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Field

[0001]  The present embodiments relate to using modeling to determine wafer bias

associated with a plasma system.

Background

[0002] In a plasma-based system, plasma is generated within a plasma chamber to
-perform various operations, e.g., etching, cleaning, depositing, eté., on a wafer. The plasma
is monitored and controlled to control performance of the various operations. For example,
the plasma is monitored by monitoring a voltage of the plasma and is controlled by

controlling an amount of radio frequency (RF) power supplied to the plasma chamber.

[0003] However, the use of voltage to monitor and control the performance of the
operations may not provide satisfactory results. Moreover, the monitoring of voltage may be

an expensive and time consuming operation.

[0004] It is in this context that embodiments described in the present disclosure

arise.

Summary

[0005] Embodiments of the disclosure provide apparatus, methods and computer
programs for using modeling to determine wafer bias associated with a plasma system. It
should be appreciated that the present embodiments can be implemented in numerous ways,
e.g., a process, an apparatus, a system, a piece of hardware, or a method on a computer-

readable medium. Several embodiments are described below.

[0006] In various embodiments, wafer bias is determined at a model node of a
model. The model may be a model of a radio frequency (RF) transmission line, an
impedance matching circuit, or of an electrostatic chuck (ESC). The model node of the
model may be an input, an output, or a point within the model. The wafer bias at the model

node is determined by propagating a complex voltage and current from an output of an RF
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[ 0003] However, the use of voltage to nonitor and control the performance of
t he operations may not provide satisfactory results. Mreover, the
nonitoring of voltage nay be an expensive and tinme consum ng operation.
[0004] 1t is in this context that enbodi ments descri bed in t he present

di scl osure ari se. nbod nts of the discl vi de
appar at us2eTRoR fyke nHE]d%ﬂ‘[p dgFe BQF e Yag el el § Ogﬂ '98% er mi ne
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t he present, enbod

n be i enent ed ous s, e.0., a
b ocose. 8 RN PpE s AP ar B Bgroie P biRaPaons Pcd ol on a
conput er - wetagam aet}rmﬁbdal][nod@sweﬁralof Egi’ﬁ?d:t a@rﬂogffaitrea adesgdslitalged.a@ﬂhwm [ 080|6] In
varil ous enpodl nts, wafer I as S e rmned at A no e
The. nodel MaiPBEnser b aRey ! 4 L EM QALY TR PO 879 fne. an
| npedancepiwaict lof agodtficietiahd a guaf roatnofed proiter ampiEtude acthel elod¢lSdy, .andhe nodel

node of the ngel may be an input, an output, or a point within the nodel.
The waf er “BP4% at the nodel node is deternined by propagating a conpl ex

vol tage and CL“)é(ﬁ'j“ fIlrn %Hlea&nl%ld}npe%s, 9 t'neﬁlgd B)E determining wafer bias is described.

The method includes detecting output of a generator to identify a generator output complex
voltage and current (V&I). The generator is coupled to an impedance matching circuit and
the impedance matching circuit is coupled via a radio frequency (RF) transmission line to an
electrostatic chuck (ESC) of a plasma chamber. The method further includes determining |
from the generator output complex V&I a projected complex V&I at a point along a path
between an output of a model of the impedance matching circuit and a model of the ESC.
The operation of determining of the projected complex V&I performed using a model for at
least -part of the path. The model for at least part of the path characterizes physical
components along the path. The method includes applying the projected complex V&I as an
input to a function to map the projected complex V&I to-a wafer bias value at the ESC

model.

[0008] In various embodiments, a method for detemu'ning wafer bias is described.
The method includes receiving one or more generator output complex voltages and currents
measured at one or more outputs of one or more _generators. The one or more generators are
coupled to an impedance matching circuit, which is coupled via a radio frequency (RF)
transmission line to an electrostatic chuck (ESC) of a plasma chamber. The method further
includes determining from the one or more complex voltages and currents projected complex
voltage and current at a point along a path between a model of the impedance matching
circuit and a model of the ESC. The models characterize physical components along the
path. The method includes calculating a wafer bias at the point by using the projected

complex voltage and current as an input to a function.

[0009] In several embodiments, a method for determining wafer bias is described: '
The method includes identifying a first complex voltage and current measured at an output of
a radio frequency (RF) generator when the RF generator is coupled to a plasma chamber via

an impedance matching circuit. The impedance matching circuit has an input coupled to the
2



1 generator to the nodel node to determ ne a conplex voltage and current
at the nodel node. The conplex voltage and current at the output of the RF
generator is nmeasured with a voltage and current probe that is calibrated
according to a pre-set forrmula. In sone enbodi nents, the wafer bias at the
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[ 0008] I n wm@wmp@nbwgﬁmoymra met hod for determ ning wafer bias is
descri bed. The nethod includes receiving one or nore generator output
conpl ex vol t ad8¢10ind Ie yppe smbodimemtiraeplagna Biyemofor feteamiging piafey W1s Bne or

nore genepat@bed: THISHIRRE sMierRHcRIIBEHR! GRS rdiE HERURyERFS QerRPutdripgdance
matching circuit, which is coupled via a radio frequéncy (RF) transm ssion

line to aBensrages Prs<r MArcRE pigaals- (Eiscope oF mareEsgeneralopaipassociatadovitieans od

further igehjsdesoided ahdroittedd pfob@M THE ofN8r fordPIRE ARP ketenY Ptdbagee and
currents pro ect ed conpl ex voltage and current at a point along a path

bet ween aCeRbEREd éﬁ‘mﬁﬁéf%%‘f)éﬂﬁlﬁ@ecoﬁqﬁ’teéHP‘rﬁ%}%i“?dc‘ih‘F?m%lﬁtow&eWBE@Pg ot ¥he ESC.

The nodel soghaftass 6f ihd &nd lamofeakF GOERARENThe PlaOd) syshen RRhér indibes @t hod
i ncl udes cal cuI ati n%@a waf er bias at the point by using the projected

conpl ex v&TRedRe Maishing cirati coqpled i tbﬁwmortwr%@@ﬁmt% e plasmia systerh

also includes a plasma chamber coupled to the impedance matching circuit via an RF
transmission line. The plasma chamber includes an electrostatic chuck (ESC), which is
coupled to the RF transmission line. The plasma system includes a processor coupled to the
one or more RF generators. The processor is configured to receive the one or more complex
voltages and currents and determine from the one or more complex voltages and currents
projected compléx voltage and current at a point along a path between a model of the
impedance matching circuit and a model of the ESC. The models characterize physical
components along the path. The processor is configured to calculate a wafer bias at the point

by using the projected complex voltage and current as an input to a function.

[0011] Some advantages of the above-described embodiments include
determining the wafer bias without a need to couple a voltage probe to a point, e.g., a node on
the RF transmission line, an output of the impedance matching circuit, a point on the ESC,
etc. In some systems, the voltage probe measures voltage at the point and the measured

voltage is used to determine bias at the ESC. The voltage probe is expensive to obtain.
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[0009] I n several enbodinents, a method for determ ning wafer bias is
descri bed The nethod includes identifying a first conplex voltage and
current neasured at an output of a radio frequency (RF) generator when the
RF generator is coupled to a plasm charrber Vi a an irrpedance mat chi ng
circuit. e i npeda t.chin CII’ has an| t.coupled ta the 2
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pl asma syé‘?‘erlh rncﬁaca)g'glslésovﬁgetggr E’rrgm?tggllrmgltif f {}gor\gg&%&%thﬁoﬁg}%ﬁorg for
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vol t age and current probes are Igured to nmeasure one or nore conpl ex
vol t ages ased poayideembesten accaney efspaberdiiasghanrthe BIC hips thatis dgiemmynadfbasddednone or

nor e @&8%@&19£s§redﬂ_{‘ﬁxe%lﬂaﬁgﬁrgﬁé{ﬁ em further includes an inpedance

matchl ng circult.couple one or nmore RF generators. The plasma
system al so i ngbiages dind?! apBAs CHAMBEIonOUptaRGt t Porh Niel mda,?caetmchl ng
circuit via an RF transmi ssion _|ine. The plasma chanber includes an

el ectrost QfSF%Pt@ﬁi}él?@“(‘EQ@)“nCtWﬁl“@ﬁ theaceqmpan¥Rg 3vinge RF transni ssion |ine.
The plasnma systemincludes a processor coupled to the one or nore RF
generators. The processor is configured to receive the one or nore conpl ex
voltages and currents and determ ne fromthe one or nore conpl ex vol tages
and currents projected conplex voltage and current at a point along a path
bet ween a nodel of the inpedance matching circuit and a nodel of the ESC.
The nodel s characterize physical conponents along the path. The processor
is configured to calculate a wafer bias at the point by using the projected
conpl ex voltage and current as an input to a function.



[ 0011] Sonre advant ages of the above-descri bed enbodi nents incl ude

determ ning the wafer bias without a need to couple a voltage probe to a
point, e.g., a node on the RF transm ssion line, an output of the inpedance
matching circuit, a point on the ESC, etc. In sone systens, the voltage
probe neasures voltage at the point and the nmeasured voltage is used to

determ ne bias at tBRESCDESERIPTIONOF PHE DRAWINGS ve to obtain.
Moreover, a nodul e that determ nes whether the neasured voltage is a signal

or noise is inpg18Irentrag embddinéhid Ry BEsR SERnEYSR By WBRRNENR® HOFJIBEMgPT Obe is
used. Upon determ ning that the neasured voltage is a signal, the voltage

is used t@FSEERHFR E?F‘e‘RFC?J‘BW@FIO‘H\&ﬂi e pecgmpyyipe 9radngs chanber of the pl asna
systemto co te for s.at the ESC. t he .ot her d, upon
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Conpar at i Veléﬁ 1t he ferd ias is dete m ned g(w% ﬁ to coucpl e the
vol tage pFYBE'EE" MREpYIoHt 2" PHRY B ADS C‘B‘f“af‘ﬁé RF %’em?)‘f" B 3EqWaL e o5t s
associ at editihi émBddEneriodes@ibed priadgemdidciosie.and ef fort associated with the
nodul e. Al so, the voltage probe may mal function or nmay be unable to operate
duri ng manuf ad0@isi ng Figureolis s $lomghariaif @ ameithed foreleermioing a csmizisx vqittag anifhe

vol t age an t b t t. nor e
accurate qTe% {1%?’ o{ﬁpqhgf \?/hgl agtgam%s%gn '%i%ep 8111 ﬁ g&% as |s et er i ned
based on t:mbpdomnpﬂﬂmb&cd»irtthgyeanwlsctnsment nmeasur ed W|th t he vol tage and

current probe. The conplex voltage and current neasured and used provides a
better accurad{0isi wdigsre 3 issa blhfgrﬂ"!gﬁ@ﬂ PSCsysteasused gt illpsiraigap émpidarsd based on

vol tage ”&%éh‘ih?@ﬁréﬁ}f ih D& oMi3hde B aR'e HiBS'dlerQQés%Lth@{heg&%?&&cléﬁ'u}e become

apparent fromthe followmng detailed description ken 1n conjunction with

the acconpanyiper7gr awigues 3B BRI Erculeb®tdrd dr QN ﬂ:peEBﬂEe RRAW G%ocie@%?’] The

enbodi ments nay best be understood by reference to the follow ng
accordance with an embodiment described in the present disclosure.

[0018] Figure 4 is a diagram of a system used to illustrate an RF transmission

line, in accordance with an embodiment described in the present disclosure.

[0019]  Figure 5A is a block diagram of a system used to illustrate a circuit model
of the RF transmission line, in accordance with an embodiment described in the present

disclosure.

[0020]  Figure 5B is a diagram of an electrical circuit used to illustrate a tunnel
and strap model of the RF transmission model, in accordance with an embodiment described

in the present disclosure.

[0021]  Figure 5C is a diagram of an' electrical circuit used to illustrate a tunnel

and strap model, in accordance with an embodiment described in the present disclosure.

[0022]  Figure 6 is a diagram of an electrical circuit used to illustrate a cylinder

and ESC model, in accordance with an embodiment described in the present disclosure.

[0023] = Figure 7 is a block diagram of a plasma system that includes filters used to
determine the variable, in accordance with an embodiment described in the present

disclosure.



description taken in conjunction wth the acconpanyi ng draw ngs.

[0014] Figure 1 is a block diagramof a systemfor determning a variable at
an out put of an inpedance matchi ng nodel, at an output of a portion of a
radio frequency (RF) transm ssion nodel, and at an output of an

el ectrostatic SC Aaccor danc t described
in the preseng&@chI%Eﬁﬂgg d&%fﬁlo H R igm;ugedo “¢%PM%%HPquEQP§“Fﬁ0d for
determ ni 'tmg'm@ro@@nmh@mavy)bﬁ thg eariahld, mukccedunceawith hreerobtdimknt ddschitied ilRfhe

transm ssion {r(g F: I]gortlon in accordance with an enbodi nent described in
the preseRt*8i SETGEre. [0016]Figure 3A is a block diagramof a system used

toillustrate
enbodi nment desg@l (ﬁj%&cﬁae pre%gi?{?o gg%gfﬁd etgl ‘?8?3{%@9&3?%%%@@2 a
circuit dmaigfrcmdnngefwwtnan qm'gbediamteiembmmﬂgt pueseieldisclpsureaccor dance with an

enbodi nent described in the present disclosure.
[0026] Figure 9 is a block diagram of a system for using a current and voltage

probe to measure the variable at an output of an RF generator of the system of Figure 1, in

accordance with one embodiment described in the present disclosure.

[0027]  Figure 10 is a block diagram of a system in which the voltage and current
probe and a communication device are located outside the RF generator, in accordance with

an embodiment described in the present disclosure.

[0028] Figure 11 is a block diagram of a system in which- values of the variable
determined using the system of Figure 1 are used, in accordance with an embodiment

described in'the_present disclosure.

[0029] Figure 12A is a diagfam of a graph that illustrates a correlation between a
variable that is measured at a node within the system of Figure 1 by using a probe and a
variable that is determined using the method of Figure 2 when an x MHz RF generator is on,

in accordance with an embodiment described in the present disclosure.

[0030] Figure 12B is a diagram of a graph that illustrates a correlation between a
variable that is measured at a node within the system of Figure 1 by using a probe and a
variable that is determined using the method of Figure 2 when a y MHz RF generator is on, in

accordance with an embodiment described in the present disclosure.

[0031]  Figure 12C is a diagram of a graph that illustrates a correlation between a
variable that is measured at a node within the system of Figure 1 by using a probe and a
variable that is determined using the method of Figure 2 when a z MHz RF generator is on, in

accordance with one embodiment described in the present disclosure.

[0032] Figure 13 is a flowchart of a method for determining wafer bias at a model
node of the impedance matching model, the RF transmission model, or the ESC model, in

accordance with an embodiment described in the present disclosure.

[0033] Figure 14 is a state diagram illustrating a wafer bias generator used to

generate a wafer bias, in accordance with an embodiment described in the present disclosure.
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[0018] Figure 4 is a diagramof a systemused to illustrate an RF

transm ssion line, in accordance with an enbodi nent described in the
present disclosure. [0019] Figure 5A is a block diagramof a systemused to
itlustrate a circuit nodel of the RF transm ssion line, in accordance with

an enbodi ment rihed in the_present disclosure. [Q020]Fi.gyre 5B is a
G agr am of - an WEREL i B fsctMBveE ar agitiod Bf PErahtng a st B &  ap
model of pdift aingtapahbeivesi tainifedake mhthiag moddll anixie BSC hoad), i advotdiaftent
described ip the present disclosure. [0021]Figure 5Cis a diagramof an
el ectri caf’”tglmi' ‘é‘ﬂri"{é"ffé'éﬁesf"g)e?f"ltﬁes?“?sﬁf“e({mﬁ%f%’nel and strap nodel, in
accordance wt enbodi nent . described.in the.present. disclosure.

0022 Fi gar e 8081, Fas 05 oRER Sabdier ndu P R Pt S P St ace
cyl i nder node of a model, in accordance with an embodiment described in the present disclosure.

[0036] Figure 17 is a flowchart of a method for determining a wafer bias at a
model node of the system of Figure 1, in accordance with an embodiment described in the

present disclosure.

[0037] Figure 18 is a block diagram of a system that is used to illustrate
advantages of determining wafer bias by using the method of Figure 13, Figure 15, or Figure
17 instead of by using a voltage probe, in accordance with an embodiment described in the

present disclosure.

'10038] Figure 19A show embodiments of graphs to illustrate a correlation
between a variable that is measured at a node of the plasma system of Figure 1 by using a
voltage probe and a variable at a corresponding model node output determined“using the
method of Figure 2, 13, 15, or 17 when the y and z MHz RF generators are on, in accordance

with an embodiment described in the present disclosure.

[0039]  Figure 19B show embodiments of graphs to illustrate a correlation
between a variable that is measured at a node of the plasma system of Figure 1 by using a
voltage probe and a variable at a corresponding model node output determined using the
method of Figure 2, 13, 15, or 17 when the x and z MHz RF generators are on, in accordance

with an embodiment described in the present disclosure.

[0040] Figure 19C show embodiments of graphs to illustrate a correlation
between a variable that is measured at a node of the plasma system of Figure 1 by using a
voltage probe and a variable at a corresponding model node output determined using the
method of Figure 2, 13, 15, or 17 when the x and y MHz RF generators are on, in accordance

with an embodiment described in the present disclosure.

[0041]  Figure 20A is a diagram of graphs used to illustrate a correlation between
a wired wafer bias measured using a sensor tool, a model wafer bias that is determined using
the method of Figure 13, 15, or 17 and an error in the model bias when the x MHz RF

generator is on, in accordance with an embodiment described in the present disclosure.



and ESC nodel, in accordance with an enbodi nent described in the present
di scl osure. [0023]Figure 7 is a block diagramof a plasnma system that
includes filters used to determ ne the variable, in accordance with an
enbodi ment described in the present disclosure. [0024]Figure 8Ais a
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[0043] Figure 20C is a diagram of embodiments of graphs used to illustrate a
correlation between a wired wafer bias measured using a sensor tool, a model bias that is
determined using the method of Figure 13, 15, or 17 and an error in the model bias when the
z MHz RF generator is on, in accordance with one embodiment described in the present

disclosure.

[0044]  Figure 20D is a diagram of graphs used to illustrate a correlation between
a wired wafer bias measured using a sensor tool, a model bias that is determined using the
method of Figure 13, 15, or 17 and an error in the model bias when the x and y MHz RF

generators are on, in accordance with an embodiment described in the present disclosure.

[0045]  Figure 20E isa diagram of graphs used to illustrate a correlation between a
wired wafer bias measured using a sensor tool, a model bias that is determined using the

method of Figure 13, 15, or 17 and an error in the model bias when the x and z MHz RF

"generators are on, in accordance with an embodiment described in the present disclosure.

[0046]  Figure 20F is a diagram of graphs used to illustrate a correlation between a
wired wafer bias measured using a sensor tool, a model bias that is determined using the
method of Figure 13, 15, or 17 and an error in the model bias when the y and z MHz RF

generators are on, in accordance with an embodiment described in the present disclosure.

[0047] Figure 20G is a diagram of graphs used to illustrate a correlation between
a wired wafer bias measured using a sensor tool, a model bias that is determined using the
method of Figure 13, 15, or 17 and an error in the model bias when the x, y, and z MHz RF

generators are on, in accordance with an embodiment described in the present disclosure.

[0048] Figure 21 is a block diagram of a host system of the system of Figure 1, in

accordance with an embodiment described in the present disclosure.



probe to neasure the variable at an output of an RF generator of the system
of Figure 1, in accordance with one enbodi nent described in the present

di scl osure. [0027]Figure 10 is a block diagramof a systemin which the

vol tage and current probe and a communi cati on device are | ocated outside
the RF generator, in accordance wth an enbodi nent described in the present
di scl osure. [0028] Figure 11 is DETAILED DESCREPTION a system in which val ues
of the variable determnined using the systemof Figure 1 are used, in
accordance wi t[R049h erfihe doliveving cebwlimdpesdddseribe rrastpmse swhmedipdsclop vsing a
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gr aph t hatnrefdsgpsity epseuse the pgsenbgrelodigientset ween a variable that is measured at
a node within the system of Fi gure 1 by using a probe and a vari abl e t hat
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i n accor dagesimhd Hvaapie TAGuPRNSS af BRFdhRE thatchink AR5 ANin chipg le@sur e.

model node N1m, of a portion 173 of an RF transmission model 161, which is a model of an

RF transmission line 113, and at an output, e.g., a model node N6m, of an electrostatic chuck
(ESC) model 125. Examples of a variable include complex voltage, complex current,
complex voltage and current, complex power, wafer bias, etc. The RF transmission line 113
has an output, e.g., a node N2. A voltage and current (VI) probe 110 measures a complex
voltage and current Vx, Ix, and ¢x, e.g., a first complex voltage and current, at an output, e.g.,
a node N3, of an x MHz RF generator It should be noted that Vx represents a voltage
magnitude, Ix represents a current magmtude and ¢x represents a phase between Vx and Ix.

The impedance matching model 104 has an output, e.g., a model node N4m.

[0051] Moreover, a voltage and current probe 111 measures a complex voltage
and current Vy, Iy, and ¢y at an output, e.g., a node N5, of a y MHz RF generator. It should
be noted that Vy represents a voltage magnitude, [y represents a current magnitude, and ¢y

represents a phase between Vy and ly.

[0052] In some embodiments, a node is an input of a device, an output of a

device, or a point within the device. A device, as used herein, is described below.

[0053] Examples of x MHz include 2 MHz, 27 MHz, and 60 MHz. Examples of
y MHz include 2 MHz, 27 MHz, and 60 MHz. The x MHz is different than y MHz. For
example, when x MHz is 2 MHz, y MHz is 27 MHz or 60 MHz. When x MHz is 27 MHz, y
MHz is 60 MHz.

[0054] An example of each voltage and current probe 110 and 111 includes a
voltage and current probe that complies with a pre-set formula. An example of the pre-set
formula includes a standard that is followed by an Association, which develops standards for
sensors. Another example of the pre-set formula includes a National Institute of Standards

and Technology (NIST) standard. As an illustration, the voltage and current probe 110 or
9



[0031] Figure 12C is a diagramof a‘graph that illustrates a correlation
between a variable that is neasured at a node within the systemof Figure 1
by using a probe and a variable that is determ ned using the nethod of
Figure 2 when a z Mz RF generator is on, in accordance with one enbodi ment

descri bed sent.. di s ure 0 Fj s.a fl wchart of a
UL L8 TS S A T e M N AN
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20034] Fi gcl:'gc%lt 1a?1d Ithsen %‘wtfhltl(l)evig]own oa8 fto cathEehhe voitgge an tcuer&: prlotpegl 19 b\ellvsaé]:i%ﬂ bias at

NIST standard. The voltage and current probe 110 or 111 may be coupled to the known load,
the open circuit, and the short circuit in any order to calibrate the voltage and current probe
110 or 111 according to NIST standard. Examples of a known load include a 50 ohm load, a
100 ohm load, a 200 ohm load, a static load, a direct current (DC) load, a resistor, etc. As an
illustration, each voltage and current probe 110 and 111 is calibrated according NIST-

traceable standards.

[0055] The voltage and current probe 110 is cdupl'ed t6 the output, e.g., the node
N3, of the x MHz RF generator. The output, e.g., the node N3, of the x MHz RF generator is
coupled to an input 153 of an impedance niatching circuit 114 via a cable 150. Moreover, the
voltage and current probe 111 is coupled to the output, e.g., the node NS5, of the y MHz RF
generator. The output, e.g., the node N5, of the y MHz RF generator is coupled to another
input 155 of the impedance matching circuit 114 via a cable 152.

[0056] An output, e.g., a node N4, of the impedance matching circuit 114 is
coupled to an input of the RF transmission line 113. The RF transmission line 113 includes a
portion 169 and another portion 195. An input of the portion 169 is an input of the RF
transmission line 113. An output, e.g., a node N1, of the portion 169 is coupled to an input of
the portion 195. An output, e.g., the node N2, of the portion 195 is coupled to the plasma
chamber 175. The output of the portion 195 is the output of the RF transmission line 113.
An example of the portion 169 includes an RF cylinder and an RF strap. The RF cylinder is
coupled to the RF strap. An example of the portion 195 includes an RF rod and/or a support,
e.g., a cylinder, etc., for supporting the plasma chamber 175.

[0057] The plasma chamber 175 includes an electrostatic chuck (ESC) 177, an
upper electrode 179, and other parts (not shown), e.g., an upper dielectric ring surrounding
the upper electrode 179, an upper electrode extension surrounding the upper dielectric ring, a
lower dielectric ring surrounding a lower electrode of the ESC 177, a lower electrode
extension surrounding the lower dielectric ring, an upper plasma exclusion zone (PEZ) ﬁng, a
lower PEZ ring, etc. The upper electrode 179 is located opposite to and facing the ESC 177.

A work piece 131, e.g., a semiconductor wafer, etc., is supported on an upper surface 183 of
10



poi nt along a path between the inpedance matchi ng nodel and the ESC nodel,

I n accordance wth an enbodi nent described in the present disclosure.
[0035] Figure 16 is a bl ock diagramof a systemfor determ ning a wafer bias
at a node of a nodel, in accordance with an enbodi nent descri bed in t he
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Fi gﬁre 15wonkrpidee dat dudng prodiicead Infegta;edlm'cmg agva;bghagtenpp@iﬂr mtegra&dcordance
wi th an enbodi descri ent disc re 19A
show enboﬂf%ﬁmpr%gf%{ﬂﬂg’?ﬁ? |dFﬂ%“t@éﬁ3 eg ETSPFV%OQF#JSH thg owe%1 alg'\lll/arl abl e
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vol t age J t
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RF gener atmirthe apper eextroile] 2ds madhaofcﬁemvwlt b ganlumitivod alfmnttf abhgsmim, lgemper, n the
present djsclosure.

[0058] In one embodiment, the upper electrode 179 includes a hole that is coupled
to a central gas feed (not shown). The central gas feed receives one or more process gases
from a gas supply (not shown). Examples of a process gases include an oxygen-containing
gas, such as O,. Other examples of a process gas include a fluorine-containing gas, e.g.,
tetraﬂuoromethahe (CF4), sulfur hexafluoride (SFg), hexafluoroethane (C,Fg), etc. The upper
electrode 179 is grounded. The ESC 177 is coupled to the x MHz RF generator and the y

‘"MHz RF generator via the irhpedzince matching circuit 114.

[0059]  When the process gas is supplied between the upper electrode 179 and the
ESC 177 and when the x MHz RF generator and/or the y MHz RF generator supplies RF
signals via the impedance matching circuit 114 and the RF transmission line 113 to the ESC

177, the process gas is ignited to generate plasma within the plasma chamber 175.

[0060] = When the x MHz RF generator generates and provides an RF signal via the
node N3, the impedance matching circuit 114, and the RF transmission line 113 to the ESC
177 and when the y MHz generator generates and provides an RF signal via the node N5, the
impedance matching circuit 114, and the RF transmission line 113 to the ESC 177, the
voltage and current probe 110 measures the complex voltage and current at the node N3 and

the voltage and current probe 111 measures the complex voltage and current at the node N3.

[0061]  The complex voltages and currents measured by the voltage and current

probes 110 and 111 are provided via corresponding communication devices 185 and 189
from the corresponding voltage and current probes 110 and 111 to a storage hardware unit
" (HU) 162 of a host system 130 for storage. For example, the complex voltage and current
measured by the voltage and current probe 110 is provided via the communication device 185

and a cable 191 to the host system 130 and the complex voltage and current measured by the
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[ 0039] Fi gure 19B show enbodi nents of graphs to illustrate a correlation
between a variable that is nmeasured at a node of the plasma system of
Figure 1 by using a voltage probe and a variable at a correspondi ng nodel
node out put determ ned using the nethod of Figure 2, 13, 15, or 17 when the

x and RF gener ato re o ccordance. wi .t h enbodi .
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node of the
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| agram o Fudtrare a corral ation
bet ween a(wﬁBr)erdeIfmééemchm rreasured using a sensor tool, a nodel wafer bias
that is determ ned using the nethod of Figure 13, 15, or 17 and an error in

the nodel bi ad0@d2en EhempledblzthRRogyeyenatldt inckidon computerc egr, dajegkeopiiat h an
embodi ”E”; E Ea'bf%?%tc' ”Aé rlf&Et?a%‘Sﬁ‘thhés? 's§%§e $30 mLﬂg‘éQJ V\g QUL 2fPRe S 2

di agram o s used ustrateacorre ation en a wred wafer
bi as neas erp@ae Y Hg- aA%MQ@Pfet%GIPYOCaSS%M bey p gentrah grocessing ang (GFYed usi ng

the met hoﬁh &3 &eQF, & LadplichRon Qecihib jARERRE HEHPASIE) DGy apldl Rgicwhen the
y Mz RF ] rrat or i sl%ﬁ ?%n a%egor dlangral W th 1ogle e%‘oo? 0'rgr{éﬂnt esc% bed in
the prese v1q§| EEPb st eExamples of the storage HU include a read-only memory (ROM), a

random access memory (RAM), or a combination thereof. The storage HU may be a flash

memory, a redundant array of storage disks (RAID), a hard disk, etc.

[0063] The impedance matching model 104 is stored within the storage HU 162.
The impedance matching model 104 has similar characteristics, e.g., capacitances,
inductances, complex power, complex voltage and.currents, etc., as that of the impedance
matching circuit 114. For example, the impedance matching model 104 has the same number
of capacitors and/or inductors as that within the impedance matching circuit 114, and the
capacitors and/or inductors are connected with each other in the same manner, e.g., serial,
parallel, etc. as that within the impedance matching circuit 114. To provide an illustration,
when the impedance matching circuit 114 includes a capacitor coupled in series with an
inductor, the impedance matching model 104 also includes the capacitor coupled in series

with the inductor.

[0064] As an example, the impedance matching circuit 114 includes one or more
electrical components and the impedance matching model 104 includes a design, e.g., a
computer-generated model, of the impedance matching circuit 114. The computer-generated
model may be generated by a processor based upon input signals received from a user via an
input hardware unit. The input signals include signals regarding which electrical
components, €.g., capacitors, inductors, etc., to include in a model and a manner, e.g., series,
parallel, etc., of coupling the electrical components with each other. As another example, the
impedance circuit 114. includes hardware electrical components and hardware connections
between the.electrical components and the impedance matching model 104 include software

representations of the hardware electrical components and of the hardware connections. As
12



[ 0043] Figure 20C is a di agram of enbodi ments of graphs used to illustrate a
correlation between a wired wafer bias neasured using a sensor tool, a

model bias that is determ ned using the nethod of Figure 13, 15, or 17 and
ah error in. the nodel bias when the z MHz RF generator is on, in accordance

with one e rrrent dES ribed,in g {;‘rese(m §+scl osur %é)044 Fi gure 20D
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[0047] Figure 20G 1s a diagram of graphs used to illustrate a correlation
bet ween [0066]  Similarly, an RF transmission model 161 and the RF transmission line 113

have similar characteristics. For example, the RF transmission model 161 has the same
ﬁumber of resiétors, capacitors and/or-indl.lctors as that within the RF transmission line 113, |
and the resistors, capacitors and/or inductors- are connected with each other in the same
‘manner, e.g., serial, parallel, etc. as that within the RF transmission line 113. To further
illustrate, when the RF transmission line 113 includes a capacitor coupled in parallel with an
inductor, the RF transmission model 161 also includes the capacitor coupled in parallel with
the inductor. As yet another example, the RF transmission line 113 includes one or more
electrical components and the RF transmission model 161 includes a design, e.g., a computer-

generated model, of the RF transmission line 113.

[0067] In some embodiments, the RF transmission model 161 is a computer-
generated impedance transformation involving computation of characteristics, e.g.,
capacitances, resistances, inductances, a combination thereof, etc., of elements, e.g.,
capacitors, inductors, resistors, a combination thereof, etc., and determination of connections,

e.g., series, parallel, etc., between the elements.

[0068] Based on the complex voltage and current received from the voltage and
current probe 110 via the cable 191 and characteristics, e.g., capacitances, inductances, etc.,
of elements, e.g., inductors, capacitors, etc., within the impedance matching model 104, the
processor of the host system 130 calculates a complex voltage and current V, I, and ¢, e.g., a
second complex voltage and current, at the output, e.g., the model node N4m, of the
impedance matching rﬁodel 104. The complex voltage and current at the model node N4m is

stored in the storage HU 162 and/or another storage HU, e.g., a compact disc, a flash
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a wred wafer bias neasured using a sensor tool, a nodel bias that is
determ'ned using the nethod of Figure 13, 15, or 17 and an error in the
nodel bias when the x, y, and z MHz RF generators are on, in accordance

wi th an enbodi nent described in the present di scl osure. [0048] Figure 21 is
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N1 m -of a porpemf 171%&%teHSIBESI&nrmmaslhaﬁaemeﬂomﬂoﬁ1173 Vttabtﬁtt ;Joﬁloﬁ nodel of
an RF transm ssion line 113, and at an outpu ., a nodel node N6m of
il 185 o
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power, wafer bias, etc. RF transm ssion line 113 has an output, e.g., a

node N2. #hagasierisfics asdapt Gﬁﬂl?ee]?r“tc (V1) Fer e3mples eniéS(s model 125 d@miieesamgol t age

and curr effdudince, lclpacitiel, kdsfstanceC o comBinhlidnSther&® APt &%of WRIHs@Ug7and current, at
-an output, e.g., a node N3, of an x MHz RF generator. It should be noted

t hat Vx repreS[emm amhpmgemepgnﬁbxt Uidds thleanue@TtﬁasEhtr&xsﬁnseluﬁ meddl 16agni t ude,
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similar characterlstlcs as that of the -portion 169 and the portion 197 has similar

characteristics as that of the portion 195.

[0072] Based on the complex voltage and current measured at the model node
N4m, the processor of the host system 130 calculates a complex voltage and current V, I, and
0, e.g., a third complex voltage and current, at the output, e.g., the model node N1m, of the
portion 173 of the RF transmission model 161. The complex voltage and current determined
at the model node N1m is stored in the storage HU 162 and/or another storage HU, e.g., a

compact disc, a flash memory, etc., of the host system 130.

[0073] In several embodiments, instead of or in addition to determining the third
complex voltage and current, the processor of the host system 130 computes a complex
voltage and current, e.g., an intermediate complex voltage and current V, I, and ¢, at a point,
e.g., a node, etc.,. within the portion 173 based on the complex voltage and current at the
output of the impedance matching model 104 and characteristics of elements between the

'input of the RF transmission model 161 and the point within the portion 173.

[0074] In various embodiments, instead of or in addition to determining the third
complex voltage and current, the processor of the host system 130 computes a complex

voltage and current, e.g., an intermediate complex voltage and current V, 1, and ¢, at a point,

e.g., a node, etc., within the portion 197 based on the complex voltage and current at the
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[ 0051] Mor eover, a voltage and current probe 111 neasures a conpl ex voltage
and current VW, ly, and clry at an output, e.g., a node N5, of ay MHz RF
generator. It should be noted that Wy represents a voltage magnitude, |y

represents a current magnitude, and (Iry represents a phase between Vy and

;y de\[,?ggzl)lllt?mso(?gg‘ﬁ impe ng%%ttcﬁﬁ%?n&gq?@élla%%ac‘ﬂ clt gétws of e%gnggt\éﬁgt%geﬁ EleOUt put of
descri bedinped afvite RFORS Q]nEs(cmlmnbdeBldifand(thb/bmmwdhmtlhep@ubﬂ-iﬁl 27 MHz, and 60 MHz.
Exanples of y MHz include 2 MHz, 27 MHz, and 60 MHz. The x MHz is different
than y M—iz FdﬂO7éikamitI ghouldthemosedVhit i soiRe kAabodimentgithe conplex\eaitagsrand0 MHz.

vhen x ei %73 &mlEQh%ng@dgﬂaﬁﬁﬁmh+gQéﬁiﬁﬂmeﬁ%QEhﬁwﬁﬁmﬁg ﬁB'tage and
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Institute of Shefgar dssnand ﬁI‘ﬁl@hMo%}fhz{t Numh B PRASAErs 2RSshBfn h&dpeat ration,
t he voltage and current probe
to the impedance matching cnrcu1t 114 1n one embodiment, any number of RF generators,

e.g., a single generator, three generators, etc., are coupled to the plasma chamber 175 via an
impedance matching circuit. For example, a 2 MHz generator, a 27 MHz generator, and a 60

- MHz generator may be coupled to the plasma chamber 175 via an impedance matching
circuit. For example, although the above-described embodiments are described with respect
to using complex voltage and current measured at the node N3, in various embodiments, the
above-described embodiments may also use the complex voltage and current measured at the
node NS5.

[0077] Figure 2 is a flowchart of an embodiment of a method 102 for determining
the complex voltage"éﬁa ‘current at the output of the RF transmission model portion 173
(Figure 1). The method 102 is executed by the processor of the host system 130 (Figure 1).
In an operation 106, the complex voltage and current, e.g., the first complex voltage and
current, measured at the node N3 is identified from within the storage HU 162 (Figure 1).
For example, it is determined that the first complex voltage and current is received from the
voltage and current probe 110 (Figure 1). As another example, based on an identity, of the
voltage and current probe 110, stored within the storage HU 162 (Figure 1), it is determined

that the first complex voltage and current is associated with the identity.

[0078] Furthermore, in an operation 107, the impedance matching model 104
(Figure 1) is generated based on electrical components of the impedance matching circuit 114
(Figure 1). For example, connections between electrical components of the impedance
matching circuit 114 and characteristics of the electrical components are provided to the
processor of the host system 130 by the user via an input hardware unit that is coupled with
the host system 130. Upon receiving the connections and the characteristics, the processor

generates elements that have the same characteristics as that of electrical components of the
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111 is calibrated according to NI ST standard. In this illustration, the
vol tage and current probe 110 or 111 is coupled with an open circuit, a
short circuit, or a known |load to calibrate the voltage and current probe
110 or 111 to conply with the NI ST standard. The voltage and current probe

110 or 111 first. be. co ed vmththeo |rc t he short
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an RF rodmagdid VR, Shioqereht, mnBude 11, Gid thegﬁzrse o€l BetweedhQhe SofpRANoItsYg t he
pl asma chanper 175. 0 Z ] The pl asm ch 175 | C%Hdes an el ectrostatic
chuck (ES#)C 7 #An et é’&t“i“c’fﬂ’é ‘i‘?@o aﬁ&etS‘E"H%‘ierﬂ €82 EABEAEFRIN) , e. g.,
an upper dicgpa€itdrr2s8, Halsealgonsm;rp@umddertg atdapacu@pes a@ll ®8ded ofl enelfTisk, complewpper
el ectrode qxt ensdl on sgﬁroundl n(f; ngg ielectri c ri %gaf a dICO\r/rver
G ol ect i SPERERTPT R RE 5L BB bl e MEe e e eatihey oo S er
el ectr odevx2, Ix2, and ¢x2 at a node 257 is determined based on the complex voltage and current

Vx1, Ix1, and ¢x1, and based on an inductance of an inductor L3. The complex voltage and

current Vx2, Ix2, and ¢x2 includes the voltage magnitude Vx2, the current magnitude Ix2,

and the phase ¢x2 between the voltage and current. When the 27 MHz RF generator and the

60 MHz RF generator are off, e.g., nonoperational, powered off, decoupled from the

impedance matching circuit 104, etc., a complex voltage and current V2, 12, and ¢2 is

determined to be the second complex voltage and current at an output 259, which is an

example of the output, e.g., the model node N4m (Figure 1), of the impedance matching

model 104 (Figure 1). The complex voltage and current V2, 12, and ¢2 is determined based

on the complex voltage and current Vx2, Ix2, and ¢x2 and an inductor of an inductor L2.

The complex voltage and current V2, 12, and ¢2 includes the voltage magnitude V2, the

current magnitude 12, and the phase ¢2 between the voltage and current.
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extension surrounding the |lower dielectric ring, an upper plasma excl usion
zone (PEZ) ring, a lower PEZ ring, etc. The upper electrode 179 is |ocated
opposite to and facing the ESC 177. A work piece 131, e.g., a sem conductor
wafer, etc., is supported on an upper surface 183 of 10 the ESC 177. The

er surface [ of the ESC 177 ece 131
ngplacgd on ﬂﬁ@ﬁbl ﬂﬁ% a%?r &ﬁgtﬁﬁpgﬁggﬁgls dth%%@%ﬁ%§¥P®§8§|
dep05|t ti ;)M,HZ(RIE@’nbﬂa@rs dlepfisd édnqﬂbx Withgdet 4 |cmg:nt mzv:,hm]gnd hZNati thpbapitat i on,
resist s
br oduct of? RrprE e o8 f Frr b i Vot Boiedet 4 7o) T e a e
Ci rﬁ uit (Aﬁia@)lenstpfj o?a;]nandmtmk EPFZ)gIpoadlmtIQStEa ¢dphdilor Cétand amindud@Niel dhed on t he
wor i ece an inte | re,us
o ect Fon o g AtV o 38, Sd o B nd et hufulb ¥ \BR e o
| apt ops, aetemnmkgnutgdeelzm,l quﬂﬁm phae¢ 027 Emedenche vdlegd mwiecunehtecrheaxdmpand t he
upper el Zi%[l ge{j %blécé]grfnlt SrecelvecF atQhe nod%%ﬁlsithe sa%e as &le @Fx%(aégiaf%i curre "%l um num

copper, enbod ) I'ncl'udes a
hol e t hat mwumdtapﬂhedocted\lia(erﬁt r)aIW@asmﬂletbtdZ Mﬁztang R@ WMz R lgenecatons aral gas

f eed receb@’ i o260 bz RPY {f%né?zﬁt?lﬂ??ﬁ é‘§o%§p1efxr\8iﬂng%cg?dscu§&9?'\bé fNgs, \?EP""”)

Exanpl es of a process gdas e an ox ontal ni ng gas, 'such 02.
O her exalgl and 637 arg apﬁm@b@fgaeeqonemm@examftagg@nd erarento Mereavem gimafardy, e g.,

tetrafl ‘

(Core) . oRROFhBNGel B tperith i aiGHPS 4d07 i REERRBREMGRRIATEC, o 1o
the x Nkthgfgmdequaper@ntﬁOt amd 4p0NpHshe REtpYEEria defermiried based on preniales e

mat chi ng Ghifaglliahg l&r%c:m [r&%&i WMol 869 RF BRSacBBStds Sof SHPRbIES 1384 Ween the

upper electrode 179 and
capacitor Cl a capacnor C2 an inductor 14, a capacitor 269, and an inductor L1. The

complex voltage and current V60, 160, and $60 includes the voltage magnitude V60, the
current magnitude 160, and the phase $60 between the voltage and current. When the 2 MHz,
27 MHz, and the 60 MHz RF generators are on, the complex voltages and currents V2, 12,
¢2, V27, 127, 927, V60, 160, and ¢60 are an exarﬁple of the eecond eomplex voltage and

current.

[0082] In an operation 117, the RF transmission model 161 (Figure 1) is
generated based on the electrical components of the RF transmission line 113 (Figure 1). For
example, connections between electrical components of the RF transmission line 113 and
characteristics of the electrical components are provided to the processor of the host system
130 by the user via an input device that is coupled with the host system 130. Upon receiving
the connections and the characteristics, the processor generates elements that have the same
characteristics as that of electrical components of the RF transmission line 113 and generates
connections between the elements that are the same as that between the electrical

components.

[0083] In an operation 119, the second complex voltage and current is propagated

through one or more elements of the RF transmission model portion 173 frorﬁ the input of the

~ RF transmission model 113 to the output, e.g., the model node N1m (Figure 1), of the RF
transmission model portion 173 to determine the third complex voltage and current at the

output of the RF transmission model portion 173. For example, with reference to Figure 5B,
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ESC 177 and when the x MHz RF generator and/or the y Mz RF generator
supplies RF signals via the inpedance matching circuit 114 and the RF
transm ssion line 113 to the ESC 177, the process gas is ignhited to
generate plasma within the plasma chanber 175. [0060] When the x MHz RF

generator gener d provi des i | yia the node.N3, the

D rpeuance s Mo enPai 3% anfifle o ardi Nire Kk BrbBReT T Pihet opBEo ( he Esc
177 and wWhgfagd fird cyrrddtly x Q@i amd @44, @gnariakesedanctompley ivolege amd dafretj gaal vi a

t he node N5 e i npedance,.matching circuit 114, an he transni ssi on

[ ne 315 Do wiscim pBRneiAe Doy B geSimiied bdrt oo Posiene, of wehBEREs ¢ he
conpl ex vbluh@elebaseddonCalcapaditancatof tahapaseeCthiheh add bived vo iteagemprr doltage r ent

probe 111 asur e . ex | t age. and curre at _the node .

o061 Theatbib s i daf SL0LRE 5 bERS i RExEUnE 8N, Semd Golige™eia cur r en
probes 116ndaduetedtl 1t showdd pe morédobad Ivinaeldoar iedyeonch ofg compuargenarhted modedvi ces 185
and 189 from corr ondi ng _vol t age. an urrent. prghes 110 and 111 to a
Storage hal s Goiele CRGR -l dRR 5L Be Re Slnef R Pt 3RG ] ks

exanpl e, vélageamipduexnt N1t ijearsing? 1 ctiar ewtput P92 9fin @whnilyand heapymbddeh @t mnd

current p . ' OV Vj i i O [ a cable
191 to théé}%gg%ﬁg’%etﬁ é)ﬁfﬁ?%%oq@g%‘ ‘{oﬁ%éetl}l g‘rir%ﬁtg%(myé%’?}aé’eﬂgﬂ%x’ca&rg rbé%t5 oﬁeq’gsur ed by
t he vol t igectame olanrindsmtor bstap.e THeldutpus 2 ripa ekeuiplgiohthe latpetosrgruthe owtidlon devi ce
189 and a t L Syst . I i,cation
devi ce ingf(%?léﬁ%%ﬁ%rgg?’r?gﬁh? V|O@e@ﬁﬁ@%gﬁ%éﬁ@g@aﬁggoﬁt@t%? riﬁea_%i packet s
and conveindgctgEich ef neomppigr keaerated model @htha REarafet Whenribe 2 Milz REbgenerator iaut omat i on

Technol 0y, G hes CiBlsodei: RP sl hlort AL EEHACE,HEN £ cbhat vbiapsf ers data

in series, a para evice that transfe ata in parallel, a
Uni ver sal agkd2lad deBuminedJSB) therthied domplex deldge and augrent af hOSAPERIhpl es of t he
host system 130 include a conputer, e.qg., a desktop, a |laptop, a tablet,
etc. As an il |[Qe84) 5t iSerﬁl,larb/h@h%dgft27s¥§lﬁgﬁgfmati>rnépwéi§h%2 #dRIMEBRFand t he

storage Hibrkfidors 48 ofSEEbnPRxBIoNagen@ CRFAETOT1, IBY, £ $27CA/NKd sUpu@RILRSSI N
unit (CPU), a m croprocessor, an appl.ication specific integrated circuit

(ASI O), ad¢semnnedbarsr. the sgmployfipeeand pprsnt VEL &27, g hHuESBAt PreuBYor age HU

include azseagh oRraéeBRIY kA hotordLibARIARR 35HREES CHRIIRL, Yind BRAMndu@dr a
conbi nati on thereof. The storage HU nay be a flash nmenory, a redundant

Y,
array of &tEPag®hen Bk theRpMijz and 3/ MEz RE genegfqrs are on and the 60 MHz RF
generator is off, the complex voltages and currents V21, 121, $21, V271,1271, and ¢271 are

an example of the third complex voltage and current.

[0085]  Moreover, similarly, when the 60 MHz RF generator is powered on and
the 2 and 27 MHz RF generators are powered off, a complex voltage and current V601, 1601,
and ¢601 at the output 297 is determined based on the complex voltage and current V60, 160,
and ¢60 (Figure 3B) received at a node 259 and characteristics of the inductor Ltunnel, the
capacitor Ctunnel, and the inductor Lstrap. When the 2 MHz, 27 MHz, and the 60 MHz RF
generators are on, the complex voltages and currents V21, 121, ¢21, V271, 1271, 271, V601,
1601, and ¢601 are an example of the third complex voltage and current. The method 102

ends after the operation 119.

[0086]  Figure 3A is a block diagram of an embodiment of a system 123 used to
illustrate an impedance matching circuit 122. The impedance matching circuit 122 is an

exafnple of the impedance matching circuit 114 (Figure 1). The impedance matching circuit
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[ 0063] The i npedance matching nodel 104 is stored within the storage HU 162.
The i npedance nmat chi ng nodel 104 has simlar characteristics, e.g.,
capaci tances, inductances, conplex power, conplex voltage and currents,
etc., as that of the inpedance matching circuit 114. For exanple, the
i npedance ng model 104 h a nunber iitors nd/o
et o o1 AR e cBnetints SRRt Fed AT cfoREH . Rl IR RN BN o'
capaci t or betaewtl/etectrical dovapamests.ar e connected with each other in the sane
manner, e.g., serial, parallel, etc. as that within the inpedance matching
circuit 114. 76087 oviFmreaBiis| aisireuatt diagramwbfesn tehmbodimpe defnare irnmd@ﬂrﬁeng
circuit 1 i i t he
e} th}&ﬁe‘i % ﬁﬁe"%@e&aﬁ& %Qt'éﬂilggmhé? 1958 dn%ex {)IQ offhe uﬂﬁ'elagﬁ

|npedance m SO I NnC es the cap aCI cou I'n series
with the matbiog model[meaﬁigms lan Asxshaph.ehe trfwdamperdlaahme magdel h12nlgclaﬂqscw t 114

i ncl udes I t.chi ng nodel
104 i not ugBaih JHE cBBEREL Y uhOER NGRS BRe L EPEL TR A0 dance
mat chi ng bl thewig. shouldr b@nqtm@ttthfr mapmaein thach th@tméuctmyncm cgeadoratred by a
processor p i S: f ut

har dwar e u&?ﬁgq’” e‘%%ﬁ@? qusnl %%\lﬂ?ghl lrslcaﬁcegzéﬁ{@? rfgfg} r é’gsa?{eu l\lré!é;&\t/(\,ﬁgl1 gﬂhdngl ectrical
conponent sapagtog, showm akligere B8, cap he geuplpdgn aéﬁré,es and/er padielmannerwih gasiiel and a

manner, eoflen A, ale&)meréﬁ{ba&ln%hts tﬁé fmpeddfe mALRhE RBad 192 GlREdTd SfikreOMPONENT S
W th each ot her., As another exanple, the inpedance circuit 114 includes

har dwar e 8Wmker pf capaciters apsieradi iéerenh aumher abiadustondhsiabatiskrya 1B EisHEd®- t he

el ectrical conponents_ and the_inpedance ngatching nodel 104 in¢lude software

represent at i orf808% t AisUrt Biehiagra efanembadimery A 4 Tetians 1 hered e Hiyraar dwar e

connect i OBSRF Aénsmiseion ﬁﬂ@mewmemrmleeamﬂm the PR gaRmesioRtisd I3gFigmda). 104 is
desi gned USI]Qﬁ a soft iﬁ B‘?m and the i edanc? ch| n circuit 114 is
made on alpf fréllf"EfiSPBdf‘? es ASYHIEIY et i hiungg 88% ents nmay

i ncl ude regindéraus hesc@mglatdansg aﬂdﬁﬂmﬂr@d 82 @omaﬁﬁah@n@ftb@ctyﬁmb 148@d ]
FESIStOFS onnect] ons etween. the .1 n C n | ons et en.t he
capaci t or the R&:nréfg dr2 Ed‘ﬂﬁéﬂ?ﬁlﬁﬂfsthf)@?%bﬂéé G ?Fb]i) ﬁg% gﬁt%ﬁ“s‘?ﬁgo’}ﬁ% @?or s,

[ ndu;:]t or S(Flglﬂfjlpa'ﬂﬁcm QharBmidsioh Ging $81n”is|bal'té®/\ga Boleaw], QZUBdeéndI@BwﬂmdieL Ihe cabl e
150 have sim.|ar characteri ca 165 an e 152
hog oo Spbopsrar aeeBns crird T B ds SBRefinr e b RF Rt oge i P BetRobr e
model 163 viaSany REmBIGE balss With tthMﬁédallﬂjéenaﬁfhldghﬁ'cﬁlalDlle Ih5Q3me Ambadimkiier

exanpl e, the 6 erat e nodel of the cabl e 150
o e cumstea i e ol aly Snd S RIRLARR SRt Bt Bt vl fed T on

[ 0066] Si nd améhythe RA trigksmiissian ting Hﬁlt@thelrmpbdhnc&ﬁﬁtchlmglcﬁdllﬁ IRE transm ssion |ine
113

[0089]  The RF transmission rod 142 is coupled with the output of the impedance
matching circuit 114. Also, an RF strap 144, also known as RF spoon, is coupled with the RF
rod 142 and with an RF rod 199, a portion of which is located within a support 146, e.g., a
cylinder. The support 146 that includes the RF rod 199 is an example of the portion 195
(Figure 1). In an embodiment, a combination of the cylinder 148, the RF rod 142, the RF
strap 144, the support 146 and the RF rod 199 forms the RF transmission line 181, which is
an example of the RF transmission line 113 (Figure 1). The sﬁpport 146 provides support to
the plasma chamber. The support 146 is attached to the ESC 177 of the plasma chamber. An
RF signal is supplied from the x MHz generator via the cable 150, the impedance matching
circuit 114, the RF rod 142, the RF strap 144, and the RF rod 199 to the ESC 177.
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have sim | ar characteristics. For exanple, the RF transm ssion nodel 161
has the sanme nunber of resistors, capacitors and/or inductors as that

within the RF transm ssion line 113, and the resistors, capacitors and/or
i hductors are connected with each other in the sane manner, e. g , serial,

p'ar allel, etc. g@% th%%:alg}’]\% It;rrrll nrlnrtm.gs1 on ]%gcari'?'}nilzg?udgsn Lg ng éllemler-l? an rt her

illustrate, Ihe 1 I'nc a  capaci i coupl ed
i n paral | dkctiotd bn @p of thd thedtinp ,eletrhﬂi RE-ai erabrslimes itienES® A7 indlédes alhgaingncl udes

the CapaCI t Or CO? r“t)heeﬁi)wer elgc%ogfl o\{fmitgglbgcp ﬁﬁx&ngl'écég 177A‘§ncmgéset?9?(§\pe?r

exanpl e, ransm ssi on es one or rical
conmponent slecamde tulea Rdfating elersent,sesg. ,ocwﬂnmdae ktc] 6thbédded willsis halesl smerhyiting. , a

conput er - ener alg %ElaDdﬁ,‘] sbme emf)g-'de mﬁj:% h{é%%g@%q%ié Iggdglooilfr%?r[e&'% [aﬁl%rz n some

enbodi nmen transhr S2ron genera éd

[ rrpedancecctplpanaé olt sietulddre riotvddlavthnchtanmissmnilimn 18T suphlias ae REsigadlitethe e. g. ,
capaci tanﬁ)%rdgc%ghes&q&%s% 1j7hduct ances, a conbination thereof, etc., of
el enen g., cap aC|tors i nductors, resistors, a conbination thereof,

etc. and det at i [ {+¢l c
bet ween t he eletgér?\e*gtsﬁ%areoffA %%;@gﬁg%%mﬁgpgg%?oggﬁ é\?g?‘%%gé{egnlf é‘ﬁ"rdf%m

recei ved fllugirate fheirapi|modglel 7819 the kb Basmispighdine 113 (Figyre he Fernptamplegtheand

charact er pgl¢GRodef17%: 1ncl§&@%u&t@1@(%ﬁ§/or &@Q&&%sag&ﬁ&tloﬁst Eetweeﬁfth@inﬁm S, €.9.,
i nductors, capacitors, etc., within the i npedance mat chi ng nodel 104 t he

pr ocessor copmeqtings heiweens et @RICIGD, and/er oanesEons bawemee Veluengeanththecur r ent

v, 1, andcz(plm)ltorse Hkamples SEORNLHGRIRIRR s¥ifdk aA@6: ARMeClohhicRitdns. The tiR@itout put,
e. g , the nodel node Ndm of the inpedance natchi ng) nodel 104. The conpl ex

vol t age aﬁed@d?%ﬁnewpleﬁéﬂ}?d?d"éranﬂwa%oq\mﬂel WidFigred)in the storage HU 162

and/ or anot her stora HU,_e.g., a conp disc, a fla etc
the host syst dAf92B0. Tigwe B digerapn ofan e&ﬁ’ﬂdlﬁ)e“tl%@f‘ﬁldggcaéc\/%‘ftrgééseﬁagm tude

V, a curr eyillusiag e tuichel dnd s&mdnaieph@seméﬁ ishetvapie dffte psaioh agke(Faguek Hur r ent .

[ 0069] The of the e_Jmat chin 04 d i t
b the RO fhenkh S ot 181 Fech. | e ertgee retinabCiBEy W ar duar o
unit 162. 1rﬂ_[5waﬂcﬁ’ﬁﬁd>ﬁiﬁgendﬂsltﬂhlaﬂ@tmdlﬁiel adstrap $dH230.aThé fuphkl and®stgp, a node

,lt\lﬁ ren n\(l)\glec rfi@lde% 2‘1'(? inclu es n ugt%Irs tunne ang Egtpap anxd Xgellp;[acaig)? C?'urr]u(?elcﬂ ﬂourl-l& be no?%iur ed at

that the inductor Ltunnel represents an inductance of the cylinder 148 (Figure 4) and the RF
rod 142 and the capacitor Ctunnel represents a capacitance of the cylinder 148 and the RF rod
142. Moreover, the inductor Lstrap represents an inductance of the RF strap 144 (Figure 4).

[0093] In an embodiment, the tunnel and strap model 210 includes any number of
inductors and/or any number of capacitors. In this embodiment, the tunnel and strap model
210 includes any manner, e.g., serial, parallel, etc. of coupling a capacitor to another
capacitor, coupling a capacitor to an inductor, and/or coupling an inductor to another

inductor.

[0094]  Figure 5C is a diagram of an embodiment of an electrical circuit 300 used

to illustrate a tunnel and strap model 302, which is an example of the portion 173 (Figure 1)
of the RF transmission model 161 (Figure 1). The tunnel and strap model 302 is coupled via
the output 259 to the impedance matching model 172. The tunnel and strap model 302
 includes inductors having inductances 20 nanoHenry (nH) and capacitors having capacitances

of 15 picoFarads (pF), 31 pF, 15.5pF, and 18.5 pF. The tunnel and strap model 302 is
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[ 0070] The RF transm ssion nodel 161 includes the portion 173, another
portion 197, and an output N2m which is coupled via the ESC nodel 125 to
t he nodel node N6m The ESC nodel 125 is a nodel of the ESC 177. For
exanpl e, the ESC nodel 125 has simlar characteristics as that of the ESC

177. For exanmple, the.ESC madel 125 has .the i e, capacitance,
resi st anc® P§r Y4 acné’a%?(ﬁgtf)ia%n tﬁxlé?(%’fjfw %fz' 't %ngﬁgg?ﬁggég?%gﬂm 08@’5] An i nput
of t he pORF cylinddriSan exainple of thpportiaf 1945HEighte 13.r ansmi ssi on nodel 161. An out put

of the portion 173 is coupled to an input of the portion 197. The portion
172 has si ni | d0095har dicheuld b¢ haed that it hee afibotimenisothe indnctdré Sndagagacithee por t i on
197 has Sbmé &lfme(f%&%B%ohé%bfﬁa\%%thtep%u Q.f F&r@ﬁargﬁééﬂl%r&?ﬁd Q’QK& Based on
t he conpl ex voltage and current maasure(f at the eﬁ node m the

pr ocessor apiduckaacdvargingetvesmli 361 Watterbatween 20 and2pIndlx Asghethgyexample.cur r ent

VvV, |, and - thi . t put,

o g tnevibloyordot nidaliudid oP AFRIAES @NHBHGRIII tenBindlinal P

161. The Adongplaesthergkangle thientd pflgapaitor e sppacitrace rnginheetwerdd PH9dE5SN1L mi s

stored inyf K 51 BF 3Gkl nh62 ARhAte @aﬂ%h?gétwéérpfﬂageaW% EF,ghe 1§15 GRNMpact
disc, a fFash menory, etc., of the host system 130. [0073]In several
enbodi mentapacifopbasagdrasftanse ranging befveqnchpk B1d FRPEr and thenk$-X PRecapafitphag 8npl ex

vol tage apghGidhdetMgingibBfvePs AFRSSAR7E. the host system 130 conputes a
conpl ex voltage and current, ‘e.g., an internediate conpl ex voltage and

current V, |, [9e%8]4) In dhrichs RAMbBUimefts Jany RuntbRASf ifihGors afé ilivded HEHROr ti On
173 based on _the conplex vol tage and gurrent at, thfeggrij put of éhe | npedance

mat chi ng PBRR PR B2P Fiodel A2 pugdang ppmpsr oL cappeiigrs Aty 8nglaad $1But of t he
RF transmnsgdigoe.model 161 and the point within the portion 173. [0074]1n
~various enbodi nents, instead of or in addition to determning the third
[0097] Figure 6 is a diagram of an embodiment of an electrical circuit 310 used to

illustrate a cylinder and ESC model 312, which is a combination of an inductor 313 and a
capacitor 316. The cylinder and ESC model 312 -includes a cylinder model and an ESC
model, which is an example of the ESC model 125 (Figure 1). Thé'éylinder model is an
example of the portion 197 (Figure 1) of the RF tranémission model 161 (Figure 1). The
cylinder and ESC model 312 has similar characteristics as that of a combination of the
portion 195 and the ESC 177 (Figure 1). For example, the cylinder and ESC model 312 has
the same resistance as that of a combination of the portion 195 and the ESC 177. As another
example, the cylinder and ESC model 312 has the same inductance as that of a combination
of the portion 195 and the ESC 177. As yet another example, the cylinder and ESC model
312 has the same capacitance as that of a combination of the portion 195 and the ESC 177.
As yet another example, the cylinder and ESC model 312 has the same inductance,
resistance, capacitance, or a combination thereof, as that of a combination of the portion 195

and the ESC 177.

[0098]  The cylinder and ESC model 312 is coupled via a node 318 to the tunnel
and strap model 302. The node 318 is an example of the model node N1m (Figure 1).

[0099] It should be noted that in some embodiments, an inductor having an
inductance other than the 44 milliHenry (mH) is used in the cylinder and ESC model 312.

For example, an inductor having an inductance ranging from 35 mH to 43.9 mH or from 45.1
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conpl ex voltage and current, the processor of the host system 130 conputes
a conplex voltage and current, e.g., an internedi ate conpl ex voltage and
current V, |, and 4), at a point, e.g., a node, etc., within the portion
197 based on the conplex vol tage and current at the output of the

i npedance t cpl ng .nod 104 and . characteri sti | enent s between the
but of PHAORE PR Gs 1 GRORGIUPOTETSaPEIY THUPRE SHECTIE FH U0 1§ on
197. [0075§0 pF shasddd Ber i, tldehd ioh RO HH0 @Hhﬁﬂactt&ntascaphcher oo ax vol tage

d t t th t th del ,104 | | at ed
ﬁgseﬁuéﬁe?%?%%?%%éft R ey R R S
t t f del
ooy ot ort o1 30din0r ThE bRl O RIRA Rvldl® 15F il T oy hilingd
further benpedetned etglabtahimﬂ&da.ngch amfgmmbaiammofame meledwiT2cthe pinge and t he
| pedance, it GHINE U i dnd (8REpRIROH TR < PRy

generators ree genera are coupl ed
to the pl %mmﬁmmmmdlcﬁﬁemmteammdmeu‘améel rmtlea Bléhge msadcasiinputsby thexanpl e, a
2 Mz gengrro@és%r ‘of ﬁhérzst%eng?w{oactafgﬁlme r&m leQQ/olgqgg algc?nrﬁfeain% atqﬁ%ncgi@ coupl ed

to the plasma cha via an 1 anc ng circurt r exanpl e,
al t hough Nhm. Hishewd brerntad thasdn etmefthenylgldataedEé@@mﬂd@dﬁwthmmp@ém@et to
usi ng conRkex voltage and current neasured at the node N3, in various
enbodi nents, the above-descri bed enbodi mrents nay al so use the conpl ex

vol tage and cuypdRM AT R4 bR)ck HAEraMWH &n NAbodiment of a system 200 that is used

to determine a variable. The system 200 includes a plasma chamber 135, which further

includes an ESC 201 and has an input 285. The plasma chamber 135 is an example of the
plasma chamber 175 (Figure 1) and the ESC 201 is an example of the ESC 177 (Figure 1).
The ESC 201 includes a heating element 198. Also, the ESC 201 is surrounded by an edge
ring (ER) 194. The ER 194 includes a heating element 196. In an embodiment, the ER 194
facilitates a uniform etch rate and reduced etch rate drift near an edge of the work piece 131

that is supported by the ESC 201.

[00102] A power supply 206 provides power to the heating element 196 via a filter
208 to heat the heating element 196 and a power supply 204 provides power to the heating
element 198 via a filter 202 to heat the heating element 198. In an embodiment, a single
power supply provides power te both the heating elements 196 and 198. The filter 208 filters
out predetermined frequencies of a power signal that is received from the power supply 206
and the filter 202 filters out predetermined frequencies of a power signal that is received from

the power supply 204.

[00103] The heating element 198 is heated by the power signal received from the
power supply 204 to maintain an electrode of the ESC 198 at a desirable temperature to
further maintain an environment within the plastna chamber 135 at a desirable temperature.
Moreover, the heating element 196 is heated by the power signal received from the power
supply 206 to maintain the ER 194 at a desirable temperature to further maintain an

environment within the plasma chamber 135 at a desirable temperature.

22



[0077]Figure 2 is a flowhart of an enbodi nent of a method 102 for
determ ning the conplex voltage and current at the output of the RF
transm ssi on nodel portion 173 (Figure 1). The nethod 102 is executed by
the processor of the host system 130 (Figure 1). In an operation 106, the

conpl ex volta urr , e.g., the first conpl | t age urrent,
nmeasured at t aﬁoﬁgﬂe?‘l\@oe]gtbfe d'gﬁg ittt g2ty ?rBl?ﬂ%Wet“hiq]% ﬁég‘gﬁ'&f %@ﬁﬁf}q&

(Fi gure ljncluf©sinyaxmbid of hedting elemelt eidranp &ghe toh Bdatihelerhéntss tFoe exgalpiex theol t age
and curre LS, received fromthe voltage and rrent probe 110 (Fi.gure 1).
As anot heEggggwgg%sﬁﬁg’élﬂagg}‘%aﬁm% &%‘H’E“ﬁlt%&? mgp! Ifq%{ ' 1\?’0‘1"? E'Eg()dgrﬁ%f%ceﬁrhrognt pr obe
110, st or thd BSCt20i and the ERt 104 agiudei bnt ®2 mofel qulirg €ldmentst e.g.Sordedtr @ford tabed t hat t he
first conplex. voltage and. . current is associated w,th t i denti.ty.

[ 00781 Fur PRGPIRS: B8 of il ek St p3RaR b P inaltriute B e ebser 104
(Fi gur e 1ljemperagener at ed based on el ectrical conponents of the inpedance
matching circuit 114 (Figure 1). For exanple, connections between
~electrical corffp®dsht dt shbuld hatherhzadd dat mene binbglinadnt, e systdrm 20Gindludes _

charact er |, 31§, 65,08y f}]l_tglg %Ft afapfe the B%?ﬁﬂ&&o@raﬁ%gééo L dsidieh B &Qﬁs@r ocessor,

of the host” system e user via I nput ware unit that is

coupl ed we@lhandithe BRokM viaassingta fl®0. Upon recei ving t he connections and the
characteristics, the processor generates elenents that have the same
characteri sti dg018l agurq)ﬁAeqseq;gyagrew ofchpwhedinent i & petem dhedidcl® mat chi ng

circuit 1ifhs@iida A6RELAMERIGONNERE DONFidARI WeSpidVe af hQURBY & did aliahiave t he
sanme connections as that between the electrical onents. [0079] The

co
i nput, e. dhe systgm 214 éncludgnihe typnel prd §tiap aredel 240 Hat is Keupddtrcretylinges modilei ves t he

first compiexovelha@e ABJ wiibh &Riudes RhpaBX@PnBlor tiRGLCRIO GRS S@hn&fiodshe host
system 130 accesses, etc., fromthe storage HU 162 the first

e.g., reads | .
conpl ex v8erehgEeeni ﬂ&ﬂ%@r@&?ﬁ% JVPE dodeli 2 @ isysiqred within e storage BUa0&  and
current t grigihe1) 4ABAt the bihb@orh J¥HE0 AN apR 16 hitor iRflEors b the i dpIrQ6 8%S t he
first conpl ex voltagrg and current. [0080]In an operation 116, the first

conpl ex Vé?qugéviglrfac QheT & rqagnefyrecﬁjwaélal manner, a serial manner, a combination

thereof, etc. The model 216 represents capacitances and/or inductances of the filters 202 and

208.

[00107] Mbreover, the system 217 includes the cylinder model 211, which is a
computer-generated model of the RF rod 199 (Figure 4) and the support 146 (Figure 4). The
cylinder model 211 has similar characteristics as that of electrical cofnponents of the RF rod
199 and the support 146. The cylinder model 211 includes one or more capacitors, one or
more inductors, connections between the inductors, connections between the capacitors,

and/or connections between a combination of the capacitors and inductors.

[00108] The processor of the host System 130 (Figure 1) calculates a combined
impedance, e.g., total impedance, etc., of the model 216, the tunnel and strap model 210, and
the cylinder model 211. The combined impedance provides a complex voltage and
impedance at the node N2m. With the inclusion of the model 216 and the tunnel and strap
model 214 in determining the variable at the node N2m, accuracy of the variable is improved.

It should be noted that an output of the model 216 is the model node N2m.

[00109] Figure 8B is a diagram of an embodiment of a system 219 used to illustrate

a model of the filters 202 and 208 (Figure 7) to improve an accuracy of the variable. The
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t hrough one or nore elenments of the inpedance matchi ng nodel 104 (Figure 1)
fromthe input, e.g., the node NS3m (Figure 1), of the inpedance matching
nodel 104 to the output, e.g., the node Ndm (Figure 1), of the inpedance
nat chi ng nodel 104 to determ ne the second conpl ex vol tage and current,

U of ohBiR P g uREL R st SRR AR oG] b s pffedtg o

oper at i onpdrallepawhe exined and smpp:h(ﬂdl 210. tThe ndeali2t 8 $, ansafipla sf the (ntodemaﬁpl e, the
i npedance g.gire f th | a system 126, etc conpl ex
vol t age aﬂgg’&? gn ?/)?fogel m%} % %lgtj’f ?‘@ﬁr’ ﬁ‘f §rrﬁ%r8ﬁegtfea %S?Pﬂﬂ dx vol tage

and cur r eintluctanda¢ ofithe Midtbns 202 ahch 208/ oT}teaxgedehmﬁqfutthdenc%des atchyacioatrGfiat,

magni t ude l] and,.t g | ex vol tage and
current, which relg')teaentsgfaed (pom Thed (:apac1 ance of o‘?tt V\%Efterstr% A and%lag det erm ned based on

a capaci tance , e citor C5,
and based on t[ﬁéllﬁ rstg%géo%rpl é’i"%gé‘ta?‘ag‘e"qé‘ﬁ %ﬁ@gﬁ?f%%@%ﬁ%ﬁ rf%élgﬁggd at an

i nput 255Yolivks ag\cament arobo? A temeenire mgpeiakinat apwuipard31 Wk 2 RF generatnd2q.| i x2 at a
node 257 t 1, Ix 1,
and sol 1 x i SEREREL B R o e b 0 odn s B e

vol t age aRH géfmf%*@ r¥t20 \aan expmple ofthg x4YIR2 gengratag @e the tyMHy g¢nertps (Fawaill ude Vx2,
the currefe E@Qi}'st%ﬁlqg%éz‘r%rat&”ﬂgd bidGiaBNAs i fulRL UERN GO AGEmaR

current. \Wen ener at or and nerator are off,
e.g., nondpey gt digial mgrybwe?fé@r@WP) 236.c bugre embedinpntt the digig) @dlsing sigpdt chi ng

circuit 104 js@lfansisté- t%ﬁﬁb%g%!?ﬁ@%’gn@ﬂ%ﬁ%fe@@? thy%t’ateg-%rclu%gn O sthi$
determned to be the second conpl ex voltage and current at an out put 259

which is &M axihpie aotate heﬂtgutcbgttal vaugyof 1 anden staseibavingagligihvluq Hiyare 1), of
t he i npedpigg QalBhENIONG D! 104 (Figure 1). The conpl ex vol tage and
current V2, 12, and 02 is determ ned based on the conpl ex voltage and

current Vx2, I[n&,npndn &Qﬁ&r&hﬂommﬂt Hﬁhﬁﬁ@fﬂ)@moﬁﬁys&dﬂﬂw @ Eloblloscillal@r, conpl ex
vol tage and current Y2 “8 %32 i ncl udes tp v;‘? gnlt de V2, the
current n&§nf ERER 049! at%fnttc iR Bseg i acaergls ap ag fign DWlt“g‘deCQé‘ ﬂm@ Yrent.

[ 0081] Si ik @alog,to-wigeal canketdiantRe dgRMSTeALIQImilaS toGRe @it bliEngsiddaw213nd t he 60
MHz RF generators are off, a conplex voltage and current V27, 127, and

(1) 27 at the doeye}] 2%H8 dlgitaﬂﬁlilﬁhg’ﬁslgﬁi Madecenoio thedDSHLEK The Dsgezzand

current recel ve de 26 h istics of .an i duct or LPF2, a
capaci t or "€3/%a gﬁ‘é@l g?‘g(%"glaﬂg aﬁ% qaﬂtgftcf(%&e Si}_? of-Hife! d‘%‘é)ater\l & &M age and
current V213. H&7xampid, thd D3P ZZﬁ(dlelﬂdmsestthﬂ tkmﬂ]gmg@ulm@ rsighaldd 3\M3¥ a firhe cur rent
magni tude_127. .and t hasg .4 veen t. e and current

conpl ex v&ag%%ldee armd tgﬁrvgle%t&rleé’el ? "taﬁmgﬁ%‘iaeg e ¥ Se%ﬁmgmﬁs t he
conpl ex vpértodganddasla sagordandgniveirselg. Ettie edluct di@, tho thev dfe hignifudecetd) durdBen bot h

the 2 MHz : . tor is-
o', the aagrese i fdleddR0RE LRk ertihel i b GiobHl obblhe T @STERE' 37 0%
an exarrpl e stafe Stlhien@tboﬁdst g0 piptirax periotls ang dhasnsiate GO denimg. thaiecand setrof tisemi | ar | y,
when t he : rapors are
off, a coﬁ%fog{yz 1\E/ pgegggg% 8%&@3%&%@721,&%@%% t}%&%ﬁ%@%‘ﬁgﬁﬁ {u%g@gu But 259 is
det er m nethelwéfsstate. dixamples pithe state Sl irlpde thedighustatee e siaedeiivgthe apluaohbde 265
and chara tor C2,
an i nduct %E(ﬁ&é B g&%a%fg %bﬂ%l%&ggehﬁa%s?n %’?@ ei?l;naghéﬂd%gfn% %l/ol t age
and curreﬂ@lm}@@lﬂ"@!@(ﬁ vathda PIE)SBIDEG Wéqeddebteﬂhleewlmﬂageagm@ﬁquuhkedm t he
current current.
When t he N?gg} o 1%@3015 g%%r &thhpggssﬁﬁ-lézdmﬁﬁg dlaﬁﬁ atggtsgag?f\etﬂ%%t&%%%ﬂgonpl ex
vol t ages shatjthemagretuﬂedw;; ﬂFPZBtatf( 30 of thegigital ml;zlsmg fignap713 iveq grep@Othamhd (1) 60
are an exﬁmlt&ed)\fallfeQ@n@ﬁ@@orﬁl@%f%ﬁte&%&d@gﬁt RO e whidd Q@R an
operation 117, the RF transm ssion no 161 (Figure 1) is generated based
on the el ewillafasds usednibe MR L6 Jeceivse aRmatlcraaﬁgqh sgyiab from| theecledk3oscitiagur e 1) .

For ex a”%&ve&s%@ﬁﬁlo%@@ﬁa] tﬁﬁﬁ%ﬁﬂal%ﬁc hifd e @9{1&%&%%%&@ s? B tF

transm ssion line 11 aracteristics o e electrical conponents are
provi ded to the processor of the host ASystem 130 by the user via an input
device that is coupled with the host system 130. Upon receiving the
connections and the characteristics, the processor generates el enents that
have the sane characteristics as that of electrical conponents of the RF
transm ssion line 113 and generates connections between the el enents that
are the sanme as that between the electrical conponents. [0083]In an
operation 119, the second conplex voltage and current is propagated through
one or nore elenments of the RF transm ssion nodel portion 173 fromthe

i nput of the RF transm ssion nodel 113 to the output, e.g., the nodel node
Nlm (Figure 1) of the RF transm ssmn rmdel portlon 173 to determ ne the
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when the 2 MHz RF generator is on and the 27 and 60 Mz RF generators are
off, a conplex voltage and current Vx4, 1x4, and 4)x4, e.g., an

i nternedi ate conpl ex voltage and current, at a node 293, e.g., an

i htermedi ate node, is determ ned based on an inductance of an inductor .

Lt unnel , base aci tance, of. capagi unne and based.on the
conpl ex vol tagg&g%g ﬁern (f'nsﬁa%’v’f,ldeféf,‘le aaﬁ?‘]()%e:l%'i’&%grog eéa\%‘iv%rhvalug%zlan exanpl e
of the seocmiid < fmplescy vahket BO@o anuhramerer enitrol [222.s Rdodeaveh ewlent thel stateats Lt unnel
is an indugct e er - gener at ed . of ap RF tunhel.,and Ctunnel
is a capa%:d%{’tgf%gés §;’ [F%g)gglg—'% rr?rvlgfs B r.va%?@c?{}e?r,a%e@grﬁ%lvgﬁlefgﬁ?gge and
current Vadamd&iconael @282 Anakarapie ofld partm@& Lomfol ahat isnived toamet sfreqapncyodel 210
is determ nﬁge based r%nue%pemr(l:o?pll_.ﬁx vol tage and current Vx4, 1x4, and 4)x4,

and based ™SR ar i lﬁC ance of “an i nductor Lstrap. The output 297 is an

exarrpl e of t he[O@#i%tPUtIt sq%glg'be ntopsg t] ?Iﬁela]?a?%ge?erulom& Ebﬂl{ﬂ@%a].rgmeta'fcoh port ion

173 (Figure 1). shou be note trap 1s an I nductance of a :
conput er - §¢hepdthedHDERS arpfrorties fi santrabsysipmelB7t HRor 2xauppie. (e pasavesteat or i s on

and the 2 ZOr@rGﬁZZQQnm p%Famgtﬁpﬁfnﬁ'qurﬁ _a.l%rlggipf)lt)cks,t ch%, tﬁﬂﬁ@io@ffs, ¥t9.|, WRER aNd
current V21, 121, and 021 is determned to be the third conplex voltage and

current aportipes of grcpmputergrogrynpthalip stegiitedpy the DRRER0-t oy eppdigntsythser at or i s

on and the,gnaR gy en%dﬁ@%ﬁlﬁ]tQB&-@&ﬁt&gtom&t&Q&g&Lﬁé mé@inkagg., and.
current V271, 127/, and 0271 at the output 297 is determ ned based on the

conpl ex vé&PrR&EVand current V27, 127, 027 (Figure 3B) at the output 259 and
characteristics of the inductor Ltunnel, the capacitor Ctunnel., and the

i nduct or Lst r d80T¢herin B RO RENS agppirollprye-syhayareponialleer ARG BEDyeke . on  and

the 60 Mz Jskd RSBAI AL ParaimStePédntroll FBr HQRPleCXhat@lir@@SroRdRGh Wbd neBddof V21, 121,
021, V271, 1271, and 0271 are an exanpl e of }he third co Jéex vol t age and
current. [SCEEMeISF sgWet ;22234“H13P%1‘P‘Pr)}‘,ar‘\%@rf’°f“ﬁ@ Bt ‘“PQFadg‘g:ﬁ ¢ BYUPCSTs  power ed

on and t heontrob2d. 27 MHz RF generators are powered off, a conplex voltage
and current V601, 1601, and 0601 at the output 297 is determ ned based on
t he conpl ex vOolOHEGE dipdnaedeivingt thy/pOwerlalhe RINghd®o Ghe( fréquerics vARE Hiedei ved at a

node 259 and characteristics of the i.nductor Ltuynnel, the aci.t or

O rnar . BREmT AR Rlagt BevEs Papovert Phirdr plefRaSey % SRS 0 e Re
gener at or 22%pka driye drideanydifipt Sxtemo(XASY 232 alkdamoples efid 8riw incluligsla pQek, V271,
1271, 0271. V601. 1601, and, 060l are. an.exanpl e of.th hird c ex

vol tage’ sl fumeCifier ANy B € (BRIREAIR Tndliveh 5od Plnkde§ QR

[ 0086] Fi guigeal Bavingsthapdweo eMucl laagdmmhe fre@ureneyrvatme iFiremt profidea tisR¥ @gnall@3 used t o
illustrate_ an..i e ing circuit 122. The i npedance nmatching
circuit 1?’?“?%”%%@03?&5#& t he i npedance matching circuit 114 (Figure 1).

The inpedance fﬁﬁiﬁ?i N4 oﬁé Erﬁwdﬁment, the driver 228 generates an RF signal having a drive

power value that is a function of the power value P1 and/or having a drive frequency value
that is a function of the frequency value F1. For example, the drive power value is within a
few watts, e.g. 1 thru 5 watts, etc., of the power value P1 and the drive frequency value is

within a few Hz, e.g. 1 thru 5 Hz, etc., of the frequency value F1.

[00118] The amplifier 230 amplifies the RF signal having the power value P1
and/or the frequency value F1 and generates an RF signal 215 that corresponds to the RF
signal received from the driver 228. For example, the RF signal 215 has a higher amount of
power than that of the power value P1. As another example, the RF signal 215 has the same
amount of power as that of the power value P1. The RF signal 215 is transferred via a cable

217 and the impedance matching circuit 114 to the ESC 177 (Figure 1).
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122 includes series connections between el ectrical conponents and/or
paral | el connections between electrical conponents. [0087]Figure 3B is a
circuit diagram of an enbodi ment of an inpedance natching nodel 172. The

i hpedance matchi ng nodel 172 is an exanple of the inpedance matchi ng nodel

104 (Figure 1) edan e .mat chi ng. no 7 cl uges
capaci tors ha\lp?ﬁﬁlzagiﬁf?bé%gﬁs‘s extaﬂ’lp e cp ‘c'hllgq %rrg ‘H’Q(l? lﬁa q[']ﬁ‘ﬂfﬁ tances
LPF1, LPFRor eaxméplk,wheh e R.Flgenhfatos B20s Gn lRanidé 6ftthé k MHZ RE gemrune (Figarewhi ch t he

i nductors a?}? é}%pﬁgac;ahge&g ué’f ougélegllsgnran% W%agm oﬁper erzgo hq)ure 3B is an

exanpl e. apdc ‘or's N Ei%g gure 3B
can be coepngptt df theyy MHz RE gereratir gFigyre i atHe ehblevRivriesn mmpleeamhcmmm Al'so, in
sonme enbodi nents, the inpedance matching nodel 172 includes a different
nunber of capa{00120}sVeilnmi/tmpcvzvediva’tlﬁ@Pbmd/muhﬂ)"emucricyivabhfﬂ aresproYidad tbhat “shown

in Figur .efhlx'i, A 958 &k gikjr%rﬁetélr dofitrl ﬁb é%Bl gﬁﬁ?%&&%@d, Bk Biggstem 178

used to i ustrat e "an transm SS|on 1S an exa e of the
RF t r ansniemkdugpnt|prabe 23_81®ea(SFneguai@s of the Tmblélﬁt the anipeti28§ thehis cpupled 18 thei ncl udes

a cyli ndeg éeg an 9v01 3[}% épr\@% E%Qn Q%hl%‘é!fﬁafe hllfh%e déu S‘tr er 8 lies an

i nsul at or I nat | e cy and the
RF rod 14210(ytmoémmpqi eur@flt nrehe 1pb(Higusn 1)1 8be yatiageand cm)re%prwhé?fiﬂﬁlds

transmss umallu&Bm tﬂelénéﬁé dih @oﬂa]%mcmsn ik @Q@mé@s%s&m 180 #3 helndstPol t ed

via bolts , 3, i npedance matching circuit 114. In
one enbodF)f?@ﬁtBOtt%@(eRFe thpawglmi $&7 Gigurei H endimatheds 36136 band/ 3 Eisyrenlitvber of

bolts wi thsthf !ﬂp&‘e@&{%@ h@ﬁirﬁh'"['ﬂg c%}nBﬁHicﬁtlo%ld’ewcL rm%%%%sém@w&m% i nst ead
of or in addltlonto bolts, ﬁOt er formof attachnent, g., glue,

screws, efemmuiication devigeol 83t araldh (Figareri:. + Phgrrommugication| denise ?é& apliet e
i mpedance prRIc6NE BIEGEMELUEherbhd:, Uisﬁoéahmﬁa@Fp&dka&amrﬁ ddpatkefinfod 4%, S

coupl ed vmth t he“out put of the inpedance match mg circuit 114. Also, an RF

strap 1441 @SSt fapiiAmdbe vattaggandreumrend PEQbe sPtp UiF ipst YR30 JA VePSand wi t h

an RF 1 oded88iméhtd) HethbQ Bystim Y40l ifdludes a bAFBlRchid 4dVcB %ﬂ%é prothBel €. 0., a
cylinder. The sup gort 146 that includes the RF rod 199 is an exanple of the

portion 19BPligiby ihe commurigatian devigsoddrefer, examplsniyherathe c?ﬁmﬂ'f““’tcﬁé’“c%}lz’l nder

148, the Bhplieddpadketizatiohe tiRF coinhmdficaibft, dévi® SEPEOT hosl 4fstamd 18d1eapplesr 0d 199
fornms the RF transm ssion line 181, which is an exanple of {he RE

transmi ssAgRCHefifAion 1 4s apsthy cxample. Wi the opBIIpIcaiop dppeR A HAPPUSASAE to t he
pl asma chaaiedr protétel, shepPAdunit4foni dviad bbb Rkt byRtelnNB0Rphlicl Ake@dl tiaheerpl asnma
chanber. An RF'signal is supplied fromthe x Miz generator via the cable

150, the PH#SAance matchl ng circuit 114, the RF rod 142, the RF strap 144,

he RF
?Egl L dg s a ng[[()ffﬁzg] zﬁ' yl,EgQ,CPalrg%wmg[tgg Igag\ler Q'aluQ (l?’O ann&? rgctllienéyh\%lulezsc 177

FO, the parameter control 224 provides the power value PO and/or the frequency value FO to
the driver 228. The driver 228 creates an RF signal having the power value PO and/or the
frequency value F0 and provides the RF signal to the amplifier 230.

[00122] In one embodiment, the driver 228 generates an RF signal having a drive
power value that is a function of the power value PO and/or having a drive frequency value
that is a function of the frequency value FO. For example, the drive power value is within a
few, e.g. 1 thru 5, watts of the power value PO and the drive frequency value is within a few,

e.g. 1thru 5, Hz of the frequency value FO.

[00123] The amplifier 230 amplifies the RF signal having the power value PO
and/or the frequency value FO and generates an RF signal 221 that corresponds to the RF
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el ectrode on top of the heating elenent. In an enbodi nent, the ESC 177

i ncludes a heating elenent and the | ower electrode. In one enbodi nent, the
ESC 177 includes the | ower electrode and a heating elenment, e.g., coi

wire, etc., enbedded within holes forned within the | ower electrode. In

sonme enbodi nent s the ctr al um nu copper
oo Tr BT B e Bl 9 F B e SRR e e Sl

si gnal t opdwee tHaowar ofahepdwep dtucOP0. t Awcanbthés ekdmple tHORE kigh#) 22 EhdsAhd sama bI ock

di agram of _an. e a_syste ustrate circuit nodel
L7601t nampite ST BRERPE DL oF RSV 15T 05 P8 56 el P25 e i B .
nodel 176cdbiecd1Bdmbthe mbadztnoesmatalﬁdgﬂfcuinapfalolt}tedmswn bad hExFigore)bet ween t he

i nductors, connections between the capacitors, and/or connections between
t he i nduct or s [6¢134} héVieaplecpaver salueERG apl @ sheofrequentyievalue &0 srd providedgoser i es

d/ ! b5 L i | & of t he RF
Fanam ool DAY 2BV IGE biraNder DA 225 Gl e RRCEdnal £ i FeRRuBNRucd! | D€
enbodi menandofurrant pedbe 3B imeaduresivalued of thg Qariablecht the quiputidil: afte \tOIlt%et agmnel and
strap modgl egdfobe v&gh gghdk ﬁleavsnuwm @:.951%&,*1 olols grylstgm 136 Bor o W Ssedmhy Of the

RF transm ssion no 1 (Figure 1 circuit 180 1 ncludes

t he i nped&ifce® %@%rhﬁgn%hsﬂeml(mma ﬂﬁénqﬂamin@lo EiearestPathe msthod 310, The
tunnel angs éﬁgp_@ m%eﬂ%@(g&(}qéwpﬁ i nductors Ltunnel and Lstrap and a

capaci tor unnél . It should be nofed that the inductor Ltunnel represents

an i nductance [@6125-116Ilcéﬁk)hladﬁrnoﬂeﬁ&m&Ehegw&leﬂe)mb%ai%emg]e%nﬁg%dana%n@fﬁd the
capacitor Ctunnel represents a cagamtance of the cylinder 148 and the RF

rod 142. RSPeAtfel deqonpled fiamdheoPSY 289 aly %Og'ﬁreé@eﬁmgmaﬁhq YR¥aga ANETEE t he RF

strap 144plobd 938 B c@!plec{ %Otaabsp 28. aibRdid@iher tehRdtel Ui @he RPdighdirap nodel
210 i ncl udes any nunb i nductors and/ or any nunber of capacitors. In

er
this enbodinsieled dugingdhg iﬁﬁ‘hél and,the RY signal 7 geperate@dyring thegtate Sage prIvioRer, e. g. ,
serial, pafatdndinedWCsignal KRURIMPMY ik RERAGI DO istaoridaton éle Gmpmed RBT ,

.~ coupling a capaci tor an i nductor r. c i ng. an inductor to another
et or . e B e G isherson 8 P b ok SatLAEb R LRG| cal

circuit 3fMcoakifled RE digdalistrate a tunnel and strap nodel 302, which is an

exanpl e of the portion 173 (Figure 1) of the RF transm ssion nodel 161

(Figure 1). THeox26 N n@guantd is b bipk diagam AR einBodimerploed spsteth 2906n edifchut 259 to
e | DeSaR e TS sk {4 U ke LS4 88 e iRyl v
capaci t anREgerafatdtaqul Im(ﬂ?@reaﬂ she(voFage afidlcupdent ptébe3 pl-is levaeid H@hin tieFx MHRe t unnel
and str apREDggneelratorQO mesure the variable at the output of the x MHz RF generator. The voltage

and current probe 238 is located outside the RF generator 220 to measure the variable at the

output 231 of the RF generator 220. The voltage and current probe 238 is associated, e.g.,

.coupled, to the output 231 of the RF generator 220.

[00127] Figure 11 is a block diagram of an embodiment of a system 128 in which
the values of the variable determined using the system 126 of Figure 1 are used. The system
128 includes an m MHz RF generator, an n MHz RF generator, an impedance matching
circuit 115, an RF transmission line 287, and a plasma chamber 134. The plasma chamber

134 may be similar to the plasma chamber 175.

[00128] Tt should be noted that in an embodiment, the x MHz RF generator of
Figure 2 is similar to the m MHz RF generator and the y MHz RF generator of Figure 2 is
* similar to the n MHz RF generator. As an example, x MHz is equal to m MHz and y MHz is
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coupled via a node 304 to an RF cylinder, which is coupled to the ESC 177
(Figure 1). The RF cylinder is an exanple of the portion 195 (Figure 1).
[ 0095] It should be noted that in sone enbodi nents, the inductors and
capacitors of the tunnel and strap rmdel 302 have ot her val ues. For

exanpl e, the 20 nH inductors have_ an duct ance bet ween, 15 and 20
nH or bet S0 8MHA gASEofher exampler e g M %%ﬁ‘ﬁfoém‘{taﬁwﬂﬁﬁ?‘@rws bave

i nduct or ﬁsn‘ﬂflart h&lultewuaeindamd ¥ IMED gomeeiedr SA2thBay Ml fabmidiCiave nehbitirances. As
yet anot her exanpl e aci.tar as a aC|t ce T i ng between
2 oF and DG RE eI E g ahepRe N S PR b etoeon 15 oF
and 45 pFvithii ®H2 or Bz, pFthe apRitizifRfudias 18 scapatbhddanas, uhangn}ngbgémm 9 pF and
20 pF, and he F capac a ca en 10 pF
ond’o7 oot gged i aih Sech Sl e adetRE AT hERSH OF e PP e, o

i ncl uded 2 i3 nbh@milatnede n Mgk BF gapratondel 302 and any nunber of capacitors are

included in the tunnel and strap nodel 302. [0097]Figure 6 is a di agram of

an enbodi nent [06129 & iebutheramicd thar muvatio3 Ehbodiments, @ differans typabfesemsocriyl | nder
and ESC np i C i

 capaci tor %@éﬂ gafﬁgf\cﬁk;l I QI erangng\qﬁggﬂ%h %lorg&]?glr&ﬁa(lt:ngglgg)%h?ﬁle%ggﬁmdel and

an ESC noahel y Mifii BR geseratorseXanpkanmd, a seasoESG moeketot rQ@pl(yliwguﬁle NIPT The

cyl i nder It 7 Ligul €,

£ anom ssi By i AN EPuRe e, AEaRE! Ws o debhd i Forkke QnsdiB T

simlar chlaafsamerrlyscultag@sasedtlmﬁlprroMHaR&gnmrﬁm| on of the portion 195 and the

ESC 177 (Figure 1). For exanple, the cylinder and ESC nodel 312 has the
same resi st and0138] t fzshogld f%hébb?mof?étﬂi‘aéﬁl gfembedimssyy the ifApedase Machinge ESC

177. As agptfiens %gﬂm!nem twﬁn&x&k@qﬁfohﬁx?@@% 1mD@=ﬁgure3§2 1RSxdrhie, 38 TE

i nduct ance as that of a conbination of ortion 195 and the ESC 177. As
yet anot hispedangensf dhe impedangs imairding LifquiEdtt hSoH’éI samg 7S [ Simpganee; fifp the

capaci t anfgpedsnct Ridchtly Arc@OMPS. N MdtHef eid?@mp%tlm Edad@Sofanel ihpake®C 177. As
yet anot her exanple, the cylinder and ESC nodel 2 has the sane

i nduct ancBatchigg iCHeWin £k, 1S B A ALY, Ecf- ‘é(‘tlBBH‘QIQH??t iof thet impedagee ohthet hat of a
conbi nat i Gfbe@inct RcRAg Lk@R 119 5ma0ke ERBodamiats] thé- 1mf>&@&%]n‘ﬂf&u@)éirbdhdﬁ5 and ESC

nodel 312 i's coupled via_ a node 318 to the tunne
is not similar to the impedance matching circuit 114.

[00131] The impedance matching circuit 115 includes electrical components, e.g.,
inductors, capacitors, etc., to match an impedance of a power source coupled to the
impedance matching circuit 115 with an impedance of a load coupled to the circuit 115. For
example, the impedance matching circuit 114 matches an impedance of a source coupled to
the impedance matching circuit 114, e.g., a combination of the m MHz RF generator, the n

- MHz RF generator, and cables coupling the m and n MHz RF generators to the impedance
matching circuit 114, etc., with an impedance of a load, e.g., a combination of the plasma

chamber 134 and the RF transmission line 287, etc.

[00132] 1t should be noted that in an embodiment, the RF transmission line 287 is
similar to the RF transmission line 113 (Figure 1). For example, an impedance of the RF
transmission line 287 is the same as an impedance of the RF transmission line 113. As
another example, an impedance of the RF transmission line 287 is within a window, e.g.,
within 10-20%, of the impedance of the RF transmission line 113. In various embodiments,

the RF transmission line 287 is not similar to the RF transmission line 113.
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and strap nodel 302. The node 318 is an exanple of the nodel node N m
(Figure 1). [0099]1t should be noted.that in some enbodi nents, an inductor
havi ng an i nductance other than the 44 mlliHenry (nH) is used in the
cylinder and ESC rmdel 312. For exanple, an inductor having an inductance
‘rangi ng f'rom or._f 55 nH is use In

vari ous enbod gﬁﬁrgﬂambe%g% lﬁéu‘;iesc??aprﬂagm &ghg‘euQﬁeBEIEthoﬁg(%CS%SO pF is
used. Foraxelxmmnlpax;ts (nnssmaazd), @fg. tdne:pﬁ&(hlqd&:tmxapmsMundmg tdna}nppfirtemctrckdavi ng a
-capaci tan [ 250 and tween 55? pF is
used. %‘?1 18 8‘6‘1%1?% odereétglés§%no§urr8 gl%er dleF tr1c < hgo cﬁwer %e T)c

cal cul at esn@smmbhng@dlowmpﬂ@andﬁeqf the, @C IQQQtiacbwar nbad&lncetpnsain@urrmmﬂmg

conbi nat i t he

cyl i nder %Edoqﬁééaﬁcﬁgqﬁgf%%ﬁéﬁgrga el nl%?r%e a%ggn S&Jé%:rir%% rmg\/o?tage and
current dEheeuppemdettrade 2das toodded opposie 16 281 farieg e di$Cad2i Hpwork pisee 26
processor _ of I t.age d
 Prpedance® it SRR RERL SR, Wobobthe i Bh G L e P A P G Bl

cyl i nder efitie B plodele 3Gandshe lewendettodanefdbe REPn192 is madg @Uaﬁlﬂal Eiggure 7 is

a bl ock djgar-am af %p [cTstalelel &f a system 200 that is used to determne
a vari abl e. ‘Ir'lhe s;? tearln 200 |%P€Tdes a plasma chanber 135, which further

i ncludes an. E34oidQf a;mslnemomehtnmeh 288lectbie26Y iAGiRs & RAEharis ddBids an
exanpl e of the plasma chanber Fz;%ur e@l%| and the ESC 201 is an exanple
P

of the ESE ageptrfmayfsed (npj shopma E@Ccez Fedves e gt AT REPCEFFeSR6eS198.
Al so, thefkRG géalsupp‘i Sk rsmmﬁecthbmpﬁéa RAB&IeI 16205 EFoMded I4rhe HYE H3 1194

i ncl udes a heati nl? ement I n an enbodi nent, the ER 194 facilitates a
uni f or m efQuRled 4 & %HUM%BEE&?“%@‘&W‘%E}’@ HMHz Rﬁe@?“ﬁﬁr é’ég‘ée ampgdaReewor k
pi ece 131mhfmhg tifcufiypported by the ESC 201. [ 00102] A power supply 206

provi des power to the heating elenent 196 via a filter 208 to heat the
heating el emerfpo1BSH awitknahdveEs g&blmhyplﬁﬂ)éetwé@vmdﬁ@emwwd Tp4tahethaeat i ng

erbodt mentoc S0 Zpgrnen B MG RS s or s VER RFGeBtT TR &St g
el enent s %Q&eamﬂedhﬁc& m:ﬂ’&ﬂgfdlrl:ﬁlerISZG&efBSCtleﬁ,sh@prbcepsrmatlgmmj regentmequenci es
2021 1Tt oPeStviip LR B ReiBRS ¥ Equenci es of a power oi gnal that is
received from [hmG]OO\?ESE'IOIﬁH B n(}{ec12[94 ‘the system 128 lacks a probe, e.g., a metrology tool,

a voltage and current probe, a voltage probe, etc., to measure the variable at an output 283 of

the impedance matching circuit 115, at a point on the RF transmission line 287, or at the ESC

192. The values of the variable at the model nodes N1m, N2m, N4m, and N6m are used to

determine whether the system 128 is functioning as desired.

[00137] In various embodiments, the system 128 lacks a wafer bias sensor, e.g., an
in-situ direct current (DC) probe pick-up pin, and related hardware that is used to measure
wafer bias at the ESC 192. The nonuse of the wafer bias sensor and the related hardware

saves cost.

[00138] | It should also be noted that in an embodiment, the system 12_8 includes any

number of RF generators coupled to an impedance matching circuit.

[00139] Figures 12A, 12B, and 12C are diagrams of embodiments of graphs 268,

272, and 275 that illustrate a correlation between voltage, e.g., root mean square (RMS)

voltage, peak voltage, etc., that is measured at the output, e.g., the node N4, of the impedance
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[ 00103] The heating elenent 198 is heated by the power signal received from
the power supply 204 to maintain an el ectrode of the ESC 198 at a desirable
tenperature to further nmaintain an environnment within the plasma chanber

135 at a desirable tenperature. Mreover, the heating elenent 196 is heated

by the power signal received fromthe power 206, to |nta|n the ER
194 at a Bekhipg 1‘%“&@%&?‘&?&? &ithig t %“h?)is{% 12;?5{?‘@?% lﬁ DY psing @i VPR t hi n

t he pl asmadcheoragy, eh3pedt voragesic [ st @ricqdp@n@Andde node output, [e(é)]xﬁélbodle'[ shoul d

nunber - of MBatd R SRaR e TNy Tl b MRBRGeERGHENT2C B Bamy e

the ESC 2@ dispedrhid6f edbodiiéhthC b yaph3ezitol g, ednen:mtthar illastiet alcofpdlaton. | n one

enbodi rrenL, each of the ESC 201 anP{}éF ER 194 .i ncl udesd ge or nmore cool i ng
el enent s, "BVE" CUBHY S THYME2R HBEY UG §p SRES JIEAEFed s FREL S et c.

t o nai nt atha nbdineprIoaﬂmB;ynmm«ﬁgh%l)a)y usingl e sunranbprebd anipematnty €g., RMS [00105]

It should further be noted.tha e e.system 2 i ncl udes
any  nanbef I PRy pdeneEs g g & £ AR aS ot b e SR or e
coupl ed t Figthe2)ESC 201 and t he ER 194 via a single filter. [ 00106]
Figure 8A is a diagram of an enbodi nent of a system 217 used to illustrate
a nodel of thed00140t er Ehe2@RagendttcP@Beq Finputhe mgfhotd d 02 fspploted carpnacaxiviacy of t he
vari abl e. j l o hat is
coupl ed vf%ngra?M? g]ezrz%zd %ﬂ%gﬁ%%{) lggégn{em%g\% wé{ﬁgge ‘\?\)}{E%ﬁm?gr%gﬁ}a@%cgpam tors
and/ or i nghasis o sﬂcampbé@ﬁqé& iandh375% Hemsarbt the snrrent detpranifed |uping thengiphodnd 208.

The nodel 16218 ploﬁecﬁg z{n%{daxw ih QACH rgmtalﬂﬁlﬁ Qﬁ'ﬁgdeagt@&e QEIII'&P{DgaS&T)Bd @ﬂﬁ'hfar the
ot her storage HU. e capacito I nductors he nodel 216 are
coupl ed wewrrenkprebe leplhe?d qnnt yaaxvﬁanﬁ@h,graeham 2% p@ﬂrﬁm eI manner, a serial

manner, a conbination thereof, etc. The nodel 216 represents capaci t ances

" and/ or i nduct AREY] ofThe yaltagey replattesin the grph BE8 when the X MituRFrgengBioeBver, the ~

system 217, bitCinb' 8811 RE gbntldtd?dRd a EWAR?%QMMM'&Q s(ﬁMﬂszgeuérebr generated
nodel of the RF rod 199 (Fig ure@w) and the sug ort 146 (Figure 4). The

cyl i nder fdorepyer, Wﬁé")léﬁgﬁﬁ Jreyplottadip theregarh 277 waendhe y fyHHz I eapi@tor 15 @al
conponent gndthe khgd RMHARF 28Rratsiclart BE. SURP B tvollaEes ard PRUEY Ini tRdgbpripdel - 211

i ncl udes one npre. capacitors, e or e _inductors, onnectlons bet ween
the i ndchBF%&eémg%%tobEPﬂé%tﬁ? ﬁé“dcy%g‘é geeeratan g sft- connect i ons
bet ween a conbj o] he capacitors i nduc 8] The
processor of tﬂﬂﬁﬂ% rk"?}}%r Ye ™ tfﬁpg‘li% ) ecérla@h%g({ é@e’hﬂlf’o’frﬁ!“%ekg
i npedance gerrafpr,is bkl the FPEEARE @eneediar. and @fz MHe RFOgtadratdl e offhet\lm,u drel and
strap nodel C r nmhi ned
ot vl des. Sl ARl Ponetae iR e M RR EGET RO PR PR
i ncl usi on MHz Rihgenetached ar? dff. Afsd, ﬂhheurteutsrad plared iisthe gphoEWhedife 1 MHz
determ ni rﬁ% t he vari abldﬁ at td ﬁ‘g‘? gﬁ accur.acy of the variable is
i mproved. tge'éeﬁ?f?ﬂlﬁ hand g apdy gg\ﬁ%%oﬁiar?)f’ the nodel 216 is the nodel
node N2m 491 r hqp%] a system
219 used to |IH us ?aﬁglag B%é&%%%@%l I?%r%ﬁ?g% an %g‘g@%krgﬁ ul}ng;ID to
i nprove amoraldign e@gytsdq‘etvtehe theavaltagy plottefihen the y-axis of the graph and the voltage

plotted on the x-axis of the graph. Similarly, it can be seen in each graph 270, 274, and 277

that an approximately linear correlation exists between the current plotted on the y-axis and

the current plotted on the x-axis.

[00144] Figure 13 is a flowchart of an embodiment of the method 340 for
determining wafer bias at a model node, e.g., the model node N4m, the model node N1m, the
model node N2m, the model node N6m, etc., of the plasma system 126 (Figure 1). It should

be noted that in some embodiments, wafer bias is a direct current (DC) voltage that is created
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system 219 includes the tunnel and strap nodel 210 and a nodel 218, which
is coupled in parallel to the tunnel and strap nodel 210. The nodel 218 is
an exanpl e of the nodel 216 (Figure 8A). The nodel 218 includes an inductor
Lfilter, which represents a conbi ned inductance of the filters 202 and 208.
The nodel 218 further | udes a ¢ Cit il whi c resents

di'rect e BORBIHEMERL D e g RanRe|17 e b dh st gmbocthenty 991 1)
Figure 9 ivsfeRbiad BQjfesditamrasirfate, aly., elﬁébqﬂwmﬂacwf&%aosmstmm PB3GFigare Wsi ng a
vol t age an curreq#ﬁgrobe 238 to nequr g vartg % 1 an out put 231 of an
RF gener af®r' 228" e@u?bﬁﬂ”@?The ol B f ?W? hode N3 (Figure 1) or

of the node F' e = he x Mz
‘generator or Nﬁﬂémyp I\/llfzSho'hdf ?(%?ﬂ%%e‘? (%#ﬁo‘fei sé??glmri%th%enerat es
and provi HESraasndi;s'gmtraddeplﬂls(Frggresi)gmdiItheZﬁGiehmder}@')nt ismnahe ESIEmo@elathés to.a

digital sj P pul si ng
si gnal 21?9@24 épwe;ﬁgﬁﬁg({%@?r%ﬁé%g?%r pQ&SSSSF#%%PéSte#H%ES#%% es of the

st at es i nblthelmethod B9, the apesatiandOtin pofdrmed.at e, a state having a digital val ue
of 1 and a state having a digital value of 0, a high state and a | ow state,

etc. [ 00901#p] | Magryeténr areppsaationBat. ong 95 megdmedels; ha. hiodmpeslorceem 130, a
cl ock OSCthcHiBQrmod& 4, 1 @Yxﬁﬁsﬂhssﬁﬁ%édelaﬁ@tr theeE§C mddel %e@ﬁ%ﬂe pegerate an
anal og cl ock sTgna which is converted by an anal og-to-di gi converter

into a di gimbipatign gt*ea«tof sPt [0 rcofresppIMngd PR ©R M5 [8YieRy. §iEqribg impegance

[00112] Th@wcHhgbit@lt 10468 RusisBRabn Bde31 13Sth BEE 17D alch@bikieion 4dfor, ERe DSP 226
recei ves the di |taI pulsm signal 213 and identifies the states of the
di gi tal p#eSFrEI %F&S%e&’ 19 is gpnerategpvilogmilar BRAFIEfSECY Rat  t he
digital pmasdfmlg(gml(plgg,@mas a f| rst nmagni tude, e.g., the value of 1, the
hi gh state magnitude, etc., during a first set of time periods and has a.
second nagni t yg@147E. Gn ,antdpe:awcall 843, @fe fdmpldaevoiay Sidadurentaigtitfiedien het C.

during a second §$t of t| Iq_ger ods. The DSP 226 geterm' nes -t hdatiffthe-.

di gi tal pOPERE 199 ShBPPagys UF 9F §OF) elgmenthgf PRENG PT BPreSBPdeltior i e

peri ods afdehiag ﬁc&hﬂéﬁvcﬁ@g@iuﬁd Bgrénhar SL6Qfd of Qhe ofie br ﬁKBreptﬁdeeBdSForEXarTm es
of the state SO.inclu state t he. sta |ng val ue of 0, and

e th te.
the of f stH{®® aﬁ‘fi‘t‘g‘ COBTP et"h‘éP Fatld %t"ef“n’c?l Efémt“ﬁ rﬁF‘gﬁ‘e FdtLmPHe state
havi ng t heoliagd ued efirrehy. atd atdier G:ﬁlarﬁ[ble,t the sé@ngtebmplamt\toexgeeamrminem ishe DSP

226 corrpares a ni of t taI i.gn 3
o 6- <t or ofegmsd RO et homeiet nal < 1B BT eiiE® SARE ratlit et B4 si ng
si gnal 213urreﬁt1gﬂetatﬁ’rﬁtliedtﬂ‘baﬂhé kaeorprcemte@welthgvaﬂmndmr |A|sgettahéxhérlelmﬁplset of

time peri ds an magni t ude. d tate SO ed| ital
Ul si g s Triaond el \Oef Rl ACs leiied Fim B2 G Rmaire'Hee e < pe
second seturaht, theMardpmmptedSOItagaartdtmmthmmed frasmvﬂalsedond m;ﬁdxomkagesm | I at or
i s used, th Cuprgllft' 2 ‘ﬁ‘ |ve an, anal ﬁgm npgkrom %t from.d oemé: @ :
osci | | at of"® CERVETT g &%net 'I“'f%r PN then

i dentifi esf thaRR msmisanbmmoﬁé]) FﬁﬂdF@ure 1) to dete[‘rﬁiﬁé.i(ﬂ)uﬂhh@lmpa:xstoahg ang
identifie i N?%@ [ 0, requency
val ue Fl ol%zt %e{?eaﬁg ele?%?o oﬁl ngﬁ-,ﬁR)é? tlgevf‘é;?&h é/%éhj& ‘Fi]tag% ?g'g"fez“ {Sdentl fied
as SO, t hdetBginedy poppgatitgstha tuwomplea| wiageQndrrdfrent throfighempedrogesvefl ue FO to
a paranet e used to
tune a frg%tﬂ‘g’ﬁg;t‘/’F ﬁ{ﬁcﬁo%does an ggt% l %ogeﬂgﬁﬂﬁﬁ‘[a{}ﬁéeﬁlﬁ ti%i& %n %ﬁ‘{ O%Sil It
shoul d be providesdiart #igebraicheansfer ameticar thas dghexeoltePPthe {prosesperrad et kst v@tnmrol 224,
and the D ril f t he

par aret er Tea a g 4B kR Roise e Rl thestkal B0 il mok s BB e ..
t uni ng | oopPs REgoeratarhiocin edacticplorode, gres thf madet oodsu lew, thy wodeh nedeNm,j s

executed Qy hlttf?g%EF%%&sz{anmﬁal%ﬂbodl ments, the conputer programis

com x volta (= an

enbodi ed w non-transitory comput er-readabl e nedium e.g., a storage
HU. [00115] I n an enbodi nent, a controller, e.g., hardware controller,
ASIC, PLD, etc., is used instead of a paraneter control. For exanple, a

hardware controller is used instead of the paranmeter control 222 and

anot her hardware controller is used itstead of the par anmeter control 224.

[ 00116] Upon receiving the power value P1 and/or the frequency val ue Fl

the paraneter control 222 provides the power value Pl and/or the frequency
value FI to a driver 228 of a drive and anplifier system (DAS) 232.
Exanpl es of a driver includes a power driver, a current driver, a voltage
driver, a transistor, etc. The driver 228 generates an RF signal having the
power value Pl and/or the frequency value Fl and provides the RF signal to
"an anplifier 230 of the DAS 232. :



[00117] In one enbodinent, the driver 228 generates an RF signal having a
drive power value that is a function of the power value P1 and/or having a
drive frequency value that is a function of the frequency value FlI. For

exanple, the drive power value is within a few watts, e.g. 1 thru 5 watts,

etc., of the val ue landth driv enc alue is vmthlnafew
Lo of e RBUE) Y A uRabd: St BFind el SRR Bl il T 2 f e
anpl i fi ercuaft @mabnﬁlheasfrdnhme%‘sts:bgﬂai vhiagé Bgl duentpoaetirdvainpgx Rdltgad/ or t he

f I Fl d t hat to th
e b R PR REn b P Slpote s STt nESERIRANER 12" e,
a hi gher m‘nagmandojmm\mdetmhmad frova ttheathird &‘cenpme{xvmttageahdleurl%ht aWistha frmtther

exanpl e, the RF nal, 215 has ‘th t.hat t he
pover vt volodd R e A ornafieE A TR AP B0 BRmiRE) 4R " e
|rrpedancecomﬂ®chwltggecmﬁwrrént hthetmndblhdeSIGmlnn (tlEs gaur@lel)hg fifth comp[e®0119] The -
cable 217 i able 1 cabl e o+ (Fi 1) For
exanpl e, V\ﬂaﬁ ?‘I’nde BERLS 1esnera dg‘ﬁﬁrof’%ga?% e>‘?afou 0 ll ﬁ><gel\f|£1(zjgkl5¥ﬁggenerator
(Fi gure 1jhroughenmdiices @EEIH@&S &1z, exEROpire mdhctblhe:tq;,a;lﬁﬂe E.SSOncEinlcﬂZ\ﬁhen the RF
generat or 220 is an exanple of the y Mz RF generator (Figure 1), the cable
217 is an exarfpd9bf In peopemtior 34% 2 wafer bias jsglgtepraiped i éhe quinat ?fdhb@ne\ml ue P1
~and/or thgfr a6k bRl BB Joftfee R¥nel fYpupar anet er
contr ol g’fite rﬁﬂié?%géé%\é Si SIHFF % tul S generali;l e volﬁ%ﬁtge zfnd&’current
probe 2382 pwreatmagnitydg of é*sr; complek Eokiage pnsislugrend at tbheutb\mqama PoBer magpitudes coupl ed
to the cabf geZddipled bata\gelam%eangl tﬁyaﬁtﬁﬁit O @REnplc Svake? bR iCYAdMIRqOf the
vol tage and current probe the voltage and current probe 111 (Fi gure
1). The vbsehge arvaltztgermmtmc}@r %@CZ%O%WIQXhéOIWa‘P @8d cgrentha oygentabl e vi a

a communi ﬁﬂ%dlﬁlﬂe gﬁ}{é &@or%%%m thvblgigggﬁf cu$r¥§tt§ﬂ‘ Cllp%Q/eI Rhenith& TR seSpgt em 130
to execute the nethod ‘é? gure met ho 351, and 363 (Figures
el

13, 15, afempien Wlﬁé‘ﬂe flﬁtherrl EStretsmwﬁm tE%.fWH%%%"E@tOE?SOW@ an
exanpl e ofhetyh@HE QRIINHGE RIF RRerfte lafeoffl S pﬂfces%&%f&ﬂ%'tﬁbtrs tekh 130T(FRure 1)
comuni cat i on device 233 applies aP’pr otocol, e.g., Ethernet, EtherCAT,
US13, ser Paiprmings wafer Bips atheanede] node Nam (Figaisde et ﬁuzla&fuacfﬁst PEYBCt, a seepndr ansf er

data fronpioget mhﬁ&ged@ndn@yw@t@ﬁt mmﬂan&a&ﬁnoth& Ret podict BY%Pretlo?@. 1N
various enbodi nents, the host system 130 includes a conmunj cation devi ce

that appl i coaferion a'edoﬁlswo%?ﬁslﬂiaéert%sz of fe seontGRmRIst VllReyars QEresisde For

exanpl e, WhRem proguct R A PEHuEEI 12QBcoRd Socfkidnk B5d e Ekifhi Aadnitady, oftttkesecond
comuni cation device of the host system 130 applies depacketizatiqn. As

anot her eX2ARIE% Yollgfatnd EeRt o3t RS @gélpmuaéwwdz@@f AppYareEoh ol i
transfer psedfic®land bhQube naty R Gagdwen ntgMiude oo fihet f2€ondBinpRy Stotiige 13@ appl i es
a serial transfer protocol. [00121] Simlarly, upon receiving the
pover val G888 and/or the frequency val ue FO the paramet er control 224
provi des the ue PO and/or the freque val ue river
o8 The dr i vapbEy " A Bk apoutoRam il iobiee iske o b%ed bna or
t he frequeoes, whithuis deermainal lyrthevpxdmsdr hfethREosssgteai lwashhéfemmpd bdtween 230.

[00122] | enbodi,nme t he driver 228 ener at es aving a
it ve. bovkT SIS fidEiketeq P Tt ol PV BEIE Rl S MR R P g

drive fregererays vhthaeystdnal26 Figurd Unotthoplaoia ¢hlambefrr_1§ﬁ|tﬂﬁgmy lvaRuﬁecté@ For
exanpl e, e drive po i S thi few . R ts of the
power val BQ VPO 4R Ogelpﬁge%?qv\%ae&?f Foem lﬁh\gn%lam?/aa &@%?rslﬁvi rt%mar%is é’n‘{ oy %ore% 1 thru
5, Hz of @herdtoreqﬂén@wemal%e@@@ce 1). As an[e®811128]a pplver magylitndd efra ®3®1qu ifies

the RF si gpdloc BAVRgns 1@%&%&%%%1 \Sg i Srd2Qs I%rhoEtQZst%?w&r}%Xodﬁ@tl 4#g FO and

generates an si gnal espon to th
current magnitude of the complex voltage and current and a voltage magnitude of the

complex voltage and current. Moreover, each of a coefficient and a constant used to

determine a wafer bias is a positive or a negative number. As another example of
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signal received fromthe driver 228. For exanple, the RF signal 221 has a
hi gher anmount of power than that of the power value PO As anot her exanple,
the RF signal 221 has the sane anobunt of power as that of the power val ue
PO The RF signal 221 is transferred via the cable 217 and the inpedance
mat chi ng rcu tot u 1241 Wen
t he pomrg%%nwg&@d]féhd‘y %?r e\ﬁghﬁuxglﬂ% ;{\;7- erat%('f %"raed She ange&\?l? he DAS
232 by t hgenpatosnaet efif, tm)mfexdinaszm madel nbdieeis Fdfar@cugadaals ai"z\ﬂx+bx"@;emex’aqmd t he

vol tage a urrent prQbe 3 al ues of t bl t he out put
591, he 8 ol S abr B PpT SHGGE Y8 HoRe Rieobd Fodl bR e b anr e Lo
the host eonsttueniV30s ﬁ@bltdghmagmaﬂe of/ s tanpld:3ltage sxdentte at ke mekhode 102

et hoa 363°( EAguPa (fnidCortia SR lsee Wi i A0, A nfal®elon, O 10C

enbodi mena powdnenagwiude giethaeinpdexr wobirge apd olyen28 Seingoddigwmdelplt dwbuidriemoteie  DSP

R L g S
during thé%tlmsmmmmenhehmwr pagiitudIPx ige prdat efithel cyriengmadngudetlat e SO ar e
portions ?Jdtﬁee Cg%b]g%qltﬂ:@i gnal . For exanple, the RF signal 215 is a

portion o d RF signal that has a hi gher amobunt of power than

the RF signal [g@ki) Wi ¢Ridus eﬁ\B&fuh&{ts B%Ef’ﬁ@i@nt%e& Redetiik RedarBvisd gnal .
[00126] Figure 10 is a block di agram of an enbodiment of a system 250 in

whi ch t hedsiymingd by Sigprasesseie thedrogisastos 83 hipurenle bawen aipeaciohmedyd-ce 233

are | ocat gOnOpbRLifA thddddRwaeNgLsabRbr, 8%0 wlafér Elhg h&tcl mdafiReswRirdrage and
current probe 110 is located within the generator to nmeasure the

vari abl e 8% 2tSHEcH-Huthe gpper swtage NER (Iﬁgur@éhétcat‘tﬁr‘he E¥fe 100 for Rgf&stalifee- cur r ent
probe 238Mofeol QCA RSkt detionCa R GERGIALE! o 28Rt AafRASLRI § powerar | abl o

at the output 231 of the generator_ 220. The voltag?e and current probe
238 is asBoETyiLe d@e@““ed@bﬁﬁloéﬂ nofi%wtﬂlﬂéﬂt?t&laﬁ{ﬁ‘? systen 596 haprd RrEOGRIFET at or
220. vd1006l 8l culefiUh&sikdd htsanaoubﬂuﬁﬁikarﬁkﬁgérﬁfﬂt&f FaR e @ipRg i¥RdmpRk a system

128 in whrch t he val ues of the variable deter d usi.n the stem 126 of
Figure 1 Xp@eqandfurrentmeaspeedapt %?L?%‘e c(IFlﬁH@slt) g‘ﬁ MRS 8?13@?‘5 €an n Mz

RF gener ap@tessordf thHB@s(daﬁféﬁt 18846 indgel ﬁbdewgttha&ﬁdelaadefﬁrt rtl@enﬁmesridden line
287, and a _plasma chanber 134. The pl as chanber 134 may be sinmlar to the

pl asma chgrlr'b‘ethe epgel node N2'[“0®‘1‘§%I“°fletl “gﬁlFoIﬂ B (58U 3t &l - (M STV MBI 0 di nent |
the x Mizvéagganeaiiedt atahe Mo@dlmede fdr shesfili time. Moltideemagnivide 4Ad @aeaer at or and

the y MHz RF ner at or gure 2 is.simlar to t F nerator. As
o exanp! BAETOR e Sty e oL o piert 00 e e el v ac

anot her emammhemathemoduhbdgemerea‘tmmnﬂneklstohﬁovr& MdgnigesBrealkcolasd bypshe simi | ar
frequencies and t at or and t enerator have simlar
frequenci BS? essgy of ﬁ%ﬁ% S’()Sfe%bll Paf pf‘t?igﬁtféﬁ%i %‘ETCP%""&thdet A e I\/ﬁg 28s within
a W ndow, magmtude for thhifirst Kikz. or Hz, of the m MHz frequency. In sone

enbodi nents, the x Mz RF generator of Figure 2 is not simlar to the m ML
RF generat or dA@1l52he Symilady, Rﬁhgeqamphtmnp@k vBltagaard Quriegt inotcawirediak e t 0 t he n

o e AleAYPhor pve or mb 00t dmds ol el Lo DOIBIA \Bade B BERER,

enbodi nen Sensor is use
MHz RF gep®pagaedso ddtmmnp hanplcrsedtageranéamtﬁnoat thetreode] e, ecgndheymédey ndde

gener at or §yp, FQ)'E: E@Nlrﬂ'\)ﬁg Eél nBJi‘baltUrgqgegmg‘%tl n&cﬁ’:rﬁgry eW tely ¢ PQGne’\ArST

standard I's Use | ener at’or anot her’ eXanple, a voltage
sensor t hatorapdditionad gmemn|Alsoy ﬁtrttmgiee prmers aditianaltthiees molge NRENIGEAOUTERST .

magnitude, and power magnitude are extracted from the complex voltage and current
determined for the one or more additional times. A mathematical function, e.g., partial least
squares, linear regression, etc., is applied by the processor of the host system 130 to the

voltage magnitude, the current magnitude, the power magnitude, and the measured wafer bias
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[00130] It should further be noted that in an enbodi nent, the inpedance
matching circuit 115 is simlar to the inpedance matching circuit 114
(Figure 1). For exanple, an inpedance of the inpedance matching circuit 114
is the same as an inpedance of the inpedance matching ci rcuit 115. As

anot her exa danc f the inpedance, natc circuit 115 is
within a “ﬁg‘:’&/\fmgﬁe ﬁm?&ﬁ %f) Beyope g? Mofe? %oélalaﬁ &y d¢eRine & gance

mat chi ng cdeff@ikints ai]b& cxlandﬁxamensmnbb«:]l ments, the i rrpedance mat ching circuit
115 is not simlar to the inpedance rratchi ng circuit 114. [00131] The
i npedance nat dM133] ciAseodther ¢ABnplawSIthedpsratore s Wil thecy MiblaRdgengrater ig. |
coupl oq. 13" FRT ARSI ERE enchRelTRE 58, (e RERTRERNR0 & DPLRAMECS | oa
coupl ed t cy*sdre(Pg) + duiwthere 18" imoeifx&nplte istdvoeffiniontdalyC & arpanstdnt. iYycisr cui t 114
mat ches a C e circuit
114, e.g valﬂ%@ﬁ@é&rﬁ{gg{if%fr{ﬂeofeg&ﬁ C%rr? WL%% talgdnéellrﬁg?lloﬁg gﬁdg& i?reﬁ,’{lzhtla%Rl‘lémgenerat or,
and cabl esf o ugsonthgompex voltagedand dyppntRIMdg@Ke sat paveer mesgpivde iofrhediaemmd mat chi ng
circuit 1 1&tv%m ehd E'urﬁﬂt ?9@&% Rikud@ Py @saadpm&,cgoﬁm@cuﬁ@ﬁft;ﬁagmden of the

pl asma cha Z and ransmssion’line 287, [00132] It
shoul d beIYn@@é'éP \tq*reae magnweéfmo%ﬁ yee pirother Rl thrﬂéfh‘m%%'l 2. wherethog7 | s

simlar t o RE BEndrfie S BnSd e hi 4@ yL g4 qugleﬁ&at&)s ar& Off, &XAHR! tas AN
i npedance of the RF transmission line 287 is the sanme as an i npedance of

the RF tr@stegmingdiapaztYme brilg + gedsaindeherdze wherpl az" iad Gopfiieigiinc?’ df 2t he RF

transm ssiQfididnf@d28¢ aicSnstdnt, "VE B aNoRERnadditie: of Whed SLéhd1@mpRYovoRiget he
i npedance of the RF transm ssion |ine 113. I'n various enbodi nents, the RF

transm ssAwFurERe 12 gy a paTerbmagnitpde of thersgcong gomplex yoliaasand spmseitangh Pz 1 3.
[00133] The ﬂékv&srﬂfgnﬁm%bﬁl@ sée%ﬂd édi‘rﬁ;héid@ﬁag@@mfc%geﬂ-tg Zhe péwed RIAGKItuAE PEAT 0de 264,

and ot her parts (not shown per dielectric ring surrounding the
upper el e PPde© Qlcurréﬁ“ﬁ%gﬁ’é‘?deé?@é‘t"?eo"(?é‘agéﬂ"éﬂ’éqdﬁﬁ’zsurroundl ng the upper

dielectric rin | ower dielectric surrounding.a | o rode of
the ESC 192, a{g?]éakr AS| %‘8&‘ H‘ém‘?&?t(grfé‘? 8 r@l?f‘r%‘gnﬁ Hothf Hied \Qed(/\é&zdﬁtl ectric
ring, an g@ﬁﬁfor@drasmdﬁm MthMgzmm&or(lPE‘Z)merwafgr bia id deveeminBER o sumgpf et c. The
upper el ectrode 264 is cat ed op) e to.and facin he ESC 192, A work
o Boe 2608 TN grodid s SEpRERENIGE 8 ni PPt oS pioE SR Bre i A pper
surface 2pdatf, dnba cﬁﬁﬁnﬂ.gﬂle fﬁétqh\odihf:t ib h@rddlﬂaeif a&'irﬂ@béfﬁdaltaﬁdlt}ﬂwdltighe | ower
el ectrode of .t allo

al uni num ™28 tb’g? efc% second pr{’%ﬁ'l?f] P’i"ﬁ“%r?z e??ﬁ%r@l ??gﬁjlcwn{ Fi’éc{rk’ﬁpcéefre I ect rode
264 i ncl udagnimdd N, ehet thiad pﬂo&uotdwepbxeduct of a tiidndoefficiegtaamd facsgdaré @t ofthown) . The
central gas feed receiv, cess es ply (not
shown) . Tﬁ%weﬁﬁrbémm%r’g’é’ttrﬁef 3 E@ uqusaB d%feg? f%%ﬁégfé}?f an%g]cgﬁgﬁggd to the
m VHz RF gepeétdd ¥y, tanfifth preduct M—derRElcgefmeﬁifﬁt axfficieat 4ndehd cvpretameitutiat chi ng

Crroutt LA e sehPSRAR] iV B0, PLRS RiI00 1% BBl LGP ORLIRER (e
the n M—Enﬁﬁugéenﬁy aWben the;pphd EMdeid“egenvna@rStdmeon arpehtanMélzriﬁgsherntgr G rcEit
115 to t S it er.at W thin
Lhe pi as TG ARrvighi FeoRl RS a9 o R B4 BENEESPL P R 1Vt o 126
l'acks a photigyt @y)gt gxyawhet falybdyxyt ooky”, axybl'eayetahddelr feayit apr'dhe, a

vol t age pgn%tgge 8&&5 an(; %ﬁnqgi%gtaﬁthe vari abl e at an out put 283 of the

i npedance rratc at a point on the RF transm ssion |ine 287,

or at the ESC 1391355] Thfs Mm%lh'éﬁ@xaﬁfplet Semy %Eér@tmnez.@t whilem0dels PRgesrM m  N2m

NAm and Né6m are used to determ ne er the system 128 is functioning as
desired. generatqromg gy nd the wMHaﬁFsgee%@ws 19Efne wafer lm@,s 1§9§P@Weﬂ283ﬂ§¥k§ a waf er

bi as Sensg]{' *I)ﬁ+ gyz*?]cﬁ’trth)m §)lzt‘Vz Q—'e&?“ﬂ + E‘i“‘{qﬁrﬁ’z)( )z \pﬁe%)‘ec?' Cﬂésu Be and

related hardware t i's used to neasure waf e i as at 92 The
nonuse of "$e "t eand piyasars eppsgientn and '|gxz' r‘éP&?‘EH’“ha‘PWﬁé?‘é’@é@?ﬁ"P@o@

the operation 342, when the x and z MHz RF generators are on and the y MHz RF generator
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[00138] It should also be noted that in an enbodi nent, the system 128

i ncl udes any nunber of RF generators coupled to an inpedance natchi ng
circuit. [ 00139] Figures 12A, 12B, and 12C are di agrans of

ehbodi ments of graphs 268, 272, and 275 t hat iIIustrate a correl ati on

bet ween vol ta root. nean square e, k vol t age,

that is n‘éé.’gfug é’&feé'f"gi ﬁéieﬁﬁ‘i"b"ditas aézglu 'P’ﬁeﬁl\{’s Y (%%f ’ﬁge? ﬁﬁéﬁiﬁg

mat chi Ng i tsgHi(bz) Iidkz (WiehiTaRz"] Yoxh, t'izn "dkee, 'eX 51 emd ‘128 atdiogficentd)andy USing a
vol t age probe and a voltage, e.g., peak vol tage, etc., at a corresponding
nmodel nod%"zdﬁ"liﬁ!?fta“te g., the node N4rn det er mi ned usi ng t he met hod 102

F 2 1 nd d d t
of graphs. 270 0898 At Sdcr AE SR 2 ouPrlpe Rl E MR R Cur ot

€. d., I 0O0fensatdrs asqmarhe “(aRIk/E)as mnleue&mhe,d asta(sum of hfitst predute asecomdprbdiet, aut put ,

' , th b
| :ng a E:u?trhlerg tprodlll\cwf a R)uﬁfvgr Cl3(¥ A pro ucg g‘[ld]r §ro&1)ct l%%e\lfle%{h OC%Ct HJE elgl%&}l pr O e

, correspon
t he node piddnct, demah proded, ang |arvgnsttdme ﬁmfﬂr&cbrqmt i§ i pyduet OZ)a ﬁrit@ﬁdfﬂﬁﬁtﬁr he

vol tage da?n S%r\l/oqg%? anIJ}Jg g}[}he mgécp) fgr&?u%t 3 pod%t 8?Qsegﬁndacﬁei>ﬁc1% | md {hg each

graph 268, e voltage ne Ssure e voltage probe is
pl otted ocuramym@mtmleiln theatbind grodyst is2G80duR7ef a thirdicopffsienSindialsquakeyroottdfie cur r ent

JoLerm e 43R mb iR bhoe ! BodikOb!Lhoffls 3P 2o Sockilidi Gl ﬂ.leaph 270,

227, and curren asured wt e current probe Is otted on
a y-axi s VveltagaohgrtepNy.2he, ﬁf@moduatnld agprqduct of a fiftly @aeffigientiand ﬂ@lculagfés are

plotted i&aé}%deﬁféfa%zs&%ﬁp enera{ oefuc%?aB&m&%@ﬁ{cfahpind'assq%}emo% Be v 'VHZ RF

generator a ) f%%nerator are off
Mor eover , pewes maghitudgBy ﬂwrsevqnmdmd@dt 1§ mpltomctgfraaqgher@v@e ent and ¢heyvoliage RF

generat or ., nggeo@edmme hth gﬁ)glrmg ngpraﬁcasﬁ% AUeRScRFRiedl find B SQrredehe

vol t ages ar ttedlnth when the z MHz RF generator is on and

t he x andmﬁlgﬂw«lée Rrangdbreripth grosiugiriga poguct of a ninthjcgeffigipnt agyl Asquare ot of ar r ent s

are plottgdydr nnatghaaldgrpéphv&mhmeﬁ a8 MuMRE: g@ﬁer%ea%@sprme waf@pigd the y
MHz RF geherator and a z : generat or are off. Al's the currents are

plotted i Wpteﬁﬁlteglaawz’z\’?’wmﬁlxt*ﬁéyfy SQHEXRE dygri ¥y ett%}‘Z*DS‘F boizamd Byhe x and z

MHz RF geggrzawnx?{*ﬁ Phdyz*shh $8%) +t3ka§az GHE eplys", 2b8z0!"elyk €dakyd" t"Bg.gr aph 277
when the z 'M¥z RF generator 'is on and the x and y MHz RF generators are
of f. yRo’eagy . Pryzcemd ey e foriRcieBe RG Iah I268s M2, “and 275 that an
approxi mately linear correlation exists bet \Mgen the vol ta9 gl otted on the
y-axi s of the §035h didnether eyumricgfetefsrpingtiog of Watenpiaseat $he Quingt ofithgong, aph.

Simlarlyoer I:n&re lﬁ‘aﬁ)ﬂelbﬁva&eﬁﬁs ?tﬂh@rﬂé‘dél f5da P mad Beterminkd ﬁamé pzozé’ssbﬂrmheazastd ]
approximatel y |inear correlation exists ween the curyent ed on the
y-axi s an®sERe30brEdAe Volage F@&“Hﬁ‘tmém?d%é{e?m"e at the[rb?f%ﬁ ¢ %jl r& 13 is a

f 1l owchart figthedinuseaie Gl $8estd @iplek @oltagé Aictudéil i prbpaga&(emmgmmgorwf B3 bias at
a nodel ng%ie, ?% t he nodel node N4Am the rﬁodel ge NI t h del node
Nem the. (3T DhGleterty Cahicr Veipee 90 B Ak prpl podo N E T ey, | ¢
shoul d be vilegethd duaentiifdsatiined abhel inteel tndde Nexh €fonbihasecosd epntplaxeotageur r ent
(DG vol tzair%e c&rpelai;[ 1nI 3 mcaglgear‘tsm%lar to that of determining the second complex voltage and
~ current from the first complex voltage and current. For example, the second complex voltage
and current is propagated along the portion 173 based on characteristics of elements of the

portion 173 to determine a complex voltage and current at the model node N1m.

[00158] Based on the complex voltage and current determined at the model node
N1m, wafer bias is determined at the model node N1m by the processor of the host system
130. For example, wafer bias is determined at the model node N1m from the complex

voltage and current at the model node N1m in a manner similar to that of determining the
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by plasma generated within the plasma chanber 175 (Figure 1). In these
enbodi nents, the wafer bias is present on a surface, e.g., the upper
surface 183, of the ESC 177 (Figure 1) and/or on a surface e.g., an upper
surface, of the work piece 131 (Figure 1). [00145] It should further
be noted that the npodel odeslﬂ%lﬂgt &IFNZm re on the RF 1Eransms i on nodel
161 (Fi guPdenpiasagihe e ToRjo HiE i SE°oph cPmBleESeliage dat Y38 Filgure 1).
The net honhudde, waeﬁheemmpgeﬂeh@rpr@cﬁﬂ&my mlztdaezMs;t RB y&detiord 3@ (Figure
1). In the rrlet hod 340 0146]

Vi cover ST RSHoGSGF g hoRsaRemann et aSrBiier SaTEbizs at hegmodeh A non

mat chi ng NDelek a k0, of &lfist IiiEadhdftamseafbm'Bpreductmdmkd product, tahé a c&fstanm dial this 25

(Figure 1), a c |nat|onthe f correspondin nor e
v P ces, GagPie PR Risti rcamhietshiadaisor Btiefi ) R B R AeBRER S PEe! on 1 ne
113, the &BGlekAbltage marhiraabi ha niddermaé N1gy the secné ppdaeiai pthdudtof aexanpl e,

t he ESC npdel 1S erated with cter stics to that of the
£SC 177 (Prgeatmgien Af B LG mitnylocir e Bafr SHEE S e Buhe ety of t age
and curr emtdethiantand thedhirdprothet P p@tiicn of 1@@aresropr rsfpa@&tl edefﬁdslermugdnaone or
nore el enen he ane e determ ne a co Nl tage and
current a? %r% r%oltI fnl a u;Eowef ?%mtugD of(:t}hen%%;giex vglglé dcuEent at tﬁe mo{lm c{ he secon q
conpl ex v@htate xeMHz Rifrgemardton is oo @bdthariyraad z MENRE Igenefatars hrecoﬂmhleevaferol t age

and curre th I <] | g Ita rrent is
determ ne% artghsr%ﬁagl ?‘FBI? rrrg r‘F,Sente gﬁ agggg)h(g[og}ucrxrs d‘g‘t hﬁerghl rgd conpl ex
vol t age athd fictuegesivient, x @Feheremnde:defﬂcigmn ttxheths elumirmefﬁglnml @&xxis ﬂtglcpesgmt and
current. t MRS oY rrent is
det erm ned f%/tg%noq‘tﬁ% ﬁ%ngl?&é%mk%ggélelg etslgf:ﬁe?rﬁétlngﬁcur r?e(tnta%ituﬁig tﬁ €%:forrpl ex
vol t age amule®lny elrdtPnlsthdeowmasedldémdhq mh@ls@céﬁm conpl ex vol tage and
current, and the third conplex voltage and current is propagated t hrough
_the portion 19901891 t Simitalys baseds i &si complen deltageend et aktheymadgl wRdeer ni ne a
fourth comphexd ¥Rkd ADEHANGE Rk ryeéﬁd AlH: R RGRbrs ARAR, ML Whfel Hiad fH+§yexanpl e,
the fourth conplex voltage and current is determ ned by propagatihg the
third corrpbé’slyv@vtsa@él’yaﬁrdlycqaff/ehbztlhréagﬁrt (Bapt danedyYxof bl ey $anf t he
portion 184 +/a§ymt+ @xr}efyhﬁfxy%ﬁqp}l)@ gxtyhezRFxtrbam%ﬂ*% @RAehxAQ) provides

an al gebraic transfer ‘function that 1S executed é processor of the
host syst &f230 iz sah i@ 4t &2t B ¥hphexlyvio FYzagset Mbl*‘d’@f? Tt e ¥stired at

one or nofy@+Q@HiPHt £ g?i asaH%xW*vw 8xyZFIxOL RYALR @x§ @ ﬁ@z*&*yeﬂe&yz@gl +node,
e.g., the nodel node 1. m th e nodel node N2m etc., al
transm ssfd#" S%&P@wa Vz +hxyz [WI&@Tq%@thﬁﬂh%de%We of t he operation

343, the seco lex volta rrent erm fromthe first
coml ex vol t aqUORRG. S PRP N RaTE R of (F BB OV 208 ATOUCH PERE | s

- det-er m neghnefor aivrd Medele @ aBEbi ST He @lodvidiotiay 2m aNdbtetiiine € by t.hebi‘&)eesﬁdikbf thi corrpl ex
voltageadcurrelgéls determn ﬁdfromthet ird co | ex v and
current, ElsytStﬁE' B#sPh O YBeL30d BT Gaeiides S E‘eﬂ}(’&% %mt hr ough
t he ESC ntndelmadih singilaél@d eratrbmeetamfnnfg afeo bia$ ax the ahddaigsodarNlinge base@oh at t he
nodel node 6m f fth VO rrent is
det er m ned’ : rdocuére'gtrf]arl%“"t“ﬂp tbrmlltmh aégf?prlr’%(%?cg(ie%l L[IOS cur ﬂ gls‘tra? hr ough

i npedanceyafef bled BAFRtDXx* . +g:x*sq1:ta(pa)c+ tholag’ Vyi -nbiyidy ergtsqre(Ry) + dgfaztVie+ESC nodel
125. 4 a eLA foned at the
out put of bf ﬁuZeJ'(%Zne‘lrt {ﬂ% 'le aQ odel § sgﬂ'asedc’cynsw{?x laxa% +g?t’fy§fl¥5 oW he
-conpl ex v@y awyamd*‘cuertemtlxart C)tzr'mlrtd&?kputdxz"‘a/zc-uexzéht+ ﬂngsqrtt (tH'd)e+ @kz,t he

conpl ex voltk a urr.en VAUt UL OL f the
conpl ex voli 8§b£{%‘gyg° 7 %‘%(@5 e ouJ"EE))"'utl’“'laith ngorrggegyz axyzb| ag i's
determ nedxybalserdcm*sqrt\(bl)tﬁ@p@sz%gmekma offxyzh@ris@pongxydvWphdryxdd +age and
current, t | ex voltage and current, and
a power rr%&%%%ggscf%?ﬁ}e dgtg%BﬁJ a}:@rgrp"ﬁ)ggl%\gg Iﬁ%gg and current. To further
illustrate, when the x Mz RF generator is on and the y Mz and z MHz RF
generators are off, the processor of the host system 130 (Figure 1)
deternines wafer bias at the nodel nofe NAm (Figure 1) as a sumof a first
product, a second product, a third product, and a constant. In this
illustration, the first product is a product of a first coefficient and the
vol t age nmagni tude of the second conplex voltage and current, the second
product is a product of a second coefficient and the current magni t ude of

t he second conpl ex voltage and current, and the third product is a product
of a square root of a third coefficient and a square root of a power

magni t ude of the second conpl ex voltage and current. [ 00150] As an
exanpl e, a power magnitude is a power negnitude of delivered power, which
|s det erm ned by the processor of the host system 130 as a dlfference
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determ nation of the wafer bias, when the x Miz RF generator is on and the
y and z MHz RF generators are off, the wafer bias at a nodel node is
represented as ax*Vx + bx*Ix + cx*sqrt (Px) + dx, where "ax" is the first
coefficient, "bx" is the second coefficient, "dx" is the constant, "W" is

2, val age TP ol o Eb G A SR B S TR oy

node, andor'thbeé niodelq “pﬁanbras ﬂﬂk@;rthodedm)deN6mhedmmmieehy ﬂelptoamoraxﬁ the hogtr rent  at

e e RS0l 0 Yol o b bk RSB Re e =t o™
enbodi nmentnannet honlpnmhatnﬁgetemuﬂeg Rafer Blasaatphrodudctl node Nbre based roan)tolt:{mgni t ude
I x and the volt ﬁiljl ols enmbo S,
coeffici eftd Cu"% 5%? ?‘:‘1‘ a(at s opd n%di? 15 d{e] %e{]r%h?“ ARG ‘t’ eer par ocessor
of the host*Vayssbein 13®*sgﬁr(@ur+ed7d)1y"b@sedy’ﬁyl +aypqa) (Bet+ dm an‘@t:hodz*li m the
projectio waf fer,

measur es vvatscgE prggz oar’t(ya\?xsulrgf‘)é t i e Sqﬂ (Ipxhg’ (b%"’?)ve}rvvil Soy tl}é ylgtg{] P#?gur e 1),
~etc., of gheakZdWUxkMkzfler+ az’fsqnséPX)tﬂ dm*VMareeﬁI/zer fxzi"sqnt(ﬂe Pge) setYon net hod

a vol t_age RN Eﬁdsglg @ cydg}rz\emo% hlrgggﬂht %Qesqgtﬁagsi@g %gag,;y Apigsaase

determ ne at a based on corrpl ex
vol t age amdztgri(®Bnt dxpetMyreekyatly afxyatigpuPy)of gxazr*\FzPr lge'n‘éllz atixz*sqrdPz)exanpl e,

~the conpl e>J<x Vo)t RRAEMALE, &Ern‘io% t.odEREHr €d at the node N3 (Figure 1) for the
first time s pr opagat ed e processor of the host system 130 to a nodel

node, e.g., thgofgppely QBE'I@ M%d&ﬂ?m%%'eﬂ@diﬁexh’s lvafdr tiddGs fBdehidiade N2m
or the nodel node N6m ’ﬁ% gure 1), etc., to determ ne conplex voltage and
gtge

current athestopmepblelo? fbr the first time. Vol t age magni tude and current
magni tude are xtr cted b the processor of the host syst 0 fromthe
" conpl ex vol tag[g d:ug”rr% 544 S‘{F‘) diagpaeillugistes FJE)F“‘P‘H’ém%/’F r"gta Y4 ff?é’”‘SAI so,

power ?éﬁet&dﬁ 346, whthGéindlidsbnRY widiR thY REESSemn 190 (Hifife MOSWhen)llceMe130 as a
product o the current magni t ude_and t he vol t age maglnrtude for the first

tine. a1 5Bz By genesiqrs are off . wifer I BITe OF Buip VOAEI9Ee. Sfd current
i's measur ﬂré Iﬂfﬁdel hedeno4iR, Nlﬁnfmmonemqﬁgmr B, addi Whanak x iyresz amdz Rife

nmeasured co ex voI e and ¢ ent ated to determne npl ex

vol tage aft® ang, i Friatingie e oreind 2 MyTE R RerSapnrcin® b Yl SPhe. rmodel
ngg_e N m gtdaﬁtdmdeldeta@dﬁeswhafeﬁ lbtes zrmdmbdemode N@._mt}_leelhﬁdel ntdaertdna\mme or nore
aadi ti ona

s. Al so, one .or e additi age
oot t udaN RB el et Bt Do g s i eroare bok g TR ST too t he
conpl ex vetsya@e aadd cmsramed) twhdetVels aivolege tnagmmbeoﬁ)rmnq)rex Ivoltage antkiutrextnal
tinmes f unct arti ast ar | i near
regresa ogat}'%fnggtl n?(g IaBlélcugéo" Wgrflﬂlg Bﬁ'%%%%’g@xv a%ehaé1 %u ??JgﬁéWT30 to the
vol t age rraggmtuddef the vemplax veltige laBd) tirtentl @, is b lreefficiedy b g toeffivdkat, camd t he

measur ed V\Oaffecwnl? Obgogétgln dIan%Ol}SQe f&lmgl;ts tal gv%eramdmtud’e aEam 8 OCE: or e
addi ti onal°ti#es ¥ dseat erm ne the co@tb?r Crent'doay, "B, na et const ant
dax.. [sOOgdrbdict ¢‘fsa<armmhm'gnmdaratpthe nofieltnode mdear\a)ttagmn&xmudewhdln ntoldei y MHz RF
gener at or h R r wafer bias is
det er m ne aodse ?Psoi%%mtb %rréﬁttgrﬁ% &Wag(nﬁu%ﬁ??ht@%ﬁt{ﬁ%ﬁ & ed )?p\@e

coefficlent. 'Bies)S O(%f fro &% -and 2117 RF n%ﬁtb?éaﬁé‘hrln and the re!m%m fheVO! tage
nmagni t ude of t corrp ex Vvoltage a urren I's a current

magni t ude obthe ke a@ertMH@ RE@apiraters gloffate wafeelbiay genesator 34é)rrtﬁtemxes 4 wafgr power

magni t ude aﬁi‘ﬁo&e‘?ﬁ@&d gotﬂa'nﬁ%el"&'d& K@, R, ﬁ%fﬁ&h etd N AQNESF STRENT tude Py
is a product of the-curr ni t ude y and the voltage magnitude Vy. As

yet anot herodest aip e, afseednd P@p’ertahlﬂﬂh 3 4prd wa'dmt ¢ R&sqrt(Ripiza Rurthoresduglt or i s on
and the X 4@y, i piducdene2al Qkd pfiafict ¢ fsqritp3)adngla chﬁs@a%tge gfteryi-ned as
az*Vz + bz*lz + cz* sqrt (Pz) + dz, where "az" Is a coefficient, "bz" is a
coeffici efft2 volage magiiyde pins caprlex voltpee and cyrrens|at g anadelgiede defermiseditiye second
conpl ex V@l’({;)@élﬁng'm%lﬁgg f&fkred atlad | ourB@t o a Gk rRYr (HEBGYchitstErs Hat §shag, $pCONd
conpl ex vol tage and current, and s a power nmagnitude of the second
~conpl ex voltage and current. The pome? magni tude Pz is a product of the
current magnitude |z and the vol tage magni tude Vz. [ 00154] As anot her
exanpl e of the operation 342, when the x and y MHz RF generators are on and
the z MHz RF generator is off, the wafer bias is determ ned as a sumof a
first product, a second product, a third product, a fourth product, a fifth
product, a sixth product, and a constant. The first product is a product of
a first coefficient and the voltage magni tude Vx, the second product is a
product of a second coefficient and the current magnitude Ix, the third
product is a product of a third coefficient and a square root of the power
nagnrtude Px the fourth product |s a product of a fourth coefficient and
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is off, a wafer bias is determ ned as axz*Vx + bxz*Ix + cxz*sqrt (Px) +
dxz*Vz + exz*lz + fxz*sqrt (Pz) + gxz, where "axz", "bxz", "cxz", "dxz",
"exz", and "fxz" are coefficients, and gxz is a constant. [ 00156] As
ahot her exanple of the operation 342, when the x, y, and z Mz RF
generators are on, the wafer bias is determned as a s of a first
product, % %&‘B’E?HH"‘&%‘B‘H%P{ the, <omples VW%?&@&F,CU@{C%@WW# g;aa@??gaan& Rfth

product, eurhtdhdasypeda et outpat sfakefilstRIPgameitdot thagis o "Gt ik a poweintdgningleni Nt h

pr oduct, a constant. The first prqduct is a.product , of,.a first
coeffi ci eglt?tﬂ%ﬁ?f"pﬁ?fem%getag 8“%?@8%?@8'58\9?(”{095@%@6%8& og%c‘ts aivg{tao%epr oduct
of a secomdgniwéd dfitled ceniplea Roltdgh endoutren at thermgdd] hotdelelexmninéd iy grépagadingnoduct i s

a product a thir oefficient and a s re-root of the powey, .magnitude
o he 1 ullbenmstiutifof OF g ot e Bl Rr IRt ' B FOAR TRe Vol t age
magni t udecivient minithdefdf fhepomdiee voltage andoruaehtcittenfingl Hyi fréfagaine el cotrent and t he
current magnitude | t h i xth duct .is,a.product.of a sixth coefficient
and a squlell1 aesurregtf1 %%htf’%eo(%ﬁo?/vseef o"rf‘g%ﬁigf I&Ef‘éorﬁl;}% 1?8%, ?gvlesn% Rowperronﬁflﬁ?:'tmdfs a .
product ofletamired @nd prodee df V2 e i, eanttloft a2"y'hl12'a el 2hveid "t 'edi2! dud 'fi2he ei ghth
product 1S _ac.or «0h.an _eiahth coefficient and the current magnitude |z,
and the n?ﬁ eﬁfpcﬂ)e?'ggﬁ%tgq%slggc%nrsohtllct of a ninth coefficient and a square root

of a power Maggsledfie iifn MNGnd ta,ex,@dbmﬁgquz%é}{tgmmg%n,e{h@w vake on, the

waf er bias is represented as axyz + bxyz*1X + cxyz*sqrt (Px) + dxyz*Ww + -
exyz* |y +gdngiaor S49 determnes a wafgrsbiagzat2 medey nede, a.24 thpmadgl pode Nlmeyz, where
raxyz", " RAMZNem, E¥Y%s a suf0Y 4 first [rSHEL a123FVY 4" secontPYdduct h1IEME, a thFld "1 XyZ”
are coefficients, and "j xg]" is a constant. 00157] As anot her

exanpl e ofrodect 63F seat(Rlona toprthvarodpct shl 3%V a fiffh psdpghial 2H512, tahexth peodest nor e

nodel s, WahetsqRipaS Alevtdif prRd&! g1P9ekes, NnMijifth PelagER1PSE3 DY nidwe pRIapGessor  of
the host system 130 based on vo%tage and current magnitudes determ ned at

t he nodel 11A8tan®P randrpoqmgfartiiEd3. MhergisY Faf @ volidge MegriBAvOCLIRFIPEX \Witage and
current i ghduABRAGRIEhoaLIGRE ddiemRRd bY AR élgzg’n‘é]f{/cgtﬂéeernéa)su&@atcjﬁto@fpm dre conpl ex
voltage and current at the nodel node NFm e conpl ex voltage and current
i s deter npAEd oge of e i aierasy e NI ifra frBeRt tpagnisie of dhecenmplesxvoliaget ade and

current i Burfenl@iMned by'propdgatir 4 dhdbniGhicallRdcedt Meuipdt $ffiRe HECONELnGAIR| €X
vol tage and current fromthe first conplex voltage and current. For

I
exanpl e, tHe ISRRVYETREHHACH hefomplss valge ARt GuTRRt FEMHRgiA GPXHCLE Yig t he

portion 14 Rasest 98 velak RuzMiids of 5 cBipRk 98RIE Sndfurfehiat AR hbkNnddé3 to . .
determ ne a conpl ex voltage and current at the nodel node NIm

[00158] Baeins Wyheropasatiigek VOlee Afasusidoatcaty QuR of &t Brendrdg Athe RE nodel
node N m gwRfatdrs, DiRSs b Subl@k efaghifidd oftthetdomplR deltags de civlentridiyrmiited byr ocessor
of the host system 130, For egxarLgl ei V\gff[gr bi ﬁngs det e:nr,}; ned at the nodel
node N 1 RPREIHRE hEVEGhPEERT™O S s SUPYhYY 0% 558 IO e 'S HBAEINL min a
manner si fap@fudé 6f thdedmphdx \dRALRIaAE BirRgt defemina@bed prbdudsofal2 dndd2,mvdels node NAm
fromthe seclond conpl ex .vol tage and current. To illasltr tg whe bthe X Mz
RF gener afdPI4e€ Magniyy of e vafiage Ancprrentatyth mogel giode dpterminef by o

pr ocessor ppagatify hositags yrehswrad :a8@n chtpguwife third det &rthé REenedtas, 13"as aat t he
nodel node Nl m as 84S rtrPlof a fi rl§t r ductt,d a secq{nd ﬁgﬂ oduct, a E%I rd
product, SHEPLAZEdeSthe qomppleyva a@?(%?‘fg‘i“g?“tﬁgn?lperdsyp PRRAYEE 2 FYT R ¥y oduct  of
a first carfdutpat éithe third RiFenatmbit, &R isTR oW dr inth@niaide bhehe comjlbexoltagd dndge and
current at the nodel node N1 m e ond, pr.adugct, proguct. 9f a second
coeffi ci eﬁ?"%ﬁ8etftﬁjé"e8uarsraeﬁrtoalﬁcéé’ﬁiwtguﬂ]ée%f C?CHeOfCSirr&%l ’eﬁ\z/%l tcégg’a%llc?%c’ur rent at
t he nodel "¢l@de "N, "gADRN, tH123" mdr'dl 2P’ is d wedffidient,ang Fjd2Bl ¢ a whstant.squar e r oot of
a third coefficient and a square root of a power nmagnitude of the conplex
vol tage and cultfHel dligurhdSnisdelflowndde O an eWbedimenieofx thi/HpetRid §&indorat or i s
on and th : . ' e nodel
node Nm i%g%?[g%?%éeﬁﬂtﬁég Bgs? 9%@5\5}5&?{%‘3‘(? %tﬁ 3%; Elilg%rg(r??)\,?eh%en ?ﬂe?i?&\imﬁ%&rge ax is

t he first Ndoefriguri hand thx ESE motlel 122 agnte t@efFigues ¥ns desesbed svithhreferehder d
coefficient, dx is the constant, VWx is the voltage nmagni tude at the nodel
node Nm Ix is the current nagnitude3®t the nodel node Nm and Px is the
power magnitude at the nodel node Nm [00159] Simlarly, based on the
conpl ex voltage and current at the nodel node NIlm and based on which of the
X, Yy, and z MHz RF generators are on, the wafer bias ay*Vy + by*ly +
cy*sqrt (Py) + dy, az*Vz + bz*lz + cz*sqrt (Pz) + dz, axy*Vx + bxy*Ix +
cxy*sqgrt (Px) + dxy*VWy + exy*ly + fxy*sqrt (Py) + gxy, axz*Vx + bxz*Ix +
cxz*sqrt (Px) + dxz*Vz + exz*lz + fxz*sqrt (Pz) + gxz, ayz*VWy + byz*ly +
cyz*sqrt (Py) + dyz*Vz + eyz*lz + fyz*sqrt (Pz) + gyz, and axyz*Vx +
bxyz*lx + cxyz*sqrt (Px) + dxyz*Wy + exyz*ly + fxyz*sqrt (Py) + gxyz*Vz +
hxyz*lz + ixyz*sqrt (Pz) + jxyz are determ ned. [00160] As yet anot her
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[ 00161] As anot her exanple of determi nation of wafer bias at the output of
~the one or nore nodels, wafer bias at the nodel node Némis determ ned by
t he processor of the host system 130 based on vol tage and current

nagni t udes determ ned at the model node N6min a manner simlar to that of

det i d N2 d t .and t
SRR oH QI K SR TR e AR AT A

bi as ax* Vwafer ias'dt an sutp b8andde{.Px) + dx, ay*W + by*ly + cy*sqrt (Py) + dy,
az*Vz + bz*lz + cz*sqrt (Pz) + dz, axy*Vx + bxy*Ix + cxy*sqrt (Px) + dxy*Wy
+ exy*ly + fx;{ﬁ&l@ﬂl ([Py) operagrly 357aRatpirof thebrxx,*drx MHZRE gegrator (Ricfecteddxz* Vz +
Z;;: : ; I IO 1%1;n§ fl g%rlt_gz%[or ougqu COI‘I&M& g V(Xta %\é C_}_IIT nt+ P%?/)%(xa_{_n%cexgtzeaséﬁt?%e a?é)z(; Vf_ +
dxyz*Vy +c15wytzr5rblye mof(ﬁgngeslqmea:(uFb;)complgxyqltagfzaHd ducrgmtrdt zhe-noilx N3 (Eigure (Pz) +
![ )f(]g.tz ?:lesg)(r?rgﬁ E%&ggﬂe thé &%\B:l;%q'%itﬁgggc?lcmmls rece ved[fpogﬁl‘@lgl/%l eatgeS ?lgl%gtrgntaa Egtzed
(Figure 1probe 110 Vlt[tlb@i(ﬁ@]lurﬁqagm@vmd1855(F&g0@t1atbeﬂt¢|mgrsmrm I3Q1§tgrnatli)ﬁg an
ﬁggfd[sggtnéet?nﬁg @i topiggfrtﬂ@\%?ﬁ@&r?ﬁ) 3@90 iRk S{‘arﬂp%: lgBlo%&‘é&to?ﬁxe‘gg%g'r gt f)?g
are of f, mteer138|1<tr§tlﬁe§ thecomPIgK volage chum“tﬁomwtor%ﬁ?dﬂj 1&. g., the nodel
node N4m Nl m N2r’rij N6m (Figure 1), etc. Wien the x, y, or 7z Mz RF
generator is dROLBH dmenrengmrion g% othe tisecessor pf thenhosy skatem R0 gisesetst or s- ar e

of f, the vakgforBL@S: d&f‘{l.gt’e& %erge %&pcuqlettete Qil:t@ﬁnﬁn@a W%je@t'éd @t’nﬁﬁexa&olt@%emge' node,
e.g., the nodel nod etc. sum of i rst product

2V, o o oEBTHI pAgaUCHoRghe Pah {3 betrph BTOIC GO P Ha At Nt | d.

where V i §hépatpld10&RniPEsHh tHéGfodef node NAMRL e téllel RAE NSRG FoHENafBle, ik T he
model node, | is a current ma nitude of the conplex voltage and current, P

is a pomef‘ftt‘rrf@ﬁ?’?ﬁd@“‘t‘ﬂ: PASIE Fé%‘c'te%‘P‘tdagéma‘iltﬁl CeTPFEpliagy gng cyrrent

coef fi Ci eRfeasufediabthd oGP Ifithd £MHz KF beherdiof, RS ¥ MHARE Fen@ﬁﬁl)r Gritfe AMERNSt ant..
In various_enbodi nents, a pOV\er ggr tude at a nodel node is a gr oduct of a

current nBGEFIRI AS 2RHReT AR (5 GEmRIRYYoltagrand SHEETHREHIEY #dheode N8 nodel
node. | n SOME neIFINib pﬁpigatedtviaehddmpedanmgmﬂmgiaodesm toageintineciecogipleslel i ver ed
power n twy of gener ators are on

) 00164
and the r éﬂ&ﬂ%rwgcustmtah@e jodel “0%13412 (MX &zralgétreqxaedr §Eea?°é“P3)eF‘fV° lt3%he waf er
‘bi as genenaf Olrreddt & Wetn@den NS mm\@sf popdghds val o srOdek ondddas oF .t RFt he nodel

node Ndm N m. N sumof a first alz2*V]_ a second
oy oduct b iissos Rl gReis 16 4Bs S Put prfior slemsd o 0E ESGHBeITS v
fifth pr O(Rigiire €G)25 de2erméne sbmplbx polaghumd chrdsht aqrpo{nP2y) the pakl3%8. const ant  g12,
where "V1" is a voltage magnitude of a conplex voltage and current at the
nodel node det[@0¥69hedn by qperatienyad i, g promtdrangﬂehen’e@suys&dt a30 appliesjttput of a
L e okl eSS e el e iy e i S Sl 20 0

nmeasur ed affunchen touap the podjediddecofmples tvolRiEe gy@marraltt@cr a tvhfat biassvatyg at th¢*hddei s a

power td det pr oduct
pover TR gisc AP ERE:YOL AP BHETAOL 850 RPGAR, P

current ats anhe wated blas ptatle mdddl epqln Iﬁ@d 1Sbt§etqymmp®guaat sunrgofiaa ot pradyst af%’asur ed at
an QUL DUt s@bndpRAGATAYL Of Bl bl FoBPCLALLESbRAL Wnll i 8 volified, CUM T BNt
magni t ude o t he conpl'ex Vol § age an rrent termi ned by propa atrng t he
current nmergridelofahe prajeeserd qomplesfvoltdge ardeyonet aRthe grodd neded¥om, Aasta qugensn, " p2"

is a pove t "al2",
L R N e L

const ant . magnitud¢ 00thé Biojepkd nomplex wiltagdhandxcurrgnt athel mpddliHpdeRforyenbraatior s are
on, the mg&egdﬁ&g§sgﬁn@&qgg%mﬁgo determ nes a wafer bias at a nodel node,
e.g., the nodel node N4 Nlm N2m Ném etc., as a sumof a first product
al23*Vl, a second product b123*11, a third product cl1l23*sqrt(Pl), a fourth
product d123*V2, a fifth product e123*12, a sixth product f123*sqrt(P2), a
sevent h product g123*V3, an eighth product h123*13, a ninth product

i 123*sqrt (P3), and a constant j 123, where "V1" is a vol tage nagnitude of a
conpl ex voltage and current at the nodel node determ ned by propagating a
vol tage neasured at an output of a first one of the RF generators, "Il" is
a current nmagnitude of the conpl ex voltage and current determ ned by
propagating a current neasured at the output of the first RF generator,
"PI" is a power magnitude of the conplex voltage and current determ ned as
a product of V1 and Il, "V2" is a voltage nmagni tude of the conplex voltage
and current at the nodel node determ ned by propagating a voltage neasured
at an output of a second one of the RF generators, 12" is a current
nagnrtude of the conplex voltage and current deternlned by propagatrng a
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[00166] Figure 15 is a flowchart of an enbodi nent of the nethod 351 for
determining a wafer bias at a point along a path 353 (Figure 16) between

t he nodel node Ndm (Figure 16) and the ESC nodel 125 (Figure 16). Figure 15
i5 described with reference to Figure 16, which is a block diagramof an

embodi nent of m35 for det mnrn a waf e t an output of a
model | BRES] T an G Rer s Bple e s 0P 7 RlThoRE berBhaey B O 2
gener at or or sddigd Iemheﬁlgroomb deﬁtahd yNH{ng:h@ha’atbfs UG utwaled sk eoqhe/mbrﬂea.ge and

current. For le, .the volt robe, 11 re measur es
conpl ex VA% g”nﬁﬂerg’ﬂﬂe Eng St © al?arfg% i Ctﬁégﬂé 8 crcgndlfjrogulcg ﬁ‘ﬂs t&( npl e, the
conpl ex vmbdmgelﬂrsqh(Ewr mefiotrth prodet el 9L, far ﬁﬁrh tphvduat d1°HYea aixth producent pr obe

e e GRTB B a0 SHBME B B BB B PP 120,
exanple, & hseulpbba: ésss one off tht In@o REPensytars dring 80, ilde atcutfreremaginmde omhb ex

350, ne BrutBolGon ol PG AL BERE Shst0 bene opri 5 dRBE B B0° L0 o
vol t age athd modelmedet Néo adetearinaf itie %stp%chee@“atedbmrqnl ¥BXisvaolottzgganagnithde ur r ent  at

a point a . | node
Yo The BIFnbaEn e NbaTad REERL-bIETRORL ARRP MERIADINS, PSS, Torm
For exanpéwtent hagnitidetdy theongslebrode oima@fea Iaﬂtlt of Wher sepand | RF mclellonbfrinﬂimf romthe
conpl ex vol . r E@%

gener at or t%gga%% gﬁgﬁgﬁéﬁgyflgg}fﬁ%ﬁygs %%lﬂé?\%pﬁt%ﬁ s anot her
exanpl e, b%@@oﬁlﬁt ebe, vlél@JdgelZamfb%ﬁ?@ﬁﬁqﬁeﬁs@ﬂédz'étacpmﬂhode N3 or the
node N5 is pro&?]gat ed via the inpedance matching nodel 104 to determne a
conpl ex vol t ad®0lddl Asryeeanptherexample.yhge pll pighex.MatndzYIu RE ganeratqryarg he

exanpl e, 501G v@IRla8% HOMb&Y ﬁocﬁr}ﬂénﬁd rdEt@x%né%tas b B BPSIEs: ROSIR BBV IS a
propagated via one or nore el enents of RF transm ssi on nodel 161

(Fi gure 1&Fondneirdict b128*Bna third pradust éVénSélﬁfPé) Jf foprfe podest dbtfEV 21261 Fi gur e

16) to dep@adtk RE2PV GxthVHb&RE €128 RENAYS, M £Rdvedth FRoduel BI238V3, tzi]meelgﬁhh 353.
[00169] In an og ration 361 theaprocessor of the host sx}stem 130 applies
S

the proj eBlodest 3512 nipg) praghst HR3 setPhleard eangianki g Where tHellpBinf2.on t he

path 353 88 ampl ﬁyelatescheedaabt)vmtth@preéeamg&raarﬁﬂ?@ W i9la861:ad ne@hmlde: el t age and
current to a wafer bias val ue he no}ﬁg N6em of the ESC rgrc))ldel 125 (Figure

15). For BRsprde Nomen amavinof aytEnr pne; ofNhE Rireepeaiars 29 onsbdh 2 At er bi as

at the noggininess oRddeBndsdie NSk AsReekuR Sf the $HiRN RH geRerhtiof Sémgc)crlpdwm ifaV, a
second product b*l, a third product c*s q‘éBél‘B‘F@i{and a constant d, where, V

is a vol taaerﬁegwruéaaéhwoqehedsmn@éeée d%rgf%aéoré)ﬁegewﬂ%t at the
nodel nodg1dsBam3,d1Ds e®23; FINB.GND3, NRTH) hididEs 04 cdelfRicAfs @hEjAL e aGomphex Vol t age
and current at the nodel node N6m P is a power magnitude of the projected
conpl ex voI taqemaapl Qusrahethér eadmpplélea fomtien useodedeltdﬁmmea wafer bant acsuared

coeffi ci ent d i S const anot her exa I e, when
two of th&% ard"‘e“z Vﬁ‘d‘e%“f% ‘ﬂﬁ‘"‘@eﬁ‘@? §'t‘ac5‘?'°§"““r V%“r“r é{‘?ﬁ‘d‘f pasudes GBngof the x,
y, and z WlﬁEesge,riePavo,rIs Bir, &7201%, P2 aViydB.eP3, bicasThatchiriigerizediedluesatbe N6m i s

det er mi ned r c * 0 2*11, a
third protsiie 8 E‘ij"‘e“%t‘('%ﬂ o'BrrBERLS %’rcoélzz thdfgg\ﬁg 0 5.0 qy%r L

el2*12, acBi3xdR3mlddyutas, E1R3;wIgB til B}te. Exmhrﬂesoﬁﬂlstcantangmude\moesm is a
voltage ”ﬁqg'tuqmnaﬁzﬁﬁgimngflz Qde Ném as a result of a first one of the
two RF generators 1“9 a current magni tude at the nodel node Ném
as a result of fi P i tude at

t he nodel nodé°§E§%a§{§%?§§ﬁ §@§lﬁ{ﬁéC$ﬁk§%m%gﬂSE%gkg?%?@gﬁﬁﬁg oglla V2 is a
vol t age negpiantad ehegharadiesizeddies insefpormiggmaisical madelingidaf Fer esampladvaiiie of the
two RF gepgral Hézﬁurg@'f&g'nﬁ@%z e fitnel 5t e %erﬁatm@@em)w% aaraférrb?asrger?sd node N6m
as a result of the second RF generator erng a power

magni t ude Moreovére imibg examplel fone ramber ofetipgsit anvaﬁehélas escohaémmt @ewErat or

bei ng on, y&dbges Qr;ldzcurﬁ:;r% at0he pofal 2ion8NHe THid ﬁ3e(l:€$’??éc flG)Chr%rﬁe%rmﬁa@@ bgl2 is a
const ant. As yet anot her exanple en all of the x, y, and z
MHz RF generators are on, a wafer bia¥ at the nodel node N6m i s deterni ned
as a sumof a first product al23*V1l, a second product bl123*11, a third
product c123*sqrt(Pl), a fourth product di123*V2, a fifth product el23*12, a
si xth product f123*sqgrt(P2), a seventh product g123*V3, an ei ghth product
h123*13, a ninth product i123*sqrt(P3), and a constant j123, where VI, II,
Pl, V2, 12, and P2 are described above in the preceding exanple, V3 is a
vol tage nagnitude at the nodel node N6mas a result of a third one of the
RF generators being on, 13 is a current magnitude at the nodel node Ném as
a result of the third RF generator being on, and P3 is a power magnitude at
t he nodel node N6m as a result of t he thrrd RF gener at or berng on, al23,

I A o~ A NN LA NS A NN A NS A NS 1. A~ A NN Y S )




[00172] As another exanple, a function used to determne a wafer bias is a
sum of ~characterized val ues and a constant. The characterized val ues

i ncl ude magni tudes, e.g., the magnitudes Vv, I, P, V1, li, P, V2, 12, P2,
V3, 13, P3, etc. The characterized values also include coefficients, e.g.,
the coefficients,. a, b, c, al2, b12é 12, di2, el%, f12, al é% 123, ¢123,
d123, e12BoPgequng the gemplex,voliage 4nd surrent from ogg SLIPEOT fe nofles: &8nHEARISS nel ude

t he const ABfNS§l etd, R ofeOstThaRA1bf B RF gbdeeatciqr$t, ald x MEZRF @hérator, the y MHR0173] |t

'shoul d be_npot ed tt hafJ ”]\Z cgﬁgfi Ci entst of. the charac e[{)i ze lvaI ues and the
const ant LRGP0 E ¢ BHF I EPERIRL s 1 &8 P6r At BOE i T R hrott Mg dat a.
For exanpimpedaiaé entchingmotld 10%abammede] pationmli3t thp IRF ttansmeissi@t modet 1EShe 177

(Figure 1 Si n fer bias sensor. .Noreover, .i.n_the |l e, for the
hurmer of Eo¢ fisdh P Bl 0 uf et WhennetlP i Bl o g el Bl gRBreRies Bur r ont s
at the pothidexainplag dtdietiqabinbth@b 8.g( pargalnestlsGlaras; egessicn er.nisdpiligd B9 the
propagating t he ex voltage d current fromone aor, nore of the nodes,
b o O PREHAT R RSt e PHE R p b St P S SR Faefinde

t he x MHz ciRFengmagnitadesrand poneerymalghinidB¥exgacial fadno the coinplex vdltagesiRkd gerestsat or ,

etc., via S , [ d [ nodel
104, "t e BopoFRkEmRle P Epdhitiher e Gursckiif TRECAATH Bl ol 00,
125 ( Fi gurlmrdtjerizédoalveach to the point on the path 353 (Figure 16).
Moreover, in this exanple, a statistical nethod, e.g., partial [|east
squares, regrd88i7dh; Ietvariousjembadigentada fyncigneussd de dsisomingp Waker Bigists system

130 to t henhRases) YRifhaha? vaned hat Pég}le&ﬂtg&ygi@ﬁ NiMAGSof thapAE 353,
magni t udes, and power nagnitudes extracted fromthe conpl ex voltages and

currents Ahe phsicaoatiibuiey ofjtheenath 38 arp dervsdfveiuey pmdteshfdatahegc kmpiicaler i zed

val ues an%oﬁ&lﬁg%ﬁ?&t@:n%x%pﬁ{‘@f ﬁl@ﬁéﬂ%ﬁ%ﬂtﬁ%% tP/e_a-ﬂ)altl?§53 include capa&itgﬁuezfl] I'n
various enmbodi nents, a function Used to determne a wafer bias is

char act er ingBa¢anses: a cempifation Sheref. alcal Af elementaon thegraths Bt Astipagribed abever i but es
of the paifR ApitantBE aliMNfSin@Rtands i dRiMcBB Dngt i€ pRAL $533aRcAVALRS dnded val ues

fromtest data, e,g., enpirical nodeling data, etc. Exanples of physical

at t ri but e§wEnisteRwirisalhbdesmginpd pyingthe prajseiiqnimagiadat the peintenthe Bah 33 @dnbi nat i on
thereof, @ftm, afftlr B¢ B BN itht BRurRekiBed3Rfhes AN (RIEDAJtANP BCh@LAMBieritdae

capaci tances and/or inductances of elenents along the path 353 affect

vol tages ¥MBEScurrents enpiricall'y deternined using the projection nethod at
the point on tl@ﬁ?@ﬁ”} 353 ang i.n turnf- af f ect thﬁ coefficients of the
characteri zed W&173ks 1859me rEbatiments, i fugptionpised i, fefermine; 3 ugfep biagds 2

[00175] | poissuimalenbodi nents, a function used to determine a wafer bias is a
pol ynom al . + [00176] Figure 17 is a flowhart of an enbodi nent of
the nmet hod 36300156] ddtigreniliiingy Howelfagr ofbarasmaddimenroafethe nodiodoBo i@ syst em
126 (Fi gur .. Figure 17 |1.s desgri ith reference to Fpgures, 1 and 16.
The net hogg?éémpg agel§<aef‘gu 12ésdatb%/ H{ang I{ 6’?%%5@5?0%“8?’ ﬁ?e@f‘%rset i))Syis:%éreh ’?3% (Figure
1) . I n andepsbetwithrefdfebce torfFiguces 1rapd ¢6.c Tipinetkod/3M3tisgpesutehioly ihelproeesss ar e
recei ved 130 fr I j devi ces of a
gener at or Lyt it DRI, 1 4 Chelitn 36 L & HON R et B or. "t he
y MHz RF gerestsaroreceigaddyttheehost dystzmRB0 dromeina too moreFRommanigatinale vicesmblae x

vol tage a r uy t the n | i f

comruni cagigng(rﬁal&%esx%?%:“é’ % 1(1 ﬁﬁ%egrogé T?Woﬁg&é}#ﬁ @{ggﬁ%ﬁg@ t(‘:‘%?p}flﬁeigll\l/:ol t age

and cur r egenerptarsand de zaYIHe RE gerpdatorNEor egample. giomelgx folage artdeugentmensugdt i on

devi ce 189 (LG {31 oRed hnPAOLARMUAXATR|dErics HIPLg 9] L AGGnaRG. our r ent

measured at the node N3 and conpl ex voltage and current neasured at the

node N5 arxample, complex voltage and current measured at the node NS5 is received from the
communication device 189 (Figure 1). As yet another example, complex voltage and current

measured at the node N3 and complex voltage and current measured at the node N5 are
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received. It should be noted that an output of the generator system

i ncl udes one or nore of the nodes N3, N5, and an output node of the z MHz
RF gener at or. [00177] In an operation 367, based on the one or nore
conpl ex voltages and currents at the output of the generator system a

prolected GO X,V a d current.is determ ned oint alang, e.g.,
o et o e, 3t nods b8 e Bt iuirob s hE afeiaie g ndhed REpLheReThodel Soa
and t he Easenmdata NQQ\m{Eﬂ@t{jﬁEnoﬁG))fthFﬂMWmheatot he conpl ex vol tage and
current at the output of the generator systemis projected via the

i npedance mat 00177 mideh opfi4tionF36juUbased Gh the)onheblemm'enemmlaxovtha@s andl t age and
gﬂ; ; :m Z%ur{eﬂt% a %eolu pup?dfetthﬁéenerator S %}Ot he{/) ect%&rgl)rg%]e c%ta O J %et(m tage and

Enerat or sYstem 8
[ rrpedancedenﬁmuhd laga p@utedlongoeﬂ.g aqrd etcheheppatlt BPN(Fignd: K6I‘r'bgtme€1 thy iropedadve RF

transm ss ] X e at the
nodel nod{e]gtgﬁl ﬁ?%ﬁé%i&%m&l%}ed‘%s@@g%@% Fﬁg%?@féié&éé%&rﬁ‘@ﬁéﬁe’é%ﬂ%ﬁéx V(§Ft age and
current atndtdvgremiat thetougrfut dhthe gereatartsysters ysprojerted vigrthg sredahcy matching

| mpedance, gah GhA gﬁ%@%to e, &H@&F qmmhpﬂ ttorst@dela&ttm deternmine
a conpl ex ™o t ag nd current at node NZmbgFl gure 1). As anot her
exanpl e, ﬁh@%mwlw@w%@e’awagﬂmﬁémenatﬁ thehQutpy %g@Pratohé)’S&éh’érat or
systemis rBIeQde@GfaQﬁel &Ekemht@?ﬁ] %ﬁi@@& 16@5&&%9%1‘689@473 ¢rhre e RF

transm ss| on nodel and t he ESC nodel 125°to deternine ‘a conpl ex

vol t age an@swslpemodﬁtwt toedetppdiae a gorpleNBNiaging pugent pt the modelngde1¥8N | n an
operati on3hde 12 M@Ptﬁran&hé}sexhlﬁplgath@ BorRfI&vdiagd B RAktar dleXieput BEmBat h 353
by using the proj ect ed as an input to a function. For exanpl e,
when t he genesator oyystom\jsy pRECtgd nad dheorimpedapgs Baghing empdsheliOfi #nd 8% RRe x, v,
and z M'iztrﬁl:mﬂﬁeﬁhﬁaé?rlgl & RicPrhine a@om?\t@toltag@sqd%n&mt PO nfdkel nBdARAAT M ned
froma function, is as a sumo first product a*V, a second product
b*l,.a th Hlalrfprlbd@etmeﬂ'srq?tamp)e thengpmpleX oYpkipgentndgeurigpfettethe wutpat of the| t age
magni tudeg&]feratoheys&rnpise;ﬁtjecdedcnmeqmpé@h&mc Sdéll N6 theBRF t@nikRioAt , | s a
current magnitude o ected conpl ex vo e and current at the

point, P m&d f'élﬁb\ﬂ%drthﬁﬁéﬁl“t"&@] d2gfo ‘tq‘Fémﬁ‘Féjcé'BP]éﬁ"?,l ?W“VB‘}ttah@%méZﬂﬂ current
at the POhéHe N6t (Fured)d ¢ are coefficients, and d is a constant.

[00179] As anot her exanple, when two of the X, Yy, and z MHz RF generators
are on and t hqoe®sRi rmalgolsefratmee%,a %fer&m lschMdFateREtgﬁrjﬁfnahleﬁ§thalpahOff a
waf er bia@al;t the 0| nt 1S % g Pmto flrs pr dyct al2*Vl, a
second produtt™H Ipiojecée AP 8 58?1?:"[1 éffl? OB JOr SXaRier VI Potuct
d12*Vv2, ay,fdrfztI\PanRB@u@tat@],QEsd ahd the mnmimh]gmf gducy, dnd 2"l\$lq;r RF Iga)eratcan grea

const ant 2 ere V1 .is a volta n|t dea 0|nt as sult of a
first one'g%fdt”% E’V\’E)aﬁbeé’glr%f‘s “)P@"B‘g?‘ﬁ ntholn |w§ cffr?éﬁ? fadl frr(tgt ude at
the point pﬁ)ﬂucma‘l“é,suhctondi)roﬁhr& b, aﬂﬁrd@iodu&l%*gﬁ!ﬂér atdarcobeannd, wirere, IV:hs hs a power
magn| tUde Ege rpu ft§ p e%ﬁ om lex volrz'lge anc{ rrer'ﬁ at eeneoltlﬁtlolrs abc%lrrg on, V2
is a vol t 3YREHEGHIPEGE B PI¥S 8II’1P F EEUTT™0 nd®SE"sT the two
RF gener atrmgrstub:eofrtge pInJ,ect&chqna)ldx wollageeml cumgmttth;dmm.tPrslaepowmngnmsiea result
of the sec t or P2 |s POVeT it t the

poi ntas. & PERSEEOr TG i pE RO s sSotnEC AR coRgRL YR B )1 G
el2, and hatésane coefficients, and 912 is a constant [ 00180] As yet
anot her exanple, when all of the X, Yy, and z Mz RFl\?enerators are on, a
waf er bias at [0011e79b0|4$tanpt§ercbémeplmvﬂea teig ofathg dny.@hd 2 Midz B gpnemwealzs* Vi,
a second Wl gMﬁrw%tg Gdd WEBL) bi Saa?g 1h;spr oduct
d123*Vv2, gﬁ I f H‘%tregl%%lgﬁﬁggmg%fg J, “3 {lterprogruct % At LZ&) last sevent h
product gdasmued aar singdftafipst pradust al2t¥3x 4 3ecopd piodudy bﬂ)?*éhtk:‘thlrﬂ sz’slﬂ@qrt (P3),
and a C0“%fﬁEt}n(Pﬂ)Za?fou}tﬁ'gFoﬁuc\/étz*waPﬂth préduct 1?2*123‘@(11;(82?6&1& flosgrifgd above

in the precedi ng exa mavotaerrggnltue point as a
resul t of agd 2 eAnptantgh vdteret‘ﬁlelsnwotg@qetaamatds ahiBe ARYNIoH 2 Tasyltiof a firsg orer fnt

magni t ude gty b h@ ﬁ’érﬁ S %@m?o 88 W 4 cu%ntttfh%mrttm'e rafjthglsmg?ﬁlear 2h@lor i@ on, and

P3 is a power n|tu e point as a result of the third RF generator
bei ng on, al23, b123 c123 d123, el?® f123, 9123, h123, and i123 are
coefficients, and j 123 is a constant. [00181] Figure 18 is a block
di agram of an enbodi nent of a system 330 that is used to illustrate

advant ages of determ ning wafer bias by using the nethod 340 (Figure 13),
the nethod 351 (Figure 15), or the nethod 363 (Figure 17) instead of by
using a voltage probe 332, e.g., a voltage sensor, etc.



[00182] The vol tage probe 332 is coupled to the node NI to determ ne a
voltage at the node N1 . In sone enbodinents, the voltage probe 332 is
coupl ed to anot her node, e.g., node N2, N4, etc., to deternm ne voltage at
the ot her node. The voltage probe 332 incI udes nultiple circuits, e.g., an

RF splitt circuit, a filter circui lter circujt er
o onit o gbnerttr being o @) 58k rRMED Magritits Bt oo oS = ol lof e st ke
coupl ed t gbnarafwsémgsyrﬁtvem 3 3ditae b alagriitnad Mdﬁkﬁp@ntrﬁﬁh%uwa &iegtial ond@f hEM nat i on

nodul e 336. be no ed t hat a rrn rocessor n ASIC, a
oD 5 oot eSEghn beate B 1 arentn Tubhtde S M bl PR Rt
[ 00184] TRE geetd@®einponhasd BBQ arpeasmmltade\wtm@gmtaagasultmﬁme sedon¢RFi s used

whet her ¢ oot PERRoR P - CE BES S rESreatl o7 et (7L L nar
Vol tage. pr obe 14307 Ws%”a%ot‘h%‘fae&?ﬁégheé?ﬂi@%ﬁe ool fdR, RERMERE B © 00
[ 00185] Tbre aswyaferenasl4R Ghe( poirg us detdrinined as estmedf faciosti preducomi3ated atsocanle syst em
-.330 a.nd Sﬁr\égéctB}{%ﬂaQ%lﬁbégé%ﬁgﬁgpﬁﬁﬁqétaofohm Xt?ctt ﬁﬁ@g Eﬁﬁlpﬁ)gg%em 330

i ncl udes the vo oes no nee e I nc in the
system 126123*11ﬁeae;mﬂs pnldumefé%*tsm‘t(li@upl wvently prodegy eg193OiFe anteighte preded N4, Ni,

O 2. Of PPk DA EFTNR WAL DR Rner 11 GEIoYBHOMA 20, vl er

bias is determ ne on t ance ch| ng
t ransm ssiroeserbksl abew:lin %Hﬁ@ﬂdmﬂ%ar@@ Youed voitzs l(lFEﬂgeﬁfeat the porag@ver, t he

system 33@5&19&'&%?@0&%@&@%&&&%@ bei\ﬁ@'oﬁ 3 &l asc(?lngﬁ%gﬁﬁﬁide Qlecﬁgp(;lﬁ)c g | nCl uded
in the system 126. There is no need to spend tinme and effort to determ ne

whet her aregdhef|teechijbRE gensratordeing pr.and P 15 agpowpiynagnitesde ahbie peint 294 reyykih

det er m nagg tﬂ@thﬂ@‘ﬁﬂ%eﬁe‘?at&%eﬂg@ﬁ Y3, b3, 0Pt 4 ©¥ S9N L3061 Y5 Sand 1123
[ 00186] Fi gures 19C show enbodi ment's of graphs 328, 332, and

336 to |IPTG§?qf%‘f1@tSéaft§’dﬂ¥3éFa€?f’(§ﬁ“t e.g., a linear correlation, etc., between
vol tage, e.g. p5)eak voltage, etc., that is nmeasured at the qut ut e.g.

the node Ni, dPOIBRL Figurg Ginis pobjoqkrdiagram of an graboimeny of aw¥item 40 BAbise and a

vol tage, gsed o illRQAl MOk of dBlefminindtvafer 61§ Bﬁﬁéﬂ%ﬂﬁé AsthsDsRl (F@eféel 3gut put,
e.g., the node N nh det erni ned usi F%H%}e met hod ur.e I n each

F
graph 32gthegashod i3y (Bigre 15 or the e Ff%f&e”)é“sbqagt"f bg uﬂﬁgévﬁl%ﬁl s and
the vol t agebesies fi Negkagsden@r,elke met hod 102 is plotted on an x-axis.
[00187] Moreover, Figures 19A, 19B, and 19C show enbodi nents of graphs 330,

334, and 338 t[001'8|2] UShe ablergapobe 332l iatdupled tethg nodeaN Iiordetafmmc()z[ vaMagd aton, etc.

bet ween fer s. t hat asured at u 6 usi ng a
waf er bia &Qgeb]g?a dS°W§TCE‘S (g‘i%ggs ey it erpf&e%g%gs oﬁm og%ut% )
t he node NﬁmNZ;IeMeetm medttemmmagoltdge ahﬁbhdxdrw (Tlﬁe golrage 1b®)>¢ 332hmc1nﬁshod 351
(Figure 15 ur and
338, the ﬂ%}t’é’%% ‘5? ed%’[ae'(ri&n g‘%“ ulsf? ny* Flnercrc tl 2 |?ars°1rpro 3ﬁ|ﬁ%rc’ir lll%ed on a
y-axi s aneict he wafer bias determ ned using the met hod 340, the met hod 351,

or the method 363 is plotted on an x-axis.
[00183] Also, the x and y MHz RF generators are coupled to a host system 334 that

“includes a noise or signal determination module 336. It should be noted that a module may
~ be a processor, an ASIC, a PLD, a software executed by a processor, or a combination

thereof.

[00184] The voltage probe 332 measures a voltage magnitude, which is used by the
host system 334 to determine a wafer bias. The module 336 determines whether the voltage

magnitude measured by the voltage probe 332 is a signal or noise. Upon determining that the
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[ 00188] The voltages and wafer bias are plotted in the graphs 328 and 330
when the y MHz and z MHz RF generators are on and the x MHz RF generator is
of f. Moreover, the voltages and wafer bias are plotted in the graphs 332
and 334 when the x Mz and z Mz RF generators are on and the y MHz RF

generator .S off t ages ar tted . ra and 338
when the Y'Y mﬁﬁ’ﬂﬁlge M—eﬁs“ tg’yveh'g %ﬁgsprg?e%%n’saanﬂg?arlre&% hﬁﬁ—ﬁgaﬁng}égerat or is
of f. det¢rO B8 PhfeFbigur e 20A i s a di agram of an enbodi nent of graphs 276

and 278 to illustrate that there is a correlation between a wired wafer
bi as measur ed [0@l8hly dheeysseor 1260@iguree]l )gs cost effertivo bagpardddolthe systpmaide, a

f.elr {. d
ol ng. ¢ ho i3eTis s 3R PERE SmyRifo of sJRAE a0 8 by e i Bhapk heBRRE L TC 1o
363 ( Fi guprebel 3R, whinkidees netmeat tojba irchidedhin dlas syfemd 26. THerais neneeddd @upki as t hat
i1s plotte 0 n the RF
![ ralrcr)sm ss?éﬂﬁﬁé E‘gb%itgi?emaﬁ%g Ieﬁ%)nq;?t El& i sttrtenglljir%ﬁggéteﬁ%&zf?%ﬁ%eq%hgof t he
ESC 177, stsem bidd wafee bias de detprimaredt basad rms tlpllmpc@dcer matciieg godgdhl027BF| s
det er i neﬁiaarnrsglbﬁ rfRGTRERABAL 1E ERUGbP ket 9 O}wwasvemﬁeercys@ndeomm the

nodel node N N2m Figure 1),
on the pat"ﬁlu%3he(fl1ﬁ>‘b‘ij’r3é6l‘6‘)1°h afyoedogy %ﬂeedéﬁ@rm%r% in} the pyiststt 128 TNBHY a y- axi s
in the grapheed 16 spd ihRemiRESH PldmiR Vme%P @qoa£>19mo1age Xidtend if at e graph
276. [00190] The wired wafer bias and bras are plotted in
t he gr aphsigmborfesn. Npsuck dyepmirgtiop aerds @thsrnaid%bbothe h%ﬁhﬁvsmewg) (Hgye - Mz RF
generators are off. Nbreover, the nodel bias of graph 276 is determ ned

usi ng an equat [PQI§61, o +Kjgurgs b%IIQBHﬁ“EZI’QQ(fP?W epbydimengpof grpphs 328,382 a0, esent s
mul tiplicadd @illustR 4 corr@HoRSERL & IMeFQBERIIdOCLc,, beMEen VEIRIESER] BeakOl t age at

t he poi nt aI ong the ath 353 ure 16), 12 represents c nt at the

poi nt, P2Y9BgT gg’er’i‘?aé dB%é‘ffe‘h‘l‘t(ﬂE'%%‘t%lerﬁ the. }f tg'i‘t’:B%rf‘?‘i E?r e(%tg“re ‘bz is a
coef fi ci ep§ using2 'volkage @rdbeehd hGloRAdk, e. gﬂﬂeakd'31tagbseta gan&drifonding bh%del :
[00191] The g an_error in th b| as

h ts an err.or
t the. poltt gt sy ekl S deieaniaed ol a2 etk b Iprer ol
X-axis. Trm ijahd 936, Glic inSas@rad @61ta@é is Rotled,onar Wi AfiCHe véltagé aétd'&ﬁrdsd
devi ati on, The nodel error and the npdel bias are

plotted |HS“E g 6‘?'&% @7??&%%&“9% WS\ RFE generator is on and thefy and z
MHz RF 20
erbodi mont - of Y ABhe Wt anEissis 108 T trt 1% €ov Aot Refe®t EHEREr el on

bet ween a3¥, net33Rad dlusttitasgor@lanodelg., Ialha&rthadiatuos emtetbetwcbmwafeulsasﬁgatt he

met hod 340 ) Fi gure
17y Cand. vt S i byueb Ko TREL D) 87 bbb sCHES ohi)pefle LIS BT OGS |
a manner sdrrespoading onddblenage aptpst, 2.86 tlamulocﬁmm Fde@unmecnifsﬁr)g M(mpltodt%m t he
graphs 28Q.. 8 t ner nd the x
and 2 i RN L e Befiof 8 b Bl b i noindd e T HE L A Bl bR B0 e 280
and 282 i 834dend?3 i the wafes bingdetammingd nsingothe wafer hias7prebeljo plottona m@?§=s@rt (P27)
+ d27, wh Y JTREN t ng the
pat h 353 %ﬁ?“éalf‘%%zis ‘?e‘?&ﬁ‘ﬁg%‘ﬁ%g‘r"e@h@g% cur#‘étﬁ(?fr?’r%igr?} {ﬁ%dlg&g& f"%egpm nt,
"P27" repbé@ecmasxaaxrﬁomer nmagni tude at the point, "a27" is a coeffici ent
"b27" is a coefficient, "c27" is a coefficient, and 'd27" is a constant

val ue. [ d04K8] Eihguekagepamd; wafer biaszge plpitesindbe gramhe dRbrant 3¥r whenaphs 284
and 286 t gl Nifts b SIHA 18 gdnB&IoR drS ofariGhd £ M1 I&ﬂgéﬂ@xfai’&%rbfﬁ Mbie&r Waf er
bi as, a nodél bias that is determned using the nethod 340 (Figure 13), the

met hod 35the(Yoitgass and) wyferbiasyare pluted gnthe praght 3321anyl 334 vdemtheey M3l an 2t he nodel
bi as. The \afABNSenéRbraRdord S tﬁer,elvnizqipt%riermeraofram%rmélvm araréao&ehe graphs
276 and 278 (Figure 17A) except that t aphs 284 an 6 are | otted
when t he ¥ REgrapss 398 aed 2380yhep shegnMElg gnd h&ﬂi@@ﬁraﬂyrawnzmw des 2Mblzs are
of f. Mor egw%gneratt&esmdel bi as of the graphs 284 and 286 is determ ned using
an equation a60*Vv60 + b60*160 + c60*sqrt (P60) + d60, where "V60"
represents a voltage magnitude at the 4Doi nt along the path 353 (Figure 16),
160" represents a current nmagni t ude at* t he poi nt, "P60" represents a power
magni tude at the point, "a60" is a coefficient, "b60" is a coefficient,
"c60" is a coefficient, and "d60" is a constant val ue.



[00194] Figure 20D is a diagram of an enbodi nent of graphs 288 and 290 to .
illustrate that there is a correlation between a wired wafer bias, a nodel
bias that is determ ned using the nmethod 340 (Figure 13), the nethod 351

(Figure 15) or method 363 (Figure 17), and an error in the nodel bias. The

graphs 288 an are ted ner |mI r to g 276 and
976" (Bi gur e od0g8s) ST 214 K5 aheBu NS enSoathend bt Eldph S1eHREAR Ren 1 he x
and y M—IzlllREra@etharﬂ&tr@rs& cafrélativn, bedvaeh & Wired wMHanE—'m@emed adingya degsopidol,

Mor eover, the t he rap 90.is.determ ned using an
Nouatl on abos riBSiGey B56 2 pbe Stk ARNFerTES oRIR 407 3a Fas Bl e
f227*sqrtdc(tﬁﬁﬁ?rjed wsig2 B methbdaw) (’thﬁfzém) theh2ethod 3and=1gurQ257) or thed@&Hdd 363e227" and
"f 227" coe |C|ents a i 95]

A oo e SoB eI shorf U madton e BirfP VAR 4G ubioncd in e eradll™
illustrat é76tlk1ateamlhdraea pcsntaexgoamedeatmthleEmmmmsaomhm T18¢a wvsif en tHeiupper a nodel

bi hat _js d 3 d 351
CFi qur o 1t RETREUR SR 26 bR Bh00E ribdd e Bl Broked b OBl 2805 The
graphs 29R daednii@Nat aieecopiespohding mndeét pman aer tei mmdehnodbdwrh@egnabhsod@m and
278 (Fi 9“&&29{%0%1%8& Ntzi}la{hetntﬂo%e c@@@&%@%ﬁ@%ﬂh@ pB!h%%?gxfg%e” the x

and z enerators are on, enerator 1S .
Mor eover , l@hé’hmd@d Wafes biap fis Rlﬁ@dgﬁ@ghy G redgradh 276 and dreanodehkias si ng an

. equation B’?ﬁ%&\@garl%gg*% fia sqrt (P2) + d20*v60 + e260*| 60 +

f260*sqrt "pb260" "c260", "d260", "e260" énd

"f260" are coqpéref] enhs wn@mafegnamndk& Iﬁodeméta%”ﬁloaéahme raph 276 R 196]
Figure 20F is a diagram of an enbodi nent o:‘&%ra phs 296 and 298 to

i | Iustr at BetidHz Rigenerpier i opoand dheay prste Métzidegeneraigrs e offaMareeraie a nodel-

- bi as that mogel 8k 6f ghphede isd Ewmand? {4 RGuaddR ad v gLl 30+ 2yehhod 351
(Figure 15) or %?(j)ﬂgl 363 ° urem?% leF]d an error in th(sac}rtrrkgdj(;ql3 bi as. The
graphs 298head™ 2@8‘3%%‘@ Tl ‘F%’d‘“’l HAT TRRIRTCRY ASAVATY EPt, t Y21 KRreyepYage76 and -
278 (Fi gup@he Pot Bong QR paith 843 (@Qﬁw@@ﬁb%@&@n@&%ﬁ% R i) B defidsenien the y

and z Mz RF generators are on, and RF _generator is off.

Nbr eover , P?“}‘Féah‘ﬁﬂ%‘rmtblaaslséfoﬁfﬁ“ée'@rSE)Héa?%ﬁ%‘ﬂ‘& 21985?%063-&‘3@?’%41@3 §si ng an
equat i on a2dRAiMAe+ b2760* 127 + c2760*sqrt (P27) + d2760*V60 + e2760*160 +
f2760*sqrt (P60) + g2760, where "a2760", "b2760" "c2760", "d2760", "e2760"
and "f2760" ar[@o®apf fiheigiph 278 prots angﬁl%ﬁm;hi&}ﬁls&n@ﬂﬂxsﬁlaﬁé méad] bias at the [ 00197]

Figure 20G.is a dia di men t _of 3 304 t

| Plst r at Boiphaf = PHaPany bidl mRT B HiR el A3 s, dbe PE 8 5on o model
bi as t hat eira, €lgt £varianeda swandagl debiations el 0th Bl hoddFibigslr Thel@dpdel bin an@theod 351
(Figure 15 .. meth 63 7 rror t he del bias. The
G aphs. 3030 gty ited g ot el 7 SeEE PR Fafhop R d% PR stna 578 0
278 (Fi gulvH{zZ@genexmsmedfhat the graphs 302 and 304 are plotted when the X,
y and z MHz RF generators are on. Moreover, the nodel bias of the graphs
302 and 304 i J00REr rhigved 208 iing dsagragyofatn embElRAcHE Of Yiphs BARI02E22t0+

" hoo7e0r Loy b o5 1 cUray ey L ed o B S0bbed W0 B0
"c22760" , dUBRRE0SIng te2ARGO! 340" FRRRELP). thy FRMEN'S5]1 @Ry 60)'or metepd'36232760" ar e
coeffici e%glr@?ﬂ add%ﬁéﬁg%ifl'tlnienrﬁoo‘é?ﬂ%:ﬂ% g}s’a?hs%;o and 282 a6£ B%&!Bih amh&e 21 is a

bl ock di agr an e system 13 ost system 130

i ncl udes simplagie shesemaphg B2 and RE8 @igureddé) prgeptalmt the graphgl$0 ap L&8ee plettedout put HU
382, an i t f.ac net wor k

i nt erface c‘#n{h? Il\?lg%r R‘(:%/%%}aé%gg “3%6 %gﬂ% Igg k%ehaétgr%gges@; ?ﬁg%?‘%tr’he

st or age Hithe1odel piag of risugrapiy @detaﬁé 1@lsit=tpmne|qws3$2an edyetion1 @7¥2erf ace 384,
the 110 i BQﬁﬁi?aP@zﬁ?cﬁt @2hd, ibe “h@re38¢§7afe$re§é?ﬁ§pd %itag@ ﬁﬁ'gn‘?tﬁ@at%é‘ﬁ‘&ntv' a a bus
392. Exanples of the input HU 380 include a nouse, Keyboard, a styl us,
etc. Exanploas thstpath@Sodigyin 10U 138 2reprssantsore curedy glpgratyde o bpeambrP2br a

conbi nati on thereof. The display may be a liquid crystal display, a |ight
emtting diode display, a cathode ray, tube, a plasma display, etc. Exanples
of the MC 388 include a network interflice card, a network adapter, etc.

[ 00199] Exanples of an 110 interface include an interface that pr ovi des
conpatibility between pieces of hardware coupled to the interface. For
exanple, the 110 interface 384 converts a signal received fromthe input HU
380 into a form anplitude, and/or 47




speed conpatible with the bus 392. As another exanple, the 110 interface
386 converts a signal received fromthe bus 392 into a form anplitude,
and/ or speed conpatible with the output HU 382. [ 00200] It should be
noted that in sonme enbodi nents, wafer bi as is used to determ ne a cl anping
vol t age t hat used to ¢ the WOr, i ece 131 gure to, the ESC 177
(i gure 1FPreptsh ARSEPEEr ol Pl 1 ab 4 CULBERn 0 oo Ghatdl charber
175 (Fi gufse cdifficibmaneg "€t fsadenstam tdmen t he ESC 177 have mat ching vol t ages
with opposite polarities to clanp the work piece 131 to the ESC 177. In the
exanpl e, when [00i93]/vaﬂ3@urd32(113 isi esd;ag:emeoﬁ annerhipridimdnh f jpraplsn2B4cimandséreo175,
vol t ages e s are.d ff gLent N nityde to
conpensat ‘?‘J@ Bid ﬁ}qit Rhere I& "elﬁlofq Cl;eliwe%ﬁ thnrlg%swaf " ar 138%6% thilll[rrent s,
waf er bi aéetersumtﬂelsﬁng dxecmethminWt(Elghmernhesmmod Rel Egrd 79) o Faahode363) .
[ 00201] I S urrent
magnl tude T?,ﬁ g ggrl}lgle mOde layshgrshg t\/\zggr?&?%%n%% Ee Sa c?hvgl t age,
etc., to deulelrtmhweramhi &6 abd A8 (Emdﬂéo\.le)tcoptmtlb%ravhﬁl QSéged 2&6 amm&ls ate for
bi as at t oS t t exanpl e,
waf er bi agﬂc‘ﬁ? ﬁvgt elg‘L gm n@opfshge]eat&]%(ra%exegnm?ang% ie{?ﬁiéysﬁg% 0?%2‘3%?5‘% relation
to non-| i theanods] bigsraf thegiraphs 286 mpd 286l it determinadatsingranbeguelecan Vet age and
the non-I pgagd pL&ﬁg@e{P@ | TB&D, where 3V8H N 2bre EHRITPY e R Erudll ATncCitlifi Ul at ed
using the three raheters |s nmDre accurate than th eterm ned using a
vol t age phlokg:the path 353 (Foomol). 11607 represents regunisnt magnithde ataghe poingPedhe
above- desghibge aoﬁb%fe%hé?uﬂﬁdeaaﬁ ﬁme%ﬁ?réébe?s Mot fRicief! VBN 8 cbBriGerpab@| el pl ate
pl asma chanber, e.g., a capaC|t|ver coupl ed plasma chanmber, etc., in some
enbodi nentssﬁcoffﬁ@eléb@ded@essc?rqobsé@tb%@r ations apply to other types of plasma
chanbers, f asma chanber including an inductivel coupled pl asma

a

(1 CP) reactor 100194} o Figusy 2OD icodiserm o A FRPTTSDY of @Eehn?Es8 #WdicPor t ool s,

di el ect ri Qubed Shat ek %SﬁT&oﬁélé’tmﬂelﬁetWéMi' szJu@& merethectar PIBAeE Yids OO
resonance (ECR) reactor, etc. For ex RF_generator and the y

Mz RF geAdPaitsh using thegneshed 340 Figyre; Wébdﬁ? H’Fth\ﬂﬁi t315ﬂ FF‘%‘W’el?)di mathed 93 chanber .

[ 00203] | tFigre m)sa}ldmtegslr ih RRtmedef iR Othe lRBhOIBBIaAY DI Ge ploMEn @mRnfl@scr i bed
as being perforne the grocessor of the host system 130 (Figure 1), in

sonme enmbodfMignp e gtrarﬁ’é S B3PA LT HRBuRReR) Ap exchRt thah 8Pl 288 Ard 30 el ocessor s
of the hoshesthekand | ¥MHZKF fnerdidlstardbif; aftl € 2 SHO BE gdneritdr isl . eMb@Sler, Sy St ens.

[ 00204] It sho ot ed .t al t t he bove-descrlbe odi ment s
relate tolf r’BQAJLg}% of eRﬁa@Sgbﬁgla“F&%HggF%%? efSHEt rotfaiym %ﬁ?@s@ 177
(Fijgur es band +1&)27>asqd 12 +td227*\/id2ﬂ\AEE122’B‘|IEE-§ fzzzdesqﬁf(mme gESCw:hQ% fBirgure 11),
and groun G es an e and 11 in

sever al ﬁbzg'gl th‘ggjhl‘: ‘é%'zznﬁrl'd l% praé?/f%fg%c“gnbs g?fL %8% B8t odes 179
and 264 whalhe the Iovver el ectrodes of the ESCs 177 and 192 are grounded.

[ 00205] Enbodi nents described herein may be practiced with various conputer
system confi gdﬂ&l%bnflgumzﬁlmhmg dhagrach bfedrd ethbodihae of lgrnph$292nindr2%rtocessor

systenms, Eﬂugtrra(?eo U RES s 93&%rerg1atEr B & a{”&‘i‘:@{i Syt g nghezcbt{s ALCR

m ni conput e ers and inenta can al so
be practi deghmmaddxsmg rthebmtth«zﬂ onibiguienitd) ethy metwodBhit Fighied® drasdisdaicd

per f or med jhy, £ $APLR RREER HeWHodPEiIAVARHE ghiBhd 502l0R 0o ALE plokdSRY iipuIn a

net wor K. _
similar to the graphs 276 and 278 (Figure 20A) except that the graphs 292 and 294 are plotted

when the x and z MHz RF generators are on, and the y MHz RF generator is off. Moreover,
the model bias of the graphs 292 and 294 is determined using an equation a260*V2 + _
b260*12 + c260*sqrt (P2) + d20*V60 + €260*160 + f260*sqrt (P60) + g260, where "a260", |
"b260" "c260", "d260", "e260" and "f260" are coefficients, and "g260" is a constant value.
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[ 00206] Wth the above enbodinents in mnd, it should be understood that

t he enbodi nents can enpl oy vari ous conputer-inpl enented operations
involving data stored in conputer systens. These operations are those
requiring physical manipulation of physical quantities. Any of the

operati ons de ed ere that., form part of the enbodi e useful
machi ne operaﬁﬁ‘&?g] Hl ‘?rﬂﬁg@ma‘?fp%‘ frafodiment pgggplp.f #Bgvﬁ'?efb&rfﬁ or an
appar at usillusttateD eaf ﬁfefB n;ga tcbﬁaalo@pmtxadehms\urea' hexfappal at msdeleyasbdatsipeci al |y
construct ed for a spec ufr DOSE CO. fin as ial
ur pose. cates Ssfh B Bt 1P BRI R N s ar o et SR RS o ogr am

execut i on(Rigur¢ D‘A)tanﬂeﬁ efrbrdh tiRrmeodelDiasp atht gabhst 196 asP29s Aa¢ plptedin aenanidei | e stil |

bei ng capabl.e of ope j_n t he ci al ose. i,ments,

t he oper af' F‘gﬁrsoﬁ’&ﬁpa@ésagpcﬁ’g‘eé@e(glgﬂv 22%%’??8?% %‘u B Jg@S‘ng%P%eafemimggctl vel y
acti vat edwben tbemhhcgumﬂ Rﬁlgeoaetomrarermr endctberp M}eerli)gemglram &t dvleoven t he
conput er .cac r._a.netwo bt ai ned
over ' nelBanid pRESE: shns HEdriedt eyl e o it S5k Re

net wor k, B2790*123 +cd2G6@ksqf (Eflibrpudzm@k\lrﬁéwunﬁetmo + f2760*§@0m1 +Q286®r nor e
enbodi rrengvﬁerga'gﬂ%bsob%of a‘?ﬁj6gat %97 s &9 Utaﬁﬁ %ﬁ@ﬁi‘abzlrg cgaﬂaerﬂp £hd
non-transitory conputér-readabl’e nmedi’um The non-transitor

conput er - @236HL$ ecarstaditiyalué.s any data st orage hardware unit that can store

data, which can be thereafter be read by a conputer system Exanples of the
non-t r ansi t or Y08 Ah utFégure 334 abp eliagead ofrin pwbadiracnl of @raghy I@sandn@vier k

at tached ﬁfu@tﬁfwﬂlaﬁ N‘%ﬁ) is RQrelRAM b&@é@ﬂa&twugﬁ S\ﬁa‘fcﬁ% @CRoiPYRAs: that is

CD-recordables (CD-Rs), CDrewitables magneti c tapes and ot her

optical afderwred g dhe methedy 34 Greatsel %I\W&F’“@d éﬁl thgurerh@ Horethadaiedi t ory

conput er - (gARAPT ) ABH IeHH if AR thatie] BISE 180 FRIEELI02R@96P4-€ ploA&itih BInfanhi&di um
di stributed over a network-coupled conputer s stem SO Fhat t he

conput er - PFiEdap the exaphe276and L5 wum?@%ieemtt@a he §raphsi0 apq fraEsapletiedhi on.

[00208] AlhbpPueR, ¢ iR 7mibed ‘;@M&%h@%ﬁ iMbrdoR&, ﬁltmmtat opthegfagwﬁ)ﬂ Figure
13, Figure 15, and Figure 17 above were descr| %@y I c_order, it

shoul d_beaith¥ stdsisEminetapsing HepaRBRISEREE VA B%%P%tl? CS'n“s22 sq5le®Bof or med i n-

bet ween oper78b+\@0S, ezgvao@menatzmossqﬂmobe g@ﬂ%@ﬂtﬁdl- mmd?f&m -I-tlb%()%ﬁur at
slightly different tines, or distrib whi ch al |l ows

t he occur f&rite 4)427§91e‘”litf’rf%cé%2§§91g B%?g?%tl 6?’?%6% '92%7?(6!&1562239%1’ v ssoci at ed

with the pgog&sshigeo8snd YIc@Sard ARfRIeA asd1 19760f istakensamevdi®y operati ons
are perforned in the desired way. [ 00209] One .or nore features from

any enbodi ment[oo®g] bFigwsdi nedblotk diagne ofan BMb&lihadbfl the hoafsyaey 180.her

enbodi nmen t hou rting fromth desgribed in vari

enbodi nentt L e iR S et T6f S8 Seufroil' B8 % Bl 37 8 Mough «ne
f or egoi ng oapindiil &M bs inpancatpae @) dastice BSY an HOSﬁIBf&cEIGS@Ialnethk iperfpeses of -
clarity of un r n it be a At n,chan and
modi fi cat FYHE éﬁ&®%§T%8ta b&&ﬁ% i pﬁo‘{) Sgrg 05'8 ofagf Ely gé;%pte’ﬁ@e’ﬂgﬁﬁa

Accor di ngB§Q, thehanupn EBLFR2, dwtiﬂljmmfates%aar ehetl(O berfacn386c endettic 24C i3B8 ast r at | ve
and not I’eStliI Ct. not ted to the

ed w1th eabh glgllejr via d busgge)ﬁm dca*npl%s t%f I;'nput 3%8 mc'lurgle a fnpuse

details gi V@R her eitn, € scope an eqw val ents

of the ap;hegmdad a:kta].usr&tc Eiamlplvsoﬂthe,@utput HUchthrclmletaehspiaw mgpewlef,ar abi as, the

met hod Conpmfngelltl%g ‘thereof. The display may be a liquid crystal display, a light emitting diode S
display, a cathode ray tube, a plasma display, etc. Examples of the NIC 388 include a

network interface card, a network adapter, etc.

[00199] Examples of an I/O interface include an interface that provides
compatibility between pieces of hardware coupled to the interface. For example, the /O

interface 384 converts a signal received from the input HU 380 into a form, amplitude, and/or
47



detecting output of a generator to identify a generator output conplex

vol tage and current, the generator coupled to an inpedance natchi ng
circuit, the inpedance matching circuit coupled via a radio frequency (RF)
transmission line to an electrostatic chuck (ESC) of a plasna chanber;

determ nin romt.he ner at out put . conpl ol tage an urrent a
br o) ect ocHEshhImRE O IS Bisciozn - itpngr s e Vor SRS S8R EE feen an
out put of signairesdeivedofrorh lile: bus3el &g e foral, amplitgdes hdiati speed rdmpativiedeith bk t he ESC,

the determ nit@ﬁ] B the projected conplex voltage and current perforned
using a nBURY For®“at | east part of the path, the nodel for at |east part of

the path char ;[ﬁéz%Bjcz i %oﬂﬂyﬁé 68tk GRIRONGAL Sem%hém@?t&h\?afaﬁ&ﬁs' isapgsg to
appl ying the projected conplex voltage and current ‘as an | hpu 0 a
functi on daermie a dieenpirgojobageabit conpd ©xclangl thagerk prede Elir(Fignte 1) & the Ba€er bi as

val ue at - d .claj erel tion is
char acter?itﬁ% gP S?ﬁﬁr@l@&ﬂé@ar&%&b@{sﬁg?@éf {é@pf}%né\éﬁr%tl;l%s%hg@})&;? ributes
of the pathgure\Har eioneledirodesr vjtkint thel ESEnpT /e kaveoinatalyre aplthgeu withmpppsiteused i n
the sunmmagi; 08, coca 131 af, uel Bhimi with &8l feriite Physi cal
attri but e_&élg‘?lef? Eoe(%lﬁgq ﬁégdgi g(spdeecrgil\%le et\}}glgﬁgg%rortn}%tegs@%’a“{ a. 4. The method of
claim1, whereseninwithia theplesd shamben 1dynyolpges Haprlied de itheetvoy eleeiodesaprd a

const ant, 4 y=Yey | ' Lt Si:and .fi.cients,
dltfﬂgf‘ec:g?ﬂfg&?g&en@ﬁ# 18 dopdneRs bk ése&e"@gme. bidd 1£ Q&fidus

the magni t udes fromthe projected co ex voltage and current, the
coef fi ci epmbodiments; waferkipsss nsed td qeadp e faribing athpF¥G E4l Figdgd)-i ng data. 5. The
nmet hod of claim 4,1 wherein the coefficients are coefficients of the
magni t udes. [00201] It is also noted that the use of three paramgters, e.g., current magnitude,
' voltage magnitude, and phase between the current and voltage, etc., to determine wafer bias

compared to use of voltage to compensate for bias at the ESC 177 allows better determination

of wafer bias. For example, wafer bias calculated using the three parameters has a stronger

correlation to non-linear plasma regimes compared to a relation between RF voltage and the

non-linear plasma regimes. As another example, wafer bias calculated using the three

parameters is more accurate than that determined using a voltage probe.

[00202] 1t is further noted that although the above-déscribed operations are
described with reference to a parallel plate plasma' 'chém'lber, e.g., a capacitively coupled
plasma chamber, etc., in some embodiments, the above-described _operations apply to other
types of plasma chambers, e.g., a plasrﬁa chamber including an inductively coupled plasma
(ICP) reactor, a transformer coupled plasma (TCP) reactor, conductor tools, dielectric tools, a
plasma chamber including an electron-cyclotron resonance (ECR) reactor, etc. For example,

the x MHz RF generator and the y MHz RF generator are coupled to an inductor within the
ICP plasma chamber.

[00203] It is also noted that although the operations above are described as being
performed by the processor of the host system 130 (Figure 1), in some embodiments, the
operations may be performed by one or more processors of the host system 130 or by

multiple processors of multiple host systems.

[00204] It should be noted that although the above-described embodiments relate to
providing an RF signal to the lower electrode of the ESC 177 (Figures 1 and 18) and to the
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6. The nethod of claim4, wherein the enpirical nodeling data includes data
obt ai ned based on neasurenents of wafer bias at the ESC, based on

determ nati ons of magni tudes of conplex voltages and currents, and based on
an applicati on of estimation statisti cal met hod to the neasurenents of the
waf er bia

t he ESC £s of co | ex oIt n rrent,
t he det err‘ﬁ ﬁ’é‘f]f’%‘r‘?deo‘? t{léﬂﬁ%ﬂ@ﬂ%@é %r8?ﬁ9'1“5>{ ‘&p’?r% §7§ﬁ%r2§%t s made
based on tHigurésnp@dang & sl@ﬁetrﬂlambqhmadeltheamklgdaas poaikd foahe gipet @aatdesart of

o tirat ot Gandds RIS %Ltp St 0“3“?%%#’69%59&2#’6”%‘: B Constant - wher oi n
the 11t ProGos] ® ihuBiATNCeQlind RISLHLGE Tl At hl.Age, MRAD! t ude.

t he second pr and a curren gni t ude,
the thir dS)pteodehﬁgusatlanqanmdmhng chrhnchherhd)dfafdvareenmitandncaom’opﬂmoe systens,of power ,

the vol taﬁ.ﬁ% C&@&BP%%#;’S{] P%gié%%aﬁl%o&%u?ﬁr %fe?dr& éﬁeﬁmﬁ Wk, WRhdrge and

current, urren e extracted fromthe projected conp ex vol t age
and cur r epemputenearglothe likeraghe ¢mbhdinecatscagh atse de fpragtisedHe dcsmhu@dtcoma'gmgt ude and

the Vol ! agRARAG WiSe bk ofe JTROARA ol RimdLHELIY A B BlafSe hi et hod

conpri sing recei vi ng ne or re ge er at out put conpl ex vol t ages
and curremr@ghéastwpéid at one or nore outputs of one or nore generators, the
one or nore generators coupled to an inpedance matching circuit, the

i npedance nmat dAPAO8T ciWiehthe abpgpireRpdipeats n mind. gt tholdrenengersinng that s i ssi on
line to apmedddRddiQahinply (itbak cdhpater-ifpleden daspRmiti S 3UdRAng data storébEher M ni ng

fromthe one or nore conpl ex voltages and currents: projected conpl ex
- vol tage aRUMRYET sEYRMsat Thesepenerstions) ah fhose fsatinnsHpltysied imapinsgen ofphysipd

i mpedance gamligdi %ycéfrtﬁélbﬁerzﬁiaﬁis @esERYA@ her@in t’thIQ‘orES Bihﬁe RREEdidents are
char act erl zi ng physi cal r;rr‘gonents al ong the calculating a
Olﬁy

waf er bi a¥sehil maghine,epersfi & PRBCHARISALT] ré‘&‘f"%@ ac‘zﬁfﬁma&uwreaar&a&ﬂa current

as an i Nper geordhidgiiRede Pbratichs. W@apm}ah@dn@fbecdpedlmy&onMawm a dpecifiunct i on
is characterized by a summatjon of values that re retie g si cal
m& €\rem 'ﬁé

at tri but e8VBPSCtRBPHER h WIRHEPEICH % HeSPRTidj RIBIOEH “BritfOcur rent
i's used i Berfdi® GhFTHASJe@gOpropiafh @budids or routines that are not part of the special

purpose, while still being capable of operating for the special purpose. In some
embodiments, the operations may be processed by a general purpose computer selectively
activated or configured by one or more computer programs stored in the computer memory,
cache, or obtained over a network. When data is obtained over a network, the data may be

processed by other computers on the network, e.g., a cloud of computing resources.

[00207] One or more embodiments can also be fabricated as computer-readable
code on a non-transitory computer-readable medium. The non-transitory computer-readable
medium is any data storage hardware unit that can store data, which can be thereafter be read
by a computer system. Examples of the non-transitory computer-readable medium include
hard drives, network .- attached storage (NAS), ROM, RAM, compact disc-ROMs (CD-
ROMs), CD-recordables (CD-Rs), CD-rewritables (CD;RWs), magnetic tapes and other
optical and non-optipal data storage hardware units. The non-transitory computer-readable
medium can include computer-readable tangible medium distributed over a network-coupled
computer system so that the computer—readablé code is stored and executed in a distributed

fashion.
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10. The method of claim9, wherein the physical attributes of the path are
derived values fromtest data. 11. The nethod of claim8, wherein the
function is a sumof characterized val ues and a constant, the characterized
val ues includi ng magni tudes and coefficients, the magnitudes derived from

constant | ncor BEPRL | Auhieh T maPod BB ERL by Ro" 5 oHbeS R A1 i m 11,

~ Wwherein t Rigueasf inddigind $7 abore ool debdibedinsa gkcifit erdei @rshbuld 88 undedtoodhe met hod

of claim11, rein the empirical .nbdel.ing.data i ncludes data obtai ned
bscd on faueli Shikebiss ofRisn fit ol Beromad BB R Ehr R (R BRAIAL | one of
magni t udemaphe adiofedso thal heygeunndcslighiy diffesnt e, basey bodisaibuapph hcat i on of

estimation statistical thod to t measur enents .0 er. bias at the
hich s Jp of

f the waf

ESC and t B&“Had Q¥s 4 CEHPFER Vollf AYRCENE LRFHORE ,aptvﬁ%"“ae‘{“&?v “nation of
~ the magni tssaetésedofvitc olp prexessing, taagesg an thecprodessivigs ofivtiel eovedaye dpeaatiobsherei npedance
-mat chi ng rré)r%eleaaigqlet heiregogel for at least part of the path. 14. The net hod
- of clali mg, Wher e ndte & 'Yicti on includes a sumof a first product, a

second product hi angd - reln. f1rst product
is a product O[POZQNEOgn ? iogllrngﬁtfg atéuﬁe a v%Tyfeg%ghlan%gfnr?wt}%é}ntgﬁ§§gilc))l%_ pr oduct
is a prodwmere fshturgs obany jodice gmbedintent withope Aeparing rfrany dhe, scopee deshiibed ipr oduct i s

~a product frtenGldeRtibang a4 pReURES QR of power, the voltage
magni tudevﬁggﬁ%@iﬂecfln%rdg% lt)ﬁle |tor 81 ect elgc conpl ex voltage and current, the

current magni trgeke] dedhbidhGRE fordBink RELRERAERS hAHd beQRE&ibed H {ad&caNd
current, the power magnit-ude determ ned fromthe current magnitude and the
vol tage nRjrRvmeERs. of Jaritn qfetrnderianding db el henthRgreHathal cosiais chapgrs 49t hod
conpri si Ngodificationd & Mel Jrackin@ Wicid 102 tsc&R MR liXappétldbd eRinAN da & bidin@ Rt meeasur ed
at an output of a radio frequenc%éRﬁlzi)p generator when the RF generator is
coupl ed t BregEnplcHSPHMENE o PF £ORTAeHpaY dHsEativaranri Ry TESHAyFt and e
I npedance e fBdderhdntOirCidt € bel it @Y kd e aklailsiHléh herei P thay e Mb&ifiedwvinh tef the RF

generator and an out put coupl ed dto,an RF transm ssion |ine;
scope and equivalents of the appended claims.
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generating an i npedance matchi ng nodel based on el ectrical conponents
defined in the inpedance matching circuit, the inpedance matchi ng node
having an i nput and an output, the input of the inpedance matchi ng nodel
receiving the first conplex voltage and current, the inpedance natching
nodel having one or nore el enents; propagating the first conpl ex

vol tage and current through the on€raimmgore el enents fromthe input of the
i npedance matchi ng nodel to the output of the inpedance matchi ng nodel to
determ ne a second conpl ex ‘voltage and current, wherein the second conpl ex

vol tage and1CW memMbd fof ddrmidify Wafkbids, 8¢ mbiied éompediagce mat ching nodel ; and
determ ning a wafer bias based on a voltage nmagnitude of the second conpl ex

vol tage and cur r entietecHng tput Af 2 RAGTAICE (pdendfy & gReTAIALUNRYt EBRRK*XRIRES| t age and

ggr r$ﬂt, anﬂ ?n@]gm&rn, _fmg?n;w&eoqﬁthtbgn mRReadide ﬁ@tﬁﬁlt@éﬁmﬁ?“ﬁﬁg@ec&ﬂ& current.
. e nmethoad of .clalm , ereln determning the wafer Ias conpri ses:
calculating t H@tmirc%‘@HPlﬁ‘ﬁgéaB@éoeféquwcy H%FM%{'%@@HA%M Ayde and t he

current magni teud@osta®d Ghuck (ESCO A & Plasthd dhgmBersum of a first product, a second
product, a third product, fgnd a constant, ein the first product is of

whe
the vol tage magni t SUE™4HRE °“Pfhf'§fne&aé(§f°flfpﬁﬁcéﬂ‘§’{extv et @SB B Aoduct is of the
current nmagni tpigectairdmples eslapelamieafrént i a2pvint aldhgla pdiiebdthehdn phitpatwch |1s of a
square root of th ower nituyde and a.thir efficient. 17. The met hod
of ol ai m 15, VREPE PedEpPeR MG eI Rt 2 et 6 Fisi e At i eld on
whet her the RRhggoiested @inplex voltage i cufbs peEEdrhed usihg £madenfot b ledstigattioe r
conpri si ng: ener at.i RF trapnsm.ssion model. hased on circuit
component s derPsRe i e ot fees ret S B TR PR ed Pmee S on rodel
~ havi ng an i npuflongtie path; adt put, the i nput of the RF transm ssion nodel
coupled to the out pujof.1 he Lpedance mroh nd.apdel 1otfie B thapsm ssi on
nmodel having a por FPON"E WhEPETR f(hep Vel eree P ag™ea AP EPH "RA S e out put
of the RF transapithsprojactedab@lplegopkage and current to a wafer bias value at the ESC

model.

2. The method of claim 1, wherein the function is characterized by a summation of
values that represent physical attributes of the path, wherein the projected complex

voltage and current is used in the summation of the values.

3. The method of claim 2, wherein the physical attributes of the path are derived values

from test data.

4. The method of claim 1, wherein the function is a sum of characterized values and a
constant, the characterized values including magnitudes and coefficients, the
magnitudes derived from the projected complex voltage and current, the coefficients

and the constant incorporating empirical modeling data.

5. The method of claim 4, wherein the coefficients are coefficients of the magnitudes.
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19. The method of .claim 15, further conprising: generating an RF

transm ssion nodel based on el ectrical conponents defined in the RF
transm ssion line, the RF transm ssion nodel having an input and an out put
the input of the RF transm ssion nodel coupled to the output of the

out put o 1 Re BETEPARCr e RhgbR e WoabRuhos Bulsncl 20l B o ei

the el ectri calbageamﬁﬁmteme@ﬁs ORFaférrlﬁzﬁSithESO,rbakddnﬁ detasingdi@ncefpaci t or s,
i nductors, or a co n thereof Smi SSi on rm&el i ncl udi ng

one or rore el GHEH So\ﬁﬂ'gpngottaﬁee”@?%memts a"%%’ %"ﬁ'—apf’rcé‘tlﬁgnm ssi on nodel
have similar chimaiot eniisitdl aethad td thateshretmbngs eﬂtm:w:rferdazis acﬂnerﬁ@ﬁeam theof the RF
transm ssion |jine the first. conpl ex
~“vol tage and cd‘?algglmtdesroefccgmglg’c(iv?lgg%"gé:ﬁ?een thetdlfeﬁgma' *OERE e ﬁf gener at or
w th a vol t ageompldx geltapesrand mbemaﬂhbasmmthgmpadmic&:matcleng mpdebiyel thal | br at ed
according to a_pr r The nmethod of claim?21, wherein the
pre- set formul'a Flgfof'ﬁi aét 8%}&5%]? The net hod of claim 22, wherein the
standard is a National Institute of Standards and Technol ogy (N ST)

standard, whergl o, e o GhihAI&n Hﬂ&ﬁ@ﬁnB%&Q%shﬁoP?HRi@Qm%4%h an open

circuit, a short circuit, of &P % to calibrate the voltage’ and current
pr obe to conplsycongd piedude thirdyFodict patbe cpnsta, whepein theﬁhbmodmtlela@rq‘ivqa wher ei n

the second complxrtal 496 Ak STk, hOSkHAFROL hAdR Yol ue, @ current

val ue, and a phase between t urrent val ue.
coefﬁc1ent and a current magmtude e third product is a product of a coefficient and

a square root of power, the voltage magnitude extracted from the projected complex
voltage and current, the current magnitude extracted from the projected complex
Voltage_ and current, the power magnitude calculated from the current magnitude and

the voltage magnitude.

8. A method for determining wafer bias,.the method comprising:

receiving one or more generator output complex voltages and currents
measured at one or more outputs of one or more generators, the one or more
generators coupled to an impedance matching circuit, the impedance matching circuit
coupled via a radio frequency (RF) transmission line to an electrostatic chuck (ESC)
of a plasma chamber; _

determining from the one or more complex voltages and currents projected
complex voltage and current at a point along a path between a model of the
impedance matching circuit and a model of the ESC, the models characterizing
physical components along the path; and

calculating a wafer bias at the point by using the projected complex voltage

and current as an input to a function.

9. The method of claim 8, wherein the function is characterized by a summation of
values that represent physical attributes of the path, wherein the projected complex

voltage and current is used in the summation of the values.
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25. The nethod of claim15, wherein the elenents of the inpedance matching
nodel include capacitors, inductors, or a conbination thereof, wherein the
el ectrical conponents of inpedance matching circuit include capacitors,

i hductors, or a conbination thereof, wherein the elenents of the.inpedance

mat chi ng no hav |.ar caracterls as that of the electrical =
conponent s gg er}‘?aég]?i ‘frﬁlﬂlﬂl"?g}’héf‘i‘?"’iﬁ‘frtb“tes %‘gﬁe aIFrH‘frP(SQi 33 clai m 15,

wherei n the V\I&f&ﬁtehldaﬁ, is for use in a system wherein the systemi ncl udes
an RF transm ssion |ine and excludes a vol tage probe on the RF transm ssion
line. 27. The nethod of claim15, further conprising: generating an RF
transm ssi oni/m@eletHod seelaiars, aheeinthefahctionBRGEADE &mfeﬁmd/aiués dnba RF

transm ssion line, the RF transm ssi &q nodel gjgaw gg %P t and an out put,
t he i nput of  199Bsts the chpraciprized yalu ing MAshiges A eadiigent of the

i npedance mat chighudepdeived o the pr(g&:ﬂﬂrcainplﬂgvdﬂ.ﬁg@hﬂ@:ﬁﬁ@ﬁ,&mdo@fﬁehm@k (ESC)

nodel based on éﬂ% E F]J Sti cs. of rosdt tic chuck of the plasm
chanber, the ES guan ‘gv‘if%"dagﬂ%el“%\ﬁ REENAPUt of the ESC nodel coupl ed

to the output of the RF transni ssion rmdel wherein the wafer bias is

det er m ned alE hee(a1 t he ES Ia|m15

LB ad_of.
wher ei n propagati ng fj Fd?lfnrlsltwceé% gfogg?l%%saéegoﬁ?éeﬁlﬁ%& Hfaﬁro Sh t he one

or nore elenments fromthe input of the |rrpedance mat chi ng nodel to the

output of t qg 'th%e%g%?clw ﬁh H(%CIFH'Q%;TIR n%aldn?odgﬂr%ﬂ% 130&1%&:? ga?ao(ﬂ)(?alr}: (arrpl ex .

vol tage and Current conp ex vol tage
and current vmltalsndmnameamnetrmntmﬁwaﬁeeblaﬁcmiéﬂe\ﬁSChbaaectmmetenpmtamed mat chi ng nodel

b a_‘s ed on the fﬁl&g?lrtucféggpéo%lex voltages and currents, and based on an application of

estimation statistical method to the measurements of the wafer bias at the ESC and the
magnitudes of complex voltage and current, the determination of the magnitudes of
complex voltages and currents made based on the impedance matching model and the

- model for at least part of the path.

14. The method of claim 8, wherein the function includes a sum of a first product, a
second product, a third product, and a constant, wherein the first product is a product
.of a coefficient and a voltage magnitude, the second product is a product of a |
coefficient and a current magnitude, the third product is a product of a coefficient and
a square root of power, the voltage magnitude identified from the projected complex
voltage and current, the current magnitude identified from the projected complex:
voltage and current, the power magnitude determined from the current magnitude and

the voltage magnitude.

15. A method for determining wafer bias, the method comprising:
identifying a first complex voltage and current measured at an output of a
radio frequency (RF) generator when the RF generator is coupled to a plasma
chamber via an impedance matching circuit, the impedance matching circuit having
an input coupled to the output of the RF generator and an output coupled to an RF

transmission line;

53



vol tage and current and characteristics of one or nore elenents of the
i npedance mat chi ng nodel coupl ed between the i nput of the inpedance
mat chi ng nodel and the internedi ate node; and determ ning the second
conpl ex vol tage and current based on the internedi ate conpl ex voltage and
current and characteristics of one or.nore ia%?rrentze of the ir’rgedance

8 c

mat chi ng model  coupTSHEIREIERHIAPEAn e XS] beee WSHETSHEOPRERt put of the
i npedance mat clefimg inhe @hpedZRe mhtehingeirdvitgthe fmpeldaicemibhinginedet havidgha RF
transm ssion nodel Jncludes a | .of an RF tunnel, and:.a npdel of an RF
Strap the Re TR 0T Be e erPsdhag e B & iR
system f or detoempler volggvafdenrrérit abke inpedaned matectdng wédel having onooran@e nore radi o

frequency (RF) Jenerators for generating one or nore RF signals, the one or

nmore RF generators associated with one or nore voltage and current probes,’
wherein the one or propagatingth¢ gecomptbx voktage atd qurrelielgoggheheomnor goreed t o

nmeasure one or ,nore.conpl ex vel.tages and rrents.at carrespondi ng one or
Tor e out puts GRS SRR Pt BERBaRE falehink FOAE e BORRSERR P o
circuit coupl echp¢dandeheatchivgs noode o deterlrfinegpeseemd tomplex voltage and phirana chanber

coupled to the, [ L b6 i LSsian line, the
pl asma chameﬁvqeﬁgéfﬁg%ﬁggnﬁhg}fgégf&?%tat |u£:reﬁéﬁiaé§{é(o E@S({fﬁi{%ﬁ]@%@coupl ed to
t he RF tr ansnimaé¢hing medek andand a processor coupled to the one or nore

RF generators, t hed&érﬂﬁrﬁ&f?&/afg%zﬁsibg%ﬁ%q arvgliage magnitude of the second complex

voltage and current, a current magnitude of the second complex voltage and current,

and a power magnitude of the second complex voltage and current.

16. The method of claim 15, wherein determining the wafer bias :c-ompﬁses:
calculating the power magnitude based on the voltage magnitude and the
current magnitude; and .
calculating a sum of a first prc;duct, a second product, a third product, and a
constant, wherein the first product is of the voltage magnitude and a first coefficient,
the second product is of the current magnitude and a second coefficient, and the third

product is of a square root of the power magnitude and a third coefficient.

17. The method of claim 15, wherein determining the wafer bias is_p_erformed based on

whether the RF generator is on.

18. The method of claim 15, further comprising:
generating an RF transmission model based on circuit compbneh'ts defined in
the RF transmission line, the RF transmission model having an input and an output,
the input of the RF transmission model coupled to the output of the impedance
matching model, the RF transmission model having a portion, wherein th.e wafer bias

- is determined at the output of the RF transmission model portion.

19. The method of claim 15, further comprising:
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receive the one or nore conplex voltages and currents; determ ne from
the one or nore conplex voltages and currents projected conplex voltage and
current at a point along a path between a nodel of the inpedance matching
circuit and a nodel of the ESC, the nodels characterizing physical

conponent s al ong ethg Gtirt} aatn d t?alqsq ission mc():d%{dt?alsleldac}n%leam\é\ﬁfcgrrnpgllel?@ fleeftneé ﬁe poi nt by
usi ng the prolec%ed'cﬁnplex vor age and current as ‘an‘inpu t'6 4 function.
31. The net hodheRF ginaitsidhlineythe REitrandnhisidnumgitl laning sn mpanad sreutpned by a
summat i on of th"fileI Tty oI’ ttﬂg kflir?lpsl;rﬁsss%ntmd%e Yedl Cieaci to ﬁ';[etou Qtugf ?lfe i%%edtalbc% pat h, wherein
the projected Co 18X 0 tage an Ear e 18 TiSEd™ h thePSimrat i on of the
val ues. 32. Thmatehibtghowlielh vhetiaithe vaifsr bigk érdeicrmindibat gieysipoadf thetRE | but es of t he
path are derived values fromtest data. 33. The nethod of claim 30, wherein
the function i's @ sum ol characterized values and a constant, the _
characterized val ues including magni tudes and coefficients, the magnitudes

derived fropgjt | (o] : - . ficients
and the cons éﬁ%n%&%%?%%?%ﬁ?hgﬂgﬁ%F%?%gﬁ&ﬁﬁggﬁwﬁgg§§§§?m%ﬁ§$§ﬁ§%nethod-of

cl ai m 33, wherirglydechpacitase firfduetprsrg cambingtivn tifereof, ehetRS tefnsmisgonyaeflsl t udes.  35.
The method of ighalii ot or HBR Rl Aihe Rt LEAIBURINFGAAdod Meldes data
obt ai ned based on asurenents of wafer bras at the ESC, based on

det er mi nat i ondhayf simiayicharantsisticsfas thaimsItheclogicalsgmpongnis oicthe RE trarsmissied based on
an application;@f estimation statistical nethod to the neasurenents of the
waf er bias at the ESC and the magni tudes of conplex voltage and current,
the determ nation of the magnitudes of conpl ex voltages and currents made

Pﬁs ed on he 1] TRGAR1RE 8f SRECH RSerdR HRlird OshfibevoTRsiehd Eftfenftecdid@®t Part of
e patn.
P measured at the output of the RF generator with a voltage and current probe, the

voltage and current probe calibrated accbrding to a pre-set formula.
22. The method of claim 21, wherein the pre-set formula is a standard.

* 23. The method of claim 22, wherein the standard is a National Institute of Standards and
Technology (NIST) standard, wherein the voltage and current probe is coupled with
an open circuit, a short circuit, or a load to calibrate the voltage and current probe to

comply with the NIST standard.

24. The method of claim 15, wherein the second complex voltage and current includes a
voltage value, a current value, and a phase between the voltage value and the current

value.

25. The method of claim 15, wherein the elements of the impedance matching model
include capacitors, inductors.,“(.)r. a coniiiination thereof, wherein the electrical
components of impedance matching circuit include capacitors, inductors, or a

- combination thereof, wherein the elements of the impedance matching model have
similar characteristics as that of the electrical components of the impedance matching

circuit.
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36. The plasma system of claim 30, wherein the function includes a sumof a
first product, a second product, a third product, and a constant, wherein
the first product is a product of a coefficient and a voltage nagnitude,
the second product is a product of a coefficient and a current nmgnitude,

the third pr ct 1s . a_ prodyct of. coefficient and a square root of -
bower 1 e’ 51 T etia gr it Whervin e SR Pav i asRa et R BT Ex. vol t age
and current, tshQerf iiclud@éanREFGfinérhicktonaink aRCdxeldddsraOmltidaprdde on e RED conpl ex
voltage and current, the power magnitude cal culated fromthe current

magni tude and AT ESe nagni t ude.

27. The method of claim 15, further comprising:

generating an RF transmission model based on electrical components defined in the
RF transmission line, the RF transmission model having an input and an output, the input
of the RF transmission model coubled to the output of the impedance matching model;
and

generating an electrostatic chuck (ESC) model based on characteristics of an
electrostatic chuck of the plasma chamber, the ESC model having an input, the input of
the ESC model coupled to the output of the RF transmission model, wherein the wafer

bias is determined at the output of the ESC model.

* 28. The method of claim 15, wherein propagating the first complex voltage and current
through the one or more elements from the input of the impedance matching model to
the output of the impedance matéhing model to determine the second compleﬁ( vbltége
and current comprises:

determining an intermediate complex voltage and current within an
intermediate node w1th1n the impedance matching mode] based on the first cdmplex
voltage and current and characteristics of one or more elements of the impedance
matching model coupled between the input of the impedance matching model and the
intermédiate' node; émd

determining the second complex voltage and current based on the intermediate
complex voltage and current and characteristics of one or more elements of the
impedance matching model coupled between the intermediate node and the output of

the impedance matching model.

29. The method of claim 135, wherein the RF transmission model includes a model of an
RF tunnel and a model of an RF strap, the RF tunnel model coupled with the RF strap

model.

30. A plasma system for determining wafer bias, comprising:
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31.

32.

33.

34.

one or more radio frequency (RF) generators for generating one or more RF
signals, the one or more RF generators associated with one or more voltage and
current probes, wherein the one or more voltage and current probes are configured to
measure one or more complex voltages and currents at corresponding one or more.
outputs of the one or more RF generators;

an impedance matching circuit coupled to the one or more RF generators;

a plasma chamber coupled to the impedance matching circuit via an RF
transmission line, the plasma chamber inciuding an eleétrostatic chuck (ESC), thé
ESC coupled to the RF transmission line; and

a processor coupled to the one or more RF generators, the processor
configured to: '

receive the one or more complex voltages and currents;

determine from the one or more complex voltages and currents
projected complex voltage and current at a point along a path between a model
of the impedance matching circuit and a model of the ESC, the models
characteriziﬁg physical con.lp_oneht's- alohg the path; and '

calculate a wafer bias at the point by using the projected complex

voltage and current as an input to a function.

The method of claim 30, wherein the function is characterized by a summation of
values that represent physical attributes of the path, wherein the projected complex

voltage and current is used in the summation of the values.

The method of claim 31, wherein the physical attributes of the path are derived values

from test data.

The method of claim 30, wherein the function is a sum of characterized values and a
constant, the characterized values including magnitudes and coefficients, the
magnitudes derived from the projected complex voltage and current, the coefficients

and the constant incorporating empirical modeling data.

The method of claim 33, wherein the coefficients are coefficients of the magnitudes.
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35.

36.

The method of claim 33, wherein the empirical modeling data includes data obtained
based on measurements of wafer bias at the ESC, based on determinations of
magnitudés of complex voltages and currents, and based on an application of
estimation statistical method to the measurements of the wafer bias at the ESC and the
magnitudes of complex voltage and current, the determination of the magnitudes of
complex voltages and currents made based on the impedance matching model and the

model for at least part of the path.

The plasma system of claim 30, wherein the function includes a sum of a first
product,-é second product, a third product, and a constant, wherein the first product 18
a product of a coefficient and a voltage magnitude, the second product is a product of
a coefficient and a current magnitude, the third product is a product ofa coefficient
and a square.root of power, the voltage magnitude extracted from the projected
complex voltage and current, the current magnitude extracted from the projected
complex voltage and current, thé power magnitude calculated from the current

mégnitude and the voltage magnitude.
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