the power loss of the match is minimized and 

[0055] In a typical matching network, physical limitations in the 

matching network prevent achieving a lossless transfer in the RF power delivery 

system. The power loss is represented as a scalar s; 1) of its input power, P/ = 

aPp. The loss in the match affects the instantaneous power and subsequently 

the energy computation such that $ * . However, these quantities are related 

analogously to pre-match and post-match 
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[0056] The analytical expressions for pulsed mode operation of 

plasma system 300 will be described in the generalized context of continuous 

wave describing functions of the power delivery system for the plasma. The 

effectiveness of sampling power at the input of the matching network will be 

demonstrated, indicating logistical convenience provided by such sampling. 

Such a system is indicated in FIG. 1. FIG. 2, however, indicates yet another, 

desirable location for sampling power, namely, that the output of the matching 

network. Sampling the output power of the match network, as indicated in FIG. 

2, provides direct measurement of the energy delivered to the plasma source in 

the variation of the matching network and its loss does not impair the relative 

accuracy. 

[0057] FIG. 4 illustrates a waveform depicting an arbitrary, 

generalized example of a bi-ievei pulsing signal s(t). The signal s{t) generally 

represents a power signal that results from bi-levei pulsing the RF signal. With 

reference to FIG. 3, the pulsing signal s(t) is shown as a composite of a 

modulation signal modulating the voltage and current signals. FIG. 3 thus 

depicts a voltage signal v(t) 402, a current signal i(t) 404, and a modulating signal 

a(t) 406. The voltage, current, and modulating signals can be implemented 

either in analog or digital domains. The signals will be represented generally as 

described above without specific reference to whether the signals are 

implemented in the analog or digital domain. Further, the voltage signal v(t) and 

current signal i(t) represent either the pre-match network or post match network 

voltage and current expressions discussed above with respect to FIG. 3. In the 
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noniimiting example of FIG. 3, modulation signal a(t) represents a bi-ievel pulsing 

signal It will be recognized by one skilled in the art that power signal s(t) can 

result from any form of a modulation function a(t). By way of noniimiting 

example, such modulation functions can include linear, time-varying, exponential 

modulation functions, or combination thereof. In various embodiments, 

modulation signal a(t) varies relatively slowly with respect to the rapid variation 

exhibited by the voltage signal v(t) and current signal i(t). In various 

embodiments, voltage signal v(t) and current signal i(t) are also narrowband 

signals with respect to the frequency co and the bandwidth Aco. 

[0058] In the case of pulsed mode operation, the equation for 

energy differs from the energy equations described above with respect to 

equations (7) and (8). The energy equation can be described as shown below: 

E = •jfjacap dt + ijf laa)F rCXOWf 

The above equation (9) is a generalized version which, for the purpose of the 

discussions herein, should be considered as applying to both FIGS. 1 and 2 

which show the sensors 32 before and after matching network 18, respectively. 

[0059] With particular reference to FIG.4, FIG. 4 represents an 

illustration of the second term in equation (9). This integral of equation (9) 

encompasses the portion of the net area under the product of the voltage v(t) and 

current i(t) cosine functions modulated by the modulating function a(t). Because 

the moduiation function a(t) varies relatively siowly compared to the cosine 

functions v(t) and i(t), the net area contributed by the second term of equation (9) 

is small in comparison to the first-term of equation (9). This result enables the 
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sampling of voltage vft) and current i(t) signals within the periodic envelopes of 

the modulation function aft) to determine the delivered RF energy. Thus, by 

appropriately measuring or estimating power of the period or periods of the 

modulation function, the energy of the RF signal can be computed through the 

envelope of a modulation function aft). The modulation function can be 

controlled with the feedback of the energy measurement to deliver consistent, 

repeatable period to period energy delivery for the prescribed pulsing function. 

Thus, using energy measured or estimated within the pulse period or periods, the 

modulation function aft) can be varied in amplitude or time such that the 

corresponding period to period energy delivered is repeatable. Further yet, this 

ultimately enables the control of energy delivered in a RF delivery system, and 

the energy delivery controller can effectively time vary the energy delivered to the 

load and monitor the delivered energy for comprehensive, autonomous control 

system. 

[0060] As is well known, the general objective of a power delivery 

system is to maximize the power transfer which typically occurs when the forward 

power Ppwo is maximized or the reverse power PFWD is minimized. Equation (10) 

below describes both of these cases: 

maxCM = mU\ C«*s £(0)3 ) = max<PiW2>) - minCP^EF) (10) 

As can be seen from equation (10), the maximum of the load power or delivered 

power Pd for a reactive load occurs when 0 approaches zero. Adjusting the 

tuning elements in a matching network, such as matching network 18, enables 

designers to enable 0 to approach zero. In addition, varying the frequency of the 
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RF power supply can be used to further tune to the optimal point of operation 

since 0 depends upon the reactive impedance, which also becomes a function of 

frequency. 

[0081] Through the use of vector calculus, the cosine of two 

independent variabies can be determined in a generalized form: 

c:osli wihmu (11) 

Substituting this equation into the equation for delivered power, equation (10) 

above, yields the following equation, which defines delivered power as a function 

of the dot product of the sampled voltage and sampled current signals: 

P* = W) (12) 

The response of the delivered power detector can be demonstrated by varying 

the phase 8 in ip(t) with respect to the constant phase of vp(t) and sampling the 

signals to obtain the following dot product: 

N 

(FI) = Y VvMipln] 
hi ' (13) 

where N is selected based on a number of samples that correspond to few 

periods of co. 

[0082] Equation (13) leads to the waveforms of FIG. 5. FIG. 5A depicts 

a phase response over the phase of . FIG. 5B depicts a linear relationship 

between the actual power and the measured power. Specifically, FIG. 5A 

illustrates a waveform 502, The x-axis in FIG. 5A depicts the phase over the 

period ±w , and the y-axis depicts the measured power. FIG. 5B illustrates a 
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waveform 504. The x-axis in FIG. 5B represents the actual power, and the y-axis 

represents the measured power. 

[0063] From FIGS. 5A and 5B, the phase response demonstrates that 

the need for precise phase measurement is alleviated. Computing the dot 

product of the voltage v(t) and current i(t) vectors yields a power measurement 

without deriving the corresponding phase difference of these quantities. This 

significantly simplifies determining a power measurement in the pulsed mode of 

operation. Further, the dot product of equation (13) yields the power delivered to 

the load, as is desired for energy computation. While this could have been 

accomplished with the forward and reverse ports from a directional coupler, such 

an approach requires an intermediate step of computing the difference between 

the forward power and reverse power. Such an intermediate step would increase 

the loop time for the determination. 

[0064] With reference to FIG. 6, in order to compute energy, power 

is measured in non-overlapping blocks. Similarly to FIG 4, FIG. 6 illustrates a 

waveform depicting an arbitrary, generalized example of a bi-level pulsing signal 

s(t). The signal s(t) generally represents a power signal that results from bi-leve! 

pulsing the RF signal. The pulsing signal s(t) is generally shown as a composite 

of a modulation signal aft) modulating the voltage signal vft) and current signal 

i(t). FIG. 6 thus depicts a voltage signal vft) 602, a current signal ift) 604, and a 

modulating signal a(t) 606. 

[0065] As described above, the voltage, current, and modulating 

signals can be implemented either in analog or digital domain. The signals will 
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be represented generally as described above without specific reference to 

whether the signals are implemented in the anaiog or digital domain. Further, the 

voltage signal vft) and current signal ift) represent either the pre-match network 

or post match network voltage and current expressions discussed above with 

respect to FIG. 3. In the noniimiting example of FIG. 6, modulation signal aft) 

represents a bi-ievei pulsing signal, it will be recognized by one skilled in the art 

that power signal s(t) can result from any form of a modulation function. By way 

of noniimiting example, such modulation functions can include linear, time-

varying, exponential modulation functions, or various combinations thereof. In 

various embodiments, modulation signal aft) varies relatively slowly with respect 

to the rapid variation exhibited by the voltage signal vft) and current signal ift). In 

various embodiments, voltage signal vft) and current signal ift) are narrowband 

signals with respect to the frequency OJ and the bandwidth AOJ. 

[0066] Further with respect to FIG. 6, the waveform sft) is divided into 

blocks by subdividing the moduiation signal aft). The modulation signal aft) has 

a high portion 610 and a low portion 612. High and low portions 610, 612 repeat 

periodically in accordance with the periodic variation of the modulation signal aft). 

Each high portion 610 is divided into three equal time periods EH(1), EH(2), EH(3). 

Similarly, each low portion 612 is divided into three equal time periods EL(1), 

Ei_(2), EL(3). Each respective high portion 610 is referred to as ETH(1), ETH(2), 

ETH(3), . . ETH(N). Likewise, each respective low portion 612 is referred to as 

ETL(1). ETL(2), ETL(3), . . . , ETL(N). One skilled in the art will recognize that the 

respective high portions 610 and low portions 612 can be divided in accordance 
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with various design considerations. The selection of dividing each respective 

high portion 610 and low portion 612 into three blocks of equal time is merely by 

way of non-iimiting example. Further, one skilled in the art will recognize that a 

high portion 610 can be divided into a number of blocks that differ from the 

number of blocks into which a low portion 612 is divided. 

|0067] In order to compute energy, power is derived from samples of 

voltage and current signals within the frequency OJRF sampled at a rate of OJS. 

Each block contains approximately k periods of OJRF to define the number of 

samples per block: 

K = (2Xk^js-iy (14) 

and having a time duration of At = kcu. it should be noted that for energy 

computation, the number of periods k need not be evenly divisible by OJRF so long 

as the blocks for a power computation are contiguous and non-overlapping. 

Energy for each block is in computed as shown in Equation (15) below: 

E(b) = Pd(b) At (15) 

where Pd(b) is defined as the delivered power for a particular block. The total 

energy for a period of interest can be written: 

•ETOTAL ~ •"©) 
5b (16) 

and represents accumulation across the energy blocks. 

[0068] The accumulation across energy blocks can occur in several 

different manners. For the case of the waveform shown in FIG. 6, the pulsed 

sequence includes a high portion 610 and a low portion 612, and an energy 

computation can be carried out for each respective portion. In various 
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embodiments, the moduiation function a(t) can be partitioned to determine 

energy at critical regions and need not be partitioned into equal portions as 

shown in FIG. 6. By way of example, with respect to FIG. 6, the energy for a 

particular block is determined as the product of the power block Pd(b), and the 

time duration of the block At, so that the energy for a particular block is 

determined in accordance with equation (15). Energy for a high-portion 610 is 

computed in the general case as follows: 

N 

%TB—y 
& (17) 

Energy for the high portion 610 as shown in FIG. 6 is computed for the specific 

case as: 

s 
Er 

b~ 1 

Likewise, energy for a low portion 612 is computed in the general case as: 

N 

&TL=y 
(19) 

Energy for the high portion 610 is computed for the specific case as follows: 

s 
&TL—y %-£&) 

(20) 

The energy computation process described above with respect to equations (17) 

- (20) is repeated for each various potential level of the pulse sequence for ail the 

subsequent pulse sequences. 

[0069] The above example described with respect to FIGS. 3 - 6 

provides many important uses for the energy computation. For example, each 
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high portion 610 can be controlled for repeatable high-pulse to high-pulse 

operation. This enables minimizing the difference between energies in 

successive pulses, ErnU) and £r*0"-JO. Similarly, each low portion 612 can be 

controfled for repeatable low-puise to low-pulse operation. This enables 

minimizing the difference between energies in successive pulses, and 

ETLO-D. The control objectives and utilities for minimizing the different energies 

between successive pulses for both high portions 610 and low portions 612 can 

be shared for efficiency of computation. Further, energy differences between 

high portions 610 and low level portions 612 can be maintained within a 

moduiation function. By way of non-limiting example, the control function would 

regulate the energy difference between leveis using the following equation: 

£(£)•— f(^TLr£rNy (21) 

[0070] In some instances, a plasma process may require a peak 

energy block to occur in, for example, a middle section of each level, in this 

instance, the rectangular modulation function aft) could be adjusted from the box­

car shape shown in FIGS. 4 and 6 to one of various shapes, such as a triangular 

shape, in various embodiments, a triangular function can be arranged for each 

level so that a peak occurs in a predetermined portion of each level. For 

example, if it is desired for a peak to occur in the middle of a three block level, 

such an implementation couid yield the following equation: 

Etx (2) = max{E& Q>)yvb) (22) 
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The adjacent energy blocks to this peak block would be proportionately Sower to 

achieve the desired peak effect for a predetermined block of a predetermined 

section. 

[0071] As discussed above, energy feedback loop 38 provides a 

first control mechanism for energy control module 58 to provide controlled by 

varying the energy duration. By way of example with respect to FIG. 6, the bi-

Ievel modulation signal a(t) includes a high portion 610 and a low portion 612, 

where each portion enables a 50% duty cycle for modulation signal a(t). The 

duration of either the high portion 610 or the low portion 612 can vary as 

necessary to yield a desired energy value delivered to the load 14. By way of 

non-limiting example, high portion 610 can be adjusted to deliver a 

predetermined energy value before transition to the success of portion, low 

portion 612 in this example. Thus, varying the duty cycle of the moduiation 

function a(t) can be viewed as a duty cycle adjuster that varies the respective 

high portion 610 and low portion 612, while the overall time of moduiation 

function a(t) remains relatively constant. 

[0072] With reference to FIGS. 1 and 2, the calibration factor KE can 

be determined using various procedures. In various embodiments, for calibration 

of power computed by the dot product, a least-squares estimate approach may 

be used. For continuous wave operation, measurement of the power block is 

periodically stationary in a WSS. For this process, the measured power blocks 

PiGO can be acquired for! levels of power by uniform intervals that are distributed 

over the entire power range of the RF power supply. These measured blocks 
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would correspond to NIST traceable measurements P(l) and calibration factor 

would be determined as follows: 

(23) 

The order of the least square estimator could be increased if necessary to 

compensate for any systemic offset. To convert the energy per block (in Joules) 

as a unit of measure, the calibration factor is scaled by block duration, that is: 

KE = MKE (24) 

Which yields the calibration constant described above. 

[0073] The concepts discussed above with respect to FIGS. 3-6 

also enable, in various embodiments, a time-varying moduiation function. By 

way of noniimiting example, the primary moduiation function aft) repeats from a 

high and low level sequence. The energy block sequence could be greater than 

or less than the individual high and low-level sequences. This enables effective 

application of a secondary moduiation function bft) applied to the first repeated 

sequence. The secondary moduiation function b(t) effectively adjusts the primary 

modulation function aft) so that subsequent energy block sequence could be 

greater or less than the high portions 610 or low portions 612 that result from 

modulation only by the primary modulation function a(t). The power function 

would then appear as follows: 

sit) = (23) 

Such time variation can yield a variety of configurations in accordance with the 

configuration of the primary modulation function aft) and the secondary 

moduiation function b(t) and the product of the same. Secondary function bft) 
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can have a share or form of any of a number of modulation functions, including, 

but not limited to, square, sinusoidal, sawtooth, exponential, Gaussian, or any 

combination thereof. 

[0074] Because the energy control schemes discussed above 

provide a much more accurate depiction of the piasma process and do so in a 

much improved, timely fashion, the schemes lend themselves to a much 

improved RF power delivery system. These systems include single and multiple 

generator systems and facilitate independent ion energy and ion flux control. 

With reference to FIG. 7, FIG. 7A depicts a plasma delivery system 710a having 

conventionally arrange components operating using the energy based control of 

the RF power delivery system described above. Power delivery system 710a 

includes a RF generator module 712a which generates an RF signal to matching 

network 714a. Matching network 714a operates conventionally as described 

above and generates a matched RF drive signal to a piasma chamber 718a via 

RF sensor 716a. As described above, RF sensor 716a outputs a signal or 

signals to analysis module 720a. RF generator 712a executes the energy base 

control approach described above. Analysis module 720a generates an external 

control signal 722a to RF generator 712a. The output to plasma chamber 718a 

is generated using the energy based control approach described above. FIG. 

7A, thus includes a RF signal having an energy value that varies in accordance 

with time as shown by plot 724a. 

[0075] FIG. 7B is arranged similarly to FIG. 7A, but also includes a 

pair of RF generators 712b', 712b", each generating respective RF output signals 

31 



input to matching network 714b. In the various embodiments shown in FIG. 7B, 

RF generators 712b', 712b" use an energy based control system for generating 

the respective output signals. The multiple RF power supply arrangement of 

FIG. 7B, may be applicable where plasma systems provide the process with the 

ability to independently control ion energy and ion flux. Plots 724b of FIG. 7B 

indicate that the RF signals output by RF generators? 12b\ 712b" cooperate to 

form a signal input to plasma chamber 718b. While the signal input to piasma 

chamber 718b is a composite signal of the output of RF generators 712b', 712b", 

the plot 724b indicates a variation of energy with respect to time for each of the 

signals, in the various embodiments described in FIG. 7B, energy related to the 

ion energy and ion fiux can be independently measured and controlled for 

process keep ability in order to enable expansion of the functionality of RF 

piasma delivery systems in the future. 

[0076] FIG. 7C is arranged similarly to FIGS. 7A and 7B, but 

includes a trio of RF generators 712b', 712b", 712c", each generating respective 

RF output signals input to matching network 714c. In the various embodiments 

shown in FIG. 7C, RF generators 712c', 712c", 712c'", an energy based control 

system for generating their respective RF signals. The multiple RF power supply 

arrangement of FIG. 7C, may be applicable where plasma systems enhance 

actual energy distribution of ions incident on the surface of a material. Plots 724c 

of FIG. 7C indicate that the RF signals output by RF generators 712b', 712b", 

712c"' cooperate to form a signal input to plasma chamber 718c. While the 

signal input to piasma chamber 718c is a composite signal of the output of RF 
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generators 712c', 712c", 712c'", the plot 724c indicates a variation of energy with 

respect to time for each of the signals. 

[0077] in FIGS. 7A - 7C, external power measurement is shown 

using a dashed line between analysis module 720 back to RF generator 712. 

The external energy measurement can be used to supplement the internal RF 

energy measurement taken by RF generator 712, or the external energy 

measurement can be used to replace the internal energy measurement taken by 

each respective RF generator 712. 

[0078] The RF power delivery systems described above enable 

direct control of a number of process control variables that contribute to the 

capability of thin-film manufacturing for semiconductor fabrication. As has been 

discussed in connection with the control mechanisms described above, the 

energy measurement for amplitude and duration controlled puise sequences 

enable one control mechanism. Further from a control perspective, 

synchronizing multiple RF power sources also enables important control to 

optimize the coherent delivery of energy as it relates to energy control of the 

different sources and its corresponding parameters, such as ion energy, ion flux, 

and ion energy distribution, if RF power supplies are not synchronously 

controlled within their respective pulse sequences, the benefit of the energy 

control mechanisms described herein is greatly reduced. Accordingly, the 

present disclosure is also directed to various control approaches for pulsing RF 

power. 
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[0079] A first aspect of time synchronization of modulation functions 

occurs in connection with phase coherency of multiple RF power supplies. 

Phase coherency of multiple RF power supplies enables the establishment of 

time synchronization of moduiation functions. In order to discuss phase 

coherency of multiple RF power supplies, we note that the sum of two sinusoidal 

signals differing in phase but sharing a common frequency produces a sinusoidal 

signal of the same frequency as demonstrated by the following equation: 

C -t- <$ = aco.s6jBt + bsmto0t (24) 

where the magnitude of the function is: 

i 

C ~ fa2 +• 2 (25) 

and the phase of the function is: 

* © (26) 

For energy based control systems, a primary interest lies in the variation in the 

energy function as it relates to the difference in phase for the sum of two 

sinusoids having the same frequency. The energy Is constant for any phase q> 

because the energy integral is computed over the period of the signal, namely: 

~"V3Ct)dt 
(27) 

For the sum of two sinusoidal signals that differ in frequency, the energy interval 

also remains constant for any phase variation between the signals. FIG. 8 

illustrates a plot of phase along the x-axis versus normalized energy along the y-

axis, and provides a visual representation of this concept. Particularly, waveform 

802 depicts a phase difference between a pair of sinusoidal signals. Waveform 
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804 depicts the energy integral based upon the phase difference between the 

sinusoidal signals. As can be seen in FIG. 8, the energy at waveform 808 

remains constant regardless of the phase difference between the two sinusoidal 

signals. 

[0080] With respect to energy as it relates to the modulation 

function, the energy of the modulated signal is a function of the envelope 

produced by the modulation function. For the sum of two sinusoidal signals, 

regardless of the relative frequencies, the first energy integrand of equation (9) 

does not contain the sinusoidal signal, and only contains the moduiation function. 

Thus, the energy interval is invariant to phase change of the sum of the 

sinusoidal signals because the modulation function is not a harmonic of the 

sinusoidal function. Rather, the modulation function fluctuates slowly relative to 

the rapid periodic variation of the sinusoid. The moduiation function thus 

impinges on the sinusoid without discriminating the phase of the sinusoid. The 

energy integral is taken from the modulation function in various phases of the 

modulated signal. Waveform 804 of FIG. 8, indicates that the normalized energy 

of the sum of two sinusoids of differing frequencies varies with respect to the 

phase when energy is computed with respect to the modulation function. 

[0081] When the energy is computed with respect to puise 

sequencing, the energy in the sinusoid does not remain constant. There are two 

approaches to address this consideration. One approach is to phase iock 

multiple RF power supplies within the piece-wise intervals of the moduiation 

when the frequencies of the supplies is the same. An example of such phase 
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locking can be found with respect to U.S. 7,602,127, which is incorporated by 

reference herein. This further ensures that the pair of power supplies would Sock 

to a certain phase offset as a relates to the modulation function and remain 

phase locked during certain intervals of the pulse sequence. When the 

frequency of the power supplies differ it becomes impractical to phase lock 

between RF power supplies with different operating frequencies. One approach 

to this is to time synchronize the RF power supplies with the modulation function. 

Synchronizing the modulation function between the power supplies ensures 

optimal process conditions for the control plasma parameters and enables the 

energy feedback scheme described herein to control pulse to puise regulation of 

energy. 

[0082J With reference to FIG. 9, FIG. 9 illustrates a flowchart for 

describing a method for implementing a feedback control and coherency system 

910 for the delivery of RF power. Control begins at 912 and proceeds to 914 

where a RF power signal is generated for output to a load. One skilled in the art 

will recognize that the RF power signal generated at 914 corresponds the output 

from power amplifier 28 in FIGS. 1 and 2. Control proceeds to 916 were the RF 

power signal is measured in order to determine one of a voltage and current or 

forward and reverse power delivered to the load. Corresponding sensor signals 

are generated in accordance with measured quantities. 

[0083] The measured quantities are input to each of a power 

feedback loop 918 and an energy feedback loop 920. Power feedback loop 918 

receives measured quantities from 916 in order to determine a power feedback 
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correction value or values. At 922 of power feedback loop 918, the measured 

power of the RF signal is determined, as described above. From the measured 

power, a power error is determined at 924. The power error enables 

determination of a power correction value or values at 926. The power correction 

value determined at 926 is used to generate a composite RF control signal at 

936. 

[0084] Energy feedback loop 920 receives the measured quantities 

from 916 in order to determine an energy feedback correction value or values. 

And 928 of energy feedback foop 920, the measured energy of the RF signal is 

determined, as described above. From the measured energy, an energy error is 

determined at 930. The energy error enables determination of an energy 

correction value or values at 932. The energy correction value determined at 

932 is used in cooperation with the power correction value determined at 926 to 

generate a composite RF control signal at 936. Thus, the power correction value 

determined at 926 and the energy correction value determined at 932 are used in 

combination to generate the composite RF control signal at 936. The term 

composite is used to refer to a control signal considering both power feedback 

and energy feedback in order to generate a control signal. 

[0085] in systems having multiple RF power supplies, such as 

those shown in FIGS. 7B and 7C, showing two and three power supply systems, 

respectively, delivery of the RF signals output from multiple RF generators is 

coordinated at 938. In systems having only one RF power supply, 938 can be 

omitted from the control system. In systems having more than one RF power 
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supply, the RF signals output from each respective power supply can be 

coordinated as described above. Namely, the RF energy can be coordinated 

using phase coherency of multiple RF power supplies. In a non-limiting 

alternative, coordination of multiple RF power supplies can be implemented using 

time synchronization of the modulation functions. 

[0086] Following coordination of the RF energy delivery at 938, 

where appropriate, RF power is generated from a matching network to a load. 

The RF power is determined in accordance with both the power feedback and 

the energy feedback information generated by the respective feedback loops 

918, 920. The RF power applied to the load also has been coordinated amongst 

multiple power supplies, as described in connection with 938. 

[0087] FIGS. 10-13 illustrate various embodiments for implementing 

phase coherence in the various embodiments described above. In describing 

phase coherence in FIGS 10-13, the modulation signal depicted in the figures will 

be represented as a square wave. However, it should be understood that phase 

coherence can be similarly implemented using any of the various modulation 

signal and RF signal waveforms described above. The various implementations 

of phase coherence, thus, are not limited to implementation with the square wave 

modulation signal or sinusoidal RF signal described herein. Further, it should be 

understood that, by way of noniimiting example, the square waves described 

herein need not operate at the same frequency and that phase coherence can be 

achieved between a pair of modulation signals having different frequencies and 

for modulation signals whose puise width and frequency varies between pulses. 
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[0088] With reference to FIG. 10, FIG. 10 depicts a pair of RF 

modulation signals 1002, 1004 and iliustrates implementing phase coherence 

between the moduiation signals to provide a relative phase. Moduiation signals 

1002, 1004, by way of noniimiting example, can be associated with a respective 

RF generator 712b as is shown in FIG. 7B. Sn various embodiments, the phase 

coherence described herein with respect to FIG. 10 can be implemented for more 

than a pair of RF generators, such as shown in FIG. 7C. RF modulation signal 1 

1002 is illustrated as a square wave signal having a series of pulses having rising 

edges 1006a, 1006b,..., 1006n. Similarly, RF modulation signal 2 1004 is 

illustrated as a square wave signal having a series of pulses having leading 

edges 1008a, 1008b,..., 1008n. The phase difference between the respective 

RF modulation signals 1002, 1004 is the difference between the respective 

leading edges 1006a, 1006b 1006n of RF modulation signal 1 1002 and 

1008a, 1008b,..., 1008n of RF modulation signal 2. 

[0089] With reference to FIG. 11, FIG. 11 depicts a pair of RF 

modulation signals 1102, 1104 implementing phase coherence between the 

modulation signals relative to a fixed time base. Modulation signals 1102, 1104, 

by way of noniimiting example, can be associated with a respective RF generator 

712b as is shown in FIG. 7B. in various embodiments, the phase coherence 

described herein with respect to FIG. 11 can be implemented for more than a 

pair of RF generators, such as shown in FIG. 7C. RF modulation signal 1 1102 

is illustrated as a square wave signal including a series of pulses having leading 

edges 1106a, 1106b 1106n. Similarly, RF modulation signal 2 1004 is 
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illustrated as a square wave signal including a series of pulses having leading 

edges 1108a, 1108b,..., 1108n. FIG. 11 also illustrates a timeline 1110, 

[0090] The phase difference between the respective RF modulation 

signals 1102, 1104 is determined with respect to time markers 1112a, 1112b,..., 

1112n arranged on timeline 1110. The phase is thus defined relative to time 

markers 1112 on timeline 1110. The phase difference is determined by 

arranging the respective leading edges of the respective RF modulation signals 

1102, 1104 and time markers 1112. As shown in FIG. 11s leading edge 1106a of 

RF modulation signal 1 1102 is aligned with time marker 1112a. Leading edge 

1108a of RF modulation signal 2 1104 is determined relative a time difference 

from 1112a, shown as marker 1112a'. Leading edges 1106b and 1106n of RF 

modulation signal 1 1102 are similarly arranged with respect to time markers 

1112b and 1112n. Leading edges 1108b and 1108n of RF modulation signal 2 

1104 are similarly arranged with respect to time markers 1112b! and 1112n\ 

which are a determined time difference from respective time markers 1112a, 

1112b. it should be recognized that the rising edges 1106 and 1108 need not 

align with respective time markers 1112, 1112'. The phase of each waveform 

may be arranged relative to respective time markers 1112, 1112'. 

[0091] FiG. 12 depicts another various embodiment for achieving 

phase coherence in the various embodiments of the subject disclosure. FIG. 12 

includes a RF modulation signal 1202 and a RF power signal 1204 modulated by 

the RF modulation signal 1202. RF modulation signal 1202, by way of 

noniimiting example, can be associated with a respective RF generator 712 as is 
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shown in any of FIGS. 7A-7C. RF modulation signal 1202 is illustrated as a 

square wave signal including a series of pulses having rising edges 1206a, 

1206b,..., 1206n. RF power signal 1204 is illustrated as a sinusoidal signal. RF 

power signal 1204 is depicted herein generally as a composite signal of the 

signals, by way of noniimiting exampfe, shown in FIGS. 4 and 6 above, it should 

be recognized that RF power signal 1204 can be embodied as any of the various 

RF power signals described herein and as our generally known in the art. RF 

power signal 1204 operates in a sinusoidal manner, and includes a plurality of 

baseline crossings 1208a, 1208b,..., 1208n relative to a baseline 1210. 

[0092] The phase difference between the respective RF modulation 

signal 1202 and RF power signal 1204 is the difference between the respective 

rising edges 1206a, 1206b,..., 1206n of RF modulation signal 1202 and baseline 

crossings 1208a, 1208b,..., 1208n of RF modulation signal 1202. The phase 

coherence described herein with respect to FIG. 12 can be implemented for one 

or more RF generators, such as any of the single or multiple RF generator 

configurations shown in FIGS. 7A-7C. Further, the phase coherence discussed 

in connection with FiG. 12 can also be implemented in addition to the phase 

coherence discussed in accordance with FIGS. 10 and 11. 

[0093] FIG. 13A-13B illustrate yet another aspect of phase 

coherence, namely, initiation of the RF puise with respect to the modulation 

signal at the rising edge of the modulation signal, such as occurs at puise 

initiation. FiG. 13A depicts a RF modulation signal 1302 as a square wave signal 

and depicts RF power signal 1304 as a sinusoidal signal. RF moduiation signal 
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1302 includes rising edges 1306a and 1306b. FIG. 13 depicts various 

embodiments of cessation and initiation of RF puise 1304 at rising edge 1306b. 

As can be seen in F!G. 13A, RF pulse 1304 ceases operation at falling edge 

1308 at point 1310. RF pulse 1304 reinitiates along rising edge 1306b at point 

1312, Thus RF signal 1304 ceases operation abruptly and restarts at a 

predetermined location, such as a baseline crossing, by way of noniimiting 

example. 

[0094] With reference to FiG. 13B, RF modulation signal 1302' is 

depicted as a square wave signal and RF power signal 1304' as a sinusoidal 

signal. RF modulation signal 1302' includes as series of pulses having rising 

edges 1306a' and 1306b'. Of particular interest in connection with FiG. 13B is 

the continuous operation of RF pulse 1304' at falling edge 1308' and rising edge 

1306b'. As can be seen in FIG. 13B, RF pulse 1304' ceases operation at falling 

edge 1308' at point 1310'. RF puise 1304' reinitiates along rising edge 1306b' at 

point 1312', maintaining continuous operation though the pulse transition. 

[0095] Further with respect to FIGS. 10-13, the phase of the RF 

signal may commence at a particular frequency when the modulation function 

pulsing starts. Further, the phase may vary for each pulse sequence based on 

th§ termination of the phase at the end of the prior pulse sequence or based on 

the energy for the previous puise. Further, at the start of the pulse, such as in a 

single RF power supply, the phase relationship between each RF signal starts at 

a desired phase relationship. The phase relationship may be adjusted from one 

pulse sequence to the next, such as in accordance with the prior pulse. 
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[0096] The foregoing description of the embodiments has been 

provided for purposes of illustration and description, it is not intended to be 

exhaustive or to limit the disclosure. Individual elements or features of a 

particular embodiment are generally not limited to that particular embodiment, 

but, where applicable, are interchangeable and can be used in a selected 

embodiment, even if not specifically shown or described. The same may also be 

varied in many ways. Such variations are not to be regarded as a departure from 

the disclosure, and all such modifications are intended to be included within the 

scope of the disclosure. 
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Claims 
What is claimed is: 

1. A radio frequency (RF) control system comprising: 
a power amplifier that outputs a RF signal to a load; 
a sensor monitoring the RF signal and generating a sensor signal based on the RF signal; 
an energy detection circuit determining an energy of the RF signal in accordance with the 
sensor signal; and 
a power amplifier energy adjustment circuit generating a control signal for varying the RF signal 
to a predetermined energy setpoint in accordance with the energy determined by the energy 
detection circuit. 

2. The RF control system of claim 1 further comprising a power detection circuit 
determining a power of the RF signal in accordance with the sensor signal. 

3. The RF control system of claim 2 further comprising a power amplifier power 
adjustment circuit generating a power compensation signal in accordance with the power 
determined by the power detection circuit. 

4. The RF control system of claim 3 further comprising a power summer- circuit receiving 
and summing an output signal from the power detection circuit and a power setpoint signal, 
wherein output of the power summer circuit is input to the power adjustment circuit and wherein 
the power compensation signal varies in accordance with the output of the power summer 
circuit. 

5. The RF control system of claim 2 further comprising an energy summer circuit 
receiving and summing an output signal from the energy detection circuit and an energy 
setpoint signal, wherein the output of the energy summer circuit is input to the power amplifier 
energy adjustment circuit and wherein the control signal from the power amplifier energy 
adjustment circuit varies in accordance with the output of the energy summer circuit 

6. The RF control system of claim 5 wherein the energy summer circuit receives an 
externa! energy measurement signal, wherein the external energy measurement signal varies In 
accordance with a signal output by a sensor external to the RF control system. 
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7. The RF control system of claim 5 wherein the sensor external to the RF control 

system is positioned between a matching network and the load. 

8. The RF control system of claim 1 wherein the sensor before a matching network 

connected to the load. 

9. The RF control system of ciaim 1 wherein the RF signal is a continuous wave signal. 

10. The RF control system of ciaim 1 wherein the RF signai is a pulsed signal. 

11. The RF control system of claim 10 wherein the RF signal includes a sinusoidal signal 

and a modulation signai modulating the sinusoidal signal and wherein the energy detection 

circuit determines the energy of the modulation signai to determine the energy of the RF signal. 

12. The RF signai of ciaim 11 wherein the energy detection circuit determines the energy 

of the modulation signal in blocks, wherein each block is a predetermined length of time, and 

the energy for the RF signal is determined by adding the energy determined for each block. 

13. The RF signal of ciaim 11 wherein the modulation signal has a shape of at least one 

of a square wave, sawtooth, a sinusoidal signal, or a combination thereof. 

14. A radio frequency (RF) control system comprising: 

a power amplifier that outputs a RF signai to a load; 

a sensor monitoring the RF signal and generating a sensor signal based on the RF signal; 

an energy detection circuit determining an energy of the RF signai in accordance with the 

sensor signal; 

a power detection circuit determining a power of the RF signal in accordance with the sensor 

signai; and a power amplifier energy adjustment circuit generating a control signal for varying 

the RF signal in accordance with the energy determined by the energy detection circuit and the 

power determined by the power detection circuit, 

wherein the RF signal includes a first signal and a first moduiation signal modulating the first 

signal and wherein the energy detection circuit determines the energy of the first modulation 

signal to determine the energy of the RF signal. 
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15. The RF control system of claim 14 wherein the first modulation signal includes a first 

characteristic portion and a second characteristic portion. 

16. The RF signal of ciaim 15 wherein the energy detection circuit determines the energy 

of the first moduiation signal in blocks, wherein each block is a predetermined length of time, 

and the energy for the RF signai is determined by adding the energy determined for each biock. 

17. The RF signal of ciaim 16 wherein the first characteristic portion comprises a first 

number of blocks and wherein the energy determined for the first number of blocks is added to 

determine the energy for the first characteristic portion. 

18. The RF signal of claim 17 wherein the second characteristic portion comprises a 

second number of biocks and wherein the energy determined for the second number of blocks 

is added to determine the energy for the second characteristic portion. 

19. The RF signal of claim 14 wherein the RF signal further includes a second 

modulation signal modulating the first modulation signal to define a composite modulation 

signal, wherein the composite modulation signai modulates the first signal. 

20. The RF control system of ciaim 19 wherein the composite modulation signal includes 

a first characteristic portion and a second characteristic portion. 

21. The RF signal of claim 20 wherein the energy detection circuit determines the energy 

of the composite moduiation signal in blocks, wherein each biock is a predetermined length of 

time, and the energy for the RF signal is determined by adding the energy determined for each 

biock. 

22. The RF signal of ciaim 21 wherein the first characteristic portion comprises a first 

number of blocks and wherein the energy determined for the first number of blocks is added io 

determine the energy for the first characteristic portion. 

23. The RF signal of claim 22 wherein the second characteristic portion comprises a 

second number of biocks and wherein the energy determined for the second number of blocks 

is added to determine the energy for the second characteristic portion. 
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24. A radio frequency (RF) contro! system comprising: 

a plurality of power amplifiers that outputs a respective RF signal to a load, each power amplifier 

including: 

a power amplifier that outputs a RF signal to a ioad; 

a sensor monitoring the RF sfgnaf and generating a sensor srgnaf based on the RF signai; 

an energy detection circuit determining an energy of the RF signal in accordance with the 

sensor signal; and 

a power amplifier energy adjustment circuit generating a control signal for varying the RF signal 

in accordance with the energy determined by the energy detection circuit; and 

a RF delivery coordination moduie, the RF delivery coordination moduie controlling the phase 

between the respective power amplifiers. 

25. The RF control system of claim 24 wherein at least one of the plurality of power 

amplifiers further comprises a power detection circuit determining a power of the respective RF 

signai in accordance with the respective sensor signai. 

26. The RF control system of ciaim 25 wherein at least one power amplifier further 

comprises a power amplifier power adjustment circuit generating a power compensation signal 

in accordance with the power determined by the respective power detection circuit. 

27. The RF control system of ciaim 26 wherein at least one power amplifier further 

comprises a power summer circuit receiving and summing in output signal from the respective 

power detection circuit and a power setpoint signai, wherein output of the power summer circuit 

is input to the respective power adjustment circuit and wherein the respective power 

compensation signal varies in accordance with the output of the respective power summer 

circuit 

28. The RF control system of claim 25 wherein at least one power amplifier further 

comprises an energy summer circuit receiving and summing an output signal from the 

respective energy detection circuit and an energy setpoint signai, wherein the output of the 

respective energy summer circuit is input to the respective power amplifier energy adjustment 

circuit and wherein the control signai from the respective power amplifier energy adjustment 

circuit varies in accordance with the output of the respective energy summer circuit. 
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29. The RF control system of claim 25 wherein the RF delivery coordination moduie 

controls the phase between respective pairs of RF power supplies. 

30. The RF control system of claim 25 wherein the RF delivery coordination module 

controis the phase between respective pairs of RF power supplies in accordance with a timing 

signal, and the phase is determined relative to the timing signal. 

31. A radio frequency (RF) control system comprising: 

a plurality of power amplifiers that outputs a respective pulsed RF signal to a load, each power 

amplifier including: 

a power amplifier that outputs a RF signai to a load; 

a sensor monitoring the RF signal and generating a sensor signai based on the RF signal; 

an energy detection circuit determining an energy of the RF signal in accordance with the 

sensor signai; and 

a power amplifier energy adjustment circuit generating a control signal for varying the RF signai 

in accordance with the energy determined by the energy detection circuit; and 

a RF delivery coordination moduie, the RF deiivety coordination moduie synchronizing the 

respective RF power amplifiers. 

32. The RF control system of claim 31 wherein each respective RF signal includes a 

respective first signal and a respective moduiation signal modulating the respective first signal 

and wherein the energy detection circuit determines the energy of the respective modulation 

signal to determine the energy of the respective RF signal. 

33. The RF control system of ciaim 32 wherein the respective energy detection circuit 

determines the energy of the respective modulation signal in blocks, wherein each block is a 

predetermined length of time, and the energy for the respective RF signai is determined by 

adding the energy determined for each biock. 

34. The RF control system of ciaim 31 wherein the RF delivery coordination module 

synchronizes the respective modulation signal for each of the plurality of power amplifiers. 
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35. The RF control system of claim 31 wherein the modulation signal has a shape of at 
least one of a square wave, a sawtooth, a sinusoidal signal, exponential, Gaussian, or a 
combination thereof. 

36. The RF control system of claim 31 wherein the RF delivery coordination moduie 
controls the phase between respective pairs of RF power supplies. 

37. The RF control system of claim 31 wherein the RF delivery coordination module 
controls the phase between respective pairs of RF power supplies in accordance with a timing 
signai, and the phase is determined relative to the timing signal. 

38. The RF control system of claim 31 wherein the RF delivery coordination module 
further controls a phase between the RF signal and the control signal. 

39. The RF control system of ciaim 38 wherein the contro! signal ceases application of 
the RF signai and reinitiation of the RF signal commences at one of a predetermined level or a 
level returning to the level when the control signal ceased application of the RF signal. 

40. The RF control system of claim 39 wherein the level at which the RF signal is 
reinitiated varies in accordance with the energy of the RF signai for a predetermine time prior to 
when the ceases application of the RF signal. 

41. A radio frequency (RF) control system comprising: 
a power amplifier that outputs a RF signal to a load; 
a sensor monitoring the RF signal and generating a sensor signal based on the RF signal; 
a power determination circuit determining a power in accordance with the sensor signai and 
generating a power signal; 
an energy detection circuit determining an energy of the RF signal in accordance with the power 
signal; and 
a power amplifier energy adjustment circuit generating a control signai for varying the RF signai 
irt accordance with the energy determined by the energy detection circuit 
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42. The RF contro! system of ciaim 41 further comprising a power amplifier power 

adjustment circuit generating a power compensation signal in accordance with the power 

determined by the power determination module. 

43. The RF control system of claim 42 further comprising a power summer circuit 

receiving and summing an output signal from the power determination module and a power 

setpoint signal, wherein output of the power summer circuit is input to the power adjustment 

circuit and wherein the power compensation signai varies in accordance with the output of the 

power summer circuit. 

44. The RF controi system of claim 41 further comprising an energy summer circuit 

receiving and summing an output signal from the energy detection circuit and an energy 

setpoint signal, wherein the output of the energy summer circuit is input to the power amplifier 

energy adjustment circuit and wherein the controi signai from the power amplifier energy 

adjustment circuit varies in accordance with the output of the energy summer circuit. 

45. The RF control system of ciaim 44 wherein the energy summer circuit receives an 

external energy measurement signal, wherein the external energy measurement signal varies in 

accordance with a signai output by a sensor externa! to the RF contro! system. 

46. The RF control system of claim 45 wherein the sensor external to the RF control 

system is positioned between a matching network and the load. 

47. The RF controi system of ciaim 41 wherein the sensor is positioned before a 

matching network connected to the load. 

48. The RF control system of claim 41 wherein the RF signal is a continuous wave 

signal. 

49. The RF control system of ciaim 41 wherein the RF signai is a pulsed signal. 

50. The RF contro! system of ciaim 49 wherein the RF signai includes a sinusoidal signal 

and a moduiation signal modulating the sinusoidal signal and wherein the energy detection 

circuit determines the energy of the moduiation signal to determine the energy of the RF signal. 
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51. The RF signal of claim 50 wherein the energy detection circuit determines the energy 
of the modulation signal in blocks, wherein each biock is a predetermined length of time, and 
the energy for the RF signai is determined by adding the energy determined for each block. 

52. The RF signal of claim 50 wherein the moduiation signal has a shape of at least one 
of a square wave, sawtooth, a sinusoidal signai, or a combination thereof. 
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ABSTRACT 

FEEDBACK CONTROL AND COHERENCY OF MULTIPLE POWER SUPPLIES 
IN RADIO FREQUENCY POWER DELIVERY SYSTEMS FOR PULSED MODE 

SCHEMES IN THIN FILM PROCESSING 

A RF power supply system for delivering periodic RF power to a load. A 

power amplifier outputs a RF signal to the load. A sensor measures the RF 

signal provided to the load and outputs signals that vary in accordance with the 

RF signal. A first feedback loop enables control the RF signal based upon power 

determined in accordance with output from the sensor. A second feedback loop 

enables control the RF signal based upon energy measured in accordance with 

signals output from the sensor. Energy amplitude and duration provide control 

values for varying the RF signai. The control system and techniques are 

applicable to both pulsed RF power supplies and in various instances to 

continuous wave power supplies. 

FIG. 1 
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