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RADIO FREQUENCY POWER DELIVERY 
SYSTEM 

RELATED APPLICATION 

[0001] This application is a continuation-in-part of Us. 
application Ser. No. 11/554,979, ?led Oct. 31, 2006, Which 
claims the bene?t of Us. Provisional Application No. 
60/731,797, ?led on Oct. 31, 2005, the entire teachings of 
Which are incorporated herein by reference. 

BACKGROUND 

[0002] Various approaches exist for providing RF poWer to 
dynamic loads. RF generators provide poWer to dynamic 
loads typically at frequencies betWeen about 400 kHZ and 
about 200 MHZ. Frequencies used in some scienti?c, indus 
trial and medical applications are approximately 2 MHZ, 
13.56 MHZ and 27 MHZ. 

[0003] As shoWn in FIG. 1A, one system 100 for providing 
RF poWer to dynamic loads (i.e., a plasma load 140) involves 
a ?xed frequency RF generator 110 and a tWo-axis tunable 
matching netWork 120 connected by a 509 transmission line 
130. The tunable matching netWork 120 includes a series 
motoriZed vacuum variable capacitor 122 and inductor 124 
and a shunt motoriZed vacuum variable capacitor 126. The 
algorithm used to determine the series and shunt capacitance 
is based on impedance measurements typically made using a 
magnitude and phase detector 150. Independent poWer con 
trol is based on poWer measurements at the RF generator 110. 
The poWer control loop 160 and impedance control loop 162 
are independent. 
[0004] As shoWn in FIG. 1B, another system 100' for pro 
viding RF poWer to dynamic loads involves a ?xed element 
matching netWork 120' fed by an RF generator 110 and con 
nected by a 509 transmission line 130. The ?xed element 
matching netWork 120' includes a series capacitor 122 and 
inductor 124 and a shunt capacitor 126. The frequency of the 
RF generator 110 can be tuned to a certain range (e.g., 13.56 
MHZ+5%). The RF generator 110 frequency command is 
based on the value of voltage standing Wave ratio (V SWR). 
The independent poWer loop and VSWR (impedance) control 
loop 160' are based on measurements at the output of the RF 
generator 110. 
[0005] As shoWn in FIG. 1C, another system 100" for pro 
viding RF poWer to dynamic loads involves an integrated RF 
generator-impedance matching netWork 120". The RF gen 
erator-impedance matching netWork 120" includes a series 
capacitor 122 and inductor 124 and a plurality of shunt 
capacitor 126a . . . 12611. The shunt capacitor 126a . . . 12611 

are coupled to a sWitching circuit 127a . . . 12711 that couples 

and decouples the capacitors 126 to ground. The poWer con 
trol and frequency control 160" of the system 100" are not 
conducted simultaneously. 
[0006] As shoWn in FIG. 1D, another system 100"' for 
providing RF poWer to dynamic loads utiliZes a one-input 
multi-output poWer splitter 132. The system includes an RF 
poWer delivery system 130, a poWer splitter 132, and a plu 
rality of dynamic loads 140a, 1401) . . . 14011, generally 140. 
The RF poWer delivery system 130 outputs a poWer p to the 
poWer splitter 132. The poWer splitter 132 provides poWer 
having the same frequency and phase to one or more of the 
dynamic loads 140. The poWer delivered to each load (140a . 
. . 14011) is a fraction of the total RF generator output poWer p 
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(e.g., poWer equal to p/al to Load #1 140), reducing the 
maximum available poWer supplied to any individual load. 

SUMMARY 

[0007] These prior art techniques and methods have disad 
vantages. Higher cost is typically associated With prior art 
techniques and methods due to the need for at least tWo 
separate modules: 1) the RF generator/ampli?er and 2) the 
impedance matching netWork, Which are to be connected via 
a transmission line. Furthermore, each module requires a RF 
voltage/ current sensor or a magnitude/phase detector. 

[0008] The advent of sub-45 nm manufacturing has placed 
plasma processing tools under pressure to meet aggressive 
plasma process objectives. First, extremely short process 
steps that are needed for Atomic Layer Deposition (ALD). 
The short process steps require fast stabiliZation of the reac 
tants and plasma. Second, rapidly alternating deposition and 
etch steps are needed to meet CD objectives [WHAT IS 
CD??]. The rapidly alternating deposition and etch steps 
often incorporate highly electronegative gases that dramati 
cally change plasma impedance. Third, to optimiZe process 
conditions in multi-step recipe chains, operation Within a 
Wide range of poWer settings is required. The Wide range of 
poWer settings can require that a single generator operate over 
a Wide poWer band, for example 5 to 2000 W. Fourth, control 
of Wafer bias voltage, in order to control ion bombardment 
energy, requires external feedback and control of a bias RF 
poWer supply. Fifth, the use of a pulsed poWer output can 
yield a number of potential advantages including improved 
etch selectivity, improved etch rate and uniformity, improved 
deposition rate and uniformity, reduced particle generation 
and control of Wafer charging to prevent arcing or reduce 
sideWall damage. Given the above mentioned requirements, it 
is essential that the next generation RF poWer source be able 
to ensure process stability and repeatability. 
[0009] Plasma impedance is a function of the poWer deliv 
ered to the plasma. Furthermore, the poWer delivered by the 
RF generator is a function of the impedance “seen” by the 
generator. As a result, a clear circular interdependence exists 
betWeen delivered poWer and load impedance yielding a 
multi-input-multi-output (MIMO) system With cross-cou 
pling. In prior art systems, the RF generator control loop and 
the impedance matching control loop are independent and 
thus cannot compensate for the cross-coupling betWeen 
poWer control and impedance matching control loops. This 
leads to poor closed-loop performance. 
[0010] Additionally, prior art RF ampli?er’s are typically 
regulated using either a purely analog control system or a 
purely digital control system. The purely analog control sys 
tem has substantial performance degradation in the presence 
of nonlinearities and drifting components in the system, While 
the purely digital control system typically has insuf?cient 
phase margin. Thus, it is dif?cult to simultaneously achieve 
suf?cient phase margin, high gain, and high bandWidth. 
[0011] The dynamic response of any controlled system is 
only as fast as the sloWest functional module (sensor, actua 
tor, or control system parameters). In prior art systems, the 
sloWest functional module is typically the DC poWer supply. 
Speci?cally, the DC poWer supplied to the input of the RF 
poWer ampli?er usually includes a large electrolytic capacitor 
that is used to ?lter higher frequencies. The doWnside of using 
such a ?lter netWork is that the dynamic response (e.g., 
response to a step change in poWer command) is sloW regard 
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less of the control update rate. The system is therefore unable 
to suf?ciently compensate for plasma instabilities. 
[0012] In systems that use a vacuum capacitor driven by 
motors, the response time is on the order of hundreds of 
milliseconds. Owing to the fact that plasma transients (sud 
den and rapid change of impedance) of interest occur Within 
hundreds of microseconds, the vacuum capacitor cannot be 
used to match load changes attributed to plasma transients. 

[0013] Control algorithms for matching netWorks used in 
the prior art have relied upon the real and imaginary compo 
nents of the measured impedance. Impedance measurement 
based matching control suffers from an inherent disadvan 
tage. For example, a change in shunt capacitance to correct or 
modify the real component of the impedance results in an 
undesirable change in the imaginary component of the 
impedance. Similarly, a change in the series capacitance or 
frequency to correct or modify the imaginary component of 
the impedance results in an undesirable change in the real 
component of the impedance. The matrix that relates the 
controlled variable vector (formulated by the real and imagi 
nary components of the impedance) and the controlling vari 
able vector (formulated by the shunt and series capacitance or 
the shunt capacitance and frequency) is non-diagonal. Imped 
ance measurement-based control algorithms are therefore not 
effective. Control algorithms based on the impedance formu 
lated by using magnitude and phase measurements of the 
impedance are similarly ineffective. 
[0014] Calibration methods for prior art systems calibrate 
the RF impedance analyZer or VI probe at the input of the 
electronic matching netWork. These calibration methods 
assume the poWer loss in the electronic matching netWork is 
?xed for all states of the electronic matching netWork and 
operating frequencies. HoWever, the losses of the electronic 
matching netWork contribute signi?cantly to the overall sys 
tem operation. 
[0015] Additionally, methods for driving multiple loads for 
prior art systems place constraints on the thermal and voltage/ 
current handling capacities of matching netWorks at a higher 
poWer because the poWer delivered to a speci?c load is lim 
ited by a poWer rating of an RF generator and the ratio of a 
poWer splitter. Thus, independent control of poWer delivered 
to each load is not possible because the poWer splitter ratios 
are ?xed. 

[0016] Accordingly, a need therefore exists for improved 
methods and systems for controlling poWer supplied to a 
dynamic plasma load and the losses associated thereWith. 
[0017] There is provided a system for delivering poWer to a 
dynamic load. The system includes a poWer supply providing 
DC poWer having a substantially constant poWer open loop 
response, a poWer ampli?er for converting the DC poWer to 
RF poWer, a sensor for measuring voltage, current and phase 
angle betWeen voltage and current vectors associated With the 
RF poWer, an electrically controllable impedance matching 
system to modify the impedance of the poWer ampli?er to at 
lease substantially match an impedance of a dynamic load, 
and a controller for controlling the electrically controllable 
impedance matching system. The system further includes a 
sensor calibration measuring module for determining poWer 
delivered by the poWer ampli?er, an electronic matching sys 
tem calibration module for determining poWer delivered to a 
dynamic load, and a poWer dissipation module for calculating 
poWer dissipated in the electrically controllable impedance 
matching system. 
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[0018] In one embodiment, the electrically controllable 
impedance matching system can include an inductor, a 
capacitor in series With the inductor, and a plurality of 
sWitched capacitors in parallel With the dynamic load. The 
inductor can be a multiple tap -type inductor or a variable-type 
inductor. Each of the plurality of sWitched capacitors can be 
in series With a sWitch and an additional capacitor. In another 
embodiment, the electrically controllable impedance match 
ing system can include a capacitor, and a plurality of sWitched 
capacitors in parallel With the dynamic load, Wherein each of 
the plurality of capacitors is in series With a sWitch and an 
additional capacitor. In yet another embodiment, the electri 
cally controllable impedance matching system can control 
the frequency of the impedance matching betWeen the poWer 
ampli?er and the dynamic load. 
[0019] In one embodiment, the controller can control the 
electrically controllable impedance matching system for 
simultaneous control of conductance and susceptance asso 
ciated With the impedance betWeen the poWer ampli?er and 
the dynamic load. In another embodiment, the controller can 
simultaneously control RF poWer frequency, RF poWer mag 
nitude and the impedance betWeen the poWer ampli?er and 
the dynamic load. In yet another embodiment, the controller 
can control the electrically controllable impedance matching 
system for regulating conductance and susceptance to set 
points that stabiliZe an unstable dynamic load. 
[0020] The poWer dissipated in the electrically controllable 
impedance matching system is the difference betWeen the 
poWer delivered by the poWer ampli?er and the poWer deliv 
ered to the dynamic load. The poWer delivered to the dynamic 
load is a sum of the poWer delivered to a resistive load and the 
poWer dissipated inside the load simulator. 
[0021] The sensor calibration measuring module calibrates 
the sensor into a resistive load, Wherein the resistive load is 
509. The electronic matching module calibrates an output of 
the electrically controllable impedance matching system into 
a load simulator. The load simulator can be an inverse elec 
trically controllable impedance matching system. The elec 
tronic matching system calibration module can include a 
poWer meter calibration module for determining poWer deliv 
ered to a resistive load; and a load simulator calibration mod 
ule for determining poWer dissipated inside the load simula 
tor. The resistive load can be 509. The radio frequency poWer 
delivery system provides at least the folloWing advantages 
over prior art systems. The system can enhance poWer set 
point regulation, impedance matching, and load disturbance 
mitigation using high-speed (e.g., in excess of 50 kHZ in one 
embodiment) digital multi-input-multi-output (MIMO) con 
trol. The system can operate in the presence of transient 
changes in plasma load properties and under conditions 
involving fast plasma stabilization. The system can provide a 
RF poWer delivery system that is robust to transients during 
startup of the system. The system can provide a high poWer 
step-up ratio, Wherein the high poWer step-up ratio is 100 
(e.g., 15 W to 1500 W). The system can measure poWer 
delivered to the load connected to the output of the integrated 
generator system. The system can alloW for regulation of 
poWer that is independent of the poWer loss variation associ 
ated With the state/value of various controlled variables. The 
system can eliminate the need for recipe-based calibration for 
plasma loads. 
[0022] There is provided a hybrid system for delivering 
poWer to a load. The system includes a poWer converter sys 
tem, an outer loop coupled to the poWer converter system that 


















