A PLASVA REACTOR CONTROL BY TRANSLATI NG DESIRED VALUES OF M PLASMA
PARAMETERS TO VALUES OF N CHAMBER PARAMETERS BACKGROUND OF THE | NVENTI ON

[ 001] Pl asma reactors enployed in mcroelectronic circuit fabrication can
etch or deposit thin filmlayers on a sem conductor substrate. In a plasm
reactive ion etch process, the etch rate, ion density, wafer voltage and
wafer current are critical in controlling etch selectivity, wafer heating,
etch striations, ion bonbardnment damage, etch stopping, feature size and
ot her effects. Such control becones nore critical as feature size decreases
and device density increases. The main problemis that present techniques
for measuring etch rate, ion density, wafer voltage and wafer current tend
to be highly inaccurate (in the case of the wafer voltage) or nust be
performed by exam ning a test morkpiece or wafer at the concl usion of

pr OCG-SSi n d atB %ﬁ%féﬁ% at e
T g e g R o g ok M s R

power, bias power, chanber pressure, gas flowrate and the |ike) nust be

sel ected before processing a current workpi ece based upon prior results

obt ai ned by processing other workpieces in the chanber. Once target val ues
for each of the reactor control paranmeters have been chosen to achieve a
desired etch rate or a degidietkomieroN aldrpasaiNnElesi red ion density, the
target val ues nmust remmin the sane throughout the process step, and all
efforts ar®ldedi catfdd s ﬁ%ﬁ@ﬁ%ﬁ%l@i@k%%ﬁdﬁé@@%@@b@c’vﬁ@% | f for
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[002] A reI pI’QCb| emé{f t at Iasma rhoca%s lef{vol ut i on and design is slow
and i nef fi% c Y drhat® the scov%’r of  opti mart tar geJt Val ues for the

react or dmmtkraﬁdnrmrtarnﬁnes@e,ofet&durmm,, ﬂnaats;mvmize ciadrbeth¢r essur e and
the like typically relies rotracted trial, and error_nethods. The

sel ect | or?%f;)eﬁctfr gets‘r uﬂ?%?rit R Tt ort Tom T ol S phrantters (e. g.,
source pmiedig dﬁc&%mranmhﬁémﬁfe pdessit e andrddwed | keyhd anachi eve a
particular etch rate at a particul ar wafer {lrrent (to, control wafer
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damage) and &t @rpaldiLitl @r doredensi tagd tahcomfob @iehesel esddvidy, for
exanple) is a nulti-dinensional, problem The nutual dependence or |ack
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| evel s and chanber pressure) is necessarily conplex and tine consum ng.

Ther ef or éledguiinihdthqrss i ana e loptimi Zeedr Ginet thrget daries for the
process PArAIBLE S ddsithg) O ok Tl fas BIC, Jeld Loy 2 LB Spnsuning trial

and error
control parameters (source power, bias power, chamber

pressure, gas flow rate and the like) must be selected
before processing a current workpiece based upon prior
results obtained by processing other workpieces in the
chamber. Once target values for each of the reactor
control parameters have been chosen to achieve a desired
etch rate or a desired wafer voltage or a desired ion
density, the target values must remain the same throughout

the process step, and all efforts are dedicated to



process.
possi bl e.

in a plasnma reactor chanber by controlling plural

Thus, real-tinme plasma process control or managenent has not seened
SUMMARY [3] The invention concerns a nethod of processing a wafer
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3. [008]

FIG 5 illustrates_a transm.ssjon |ine
error. As a resuft, the %ndustry gs typically plagued

with significant losses in materiel and time.

[002] A related problem is that plasma process
evolution and design is slow and inefficient in that the
discovery of optimal target values for the reactor control
parameters of source power, bias power, chamber pressure
and the like typiéally relies upon protracted trial and
error methods. The selection of target values for the
many reactor control parameters (e.g., source power, bias
power, chamber pressure and the like) to achieve a
particular etch rate at a particular wafer current (to
control wafer heating) and at a particular wafer voltage
(to control ion bombardment damage) and at a particular
ion density (to control etch selectivity, for example) is
a multi-dimensional problem. The mutual dependence or
lack thereof among the various reactor control parameters
(source power, bias power, chamber pressure, etc.) in
reaching the desired target values of the process
parameters (e.g., etch rate, wafer voltage, wafer current,
ion density) is generally unknown, and the trial and error
process to find the best target values for the reactor
control parameters (bias and source power levels and
chamber pressure) 1is necessarily complex and time
consuming. Therefore, it is not possible to optimize or
alter target values for the process parameters (e.g., etch

rate, etc.) without a time-consuming trial and error

[7] FIG



transformati on processor in the nmeasurement instrunment of FIG 3. [009] FI G
6 illustrates a grid-to-ground transformati on processor in the nmeasurenent
instrument of FIG 3. [0010]FIG 7 illustrates a grid-to-wafer

transformati on processor in the nmeasurenment instrunent of FIG 3. [0011]FI G
8 illustrates a conbi ned transformati on processor in the neasurenent
instrunent of FIG 3. [0012]FIG 9 illustrates a process feedback control
system for a plasma reactor that includes the nmeasurenent instrument of FIG
3. [OO013]FIG 10 illustrates an alternative inplementation of the process

f eedback ronte®s. syBtesn real-time plasma process control or

management has not seemed possible.

SUMMARY
[003] The invention concerns a method of processing a
wafer in a plasma reactor chamber by controlling plural
chamber parameters in accordance with desired values of
plural plasma parameters. The method includes
concurrently translating a set of M desired values for M
plasma parameters to a set of N values for respective N
chamber parameters. The M plasma parameters are selected
from a group including wafer voltage, ion density, etch
rate, wafer current, etch selectivity, ion energy and ion
mass. The N chamber parameters are selected from a group
including source power, bias power, chamber pressure,
inner magnet coil current, outer magnet coil current,
inner zone gas flow rate, outer zone gas flow rate, inner
zone gas composition, outer zone gas composition. The
method further includes setting the N chamber parameters

to the set of N values.

RRIEF DESCRIPTION OF THE DRAWINGS
[004] FIG. 1 illustrates a plasma reactor and a

measurement instrument therefor.

[005] FIG. 2 illustrates an electrical model of the

plasma reactor employed by the measurement instrument.

[006] FIG. 3 illustrates the structure of the

measurement instrument of FIG. 1.

[007] FIG. 4 illustrates an input phase processor of

the measurement instrument of FIG. 3.



[0014]FIG 11 illustrates the nmeasurenent instrunment of FIG 3, a constant
contour generator and a process set point controller connected in a system
with a plasma reactor. [0015]FIGS. 12, 13 and 14 illustrate different
contours of constant perfornance paraneter val ues produced by the system of
FIG 11. [0016]FIG 15 illustrates a nethod of finding an optinmal operating
point at the intersection of different contours of constant paraneter

values. [0017]FIG 16 illustrates the process set point controller in the
systemof FIG 11. [O0018]FIGS. 17, 18 and 19 illustrate respective
[008] FIG. 5 illustrates a transmission line

transformation processor in the measurement instrument of

FIG. 3.

[009]FIG. 6 illustrates a grid-~to-ground transformation

processor in the measurement instrument of FIG. 3.

[0010] FIG. 7 illustrates a grid-to-wafer
transformation processor in the measurement instrument of

FIG. 3.

[0011] FIG. 8 illustrates a combined transformation

processor in the measurement instrument of FIG. 3.

[0012] FIG. 9 illustrates a process feedback control
system for a plasma reactor that includes the measurement

instrument of FIG. 3.

[0013] FIG. 10 illustrates an alternative

implementation of the process feedback control system.

[0014] FIG. 11 illustrates the measurement instrument
of FIG. 3, a constant contour generator and a process set
point controller connected in a system with a plasma

reactor.

[0015] FIGS. 12, 13 and 14 illustrate different
contours of constant performance parameter values produced

by the system of FIG. 11.

[0016] FIG. 15 illustrates a method of finding an
optimal operating point at the intersection of different

contours of constant parameter values.



operations perfornmed by the process
generator in the systemof FIG 11.
contours of constant wafer voltage,
contours of constant ion density at a chanber pressure of 100 nT. [0020] FI G
21 illustrates an overlay of contours of constant wafer voltage, contours of
constant etch rate and contours of constant ion density at a chanber
pressure of 30 ml. [0021]FIG 22 illustrates an overlay of contours of
constant wafer voltage, contours of constant etch rate and contours of
constant [o0ldensityI@t Acchhhbsetrpressune ptod@sallsef0P22hEI G 23

set point controller of the contour
[0019]FIG 20 illustrates an overl ay of
contours of constant etch rate and

illustrates an erlay of contours of nst ant wafer voltage, contours of
const ant %?%Er?gf rah% EBRt our§€8f ° oﬁggang?ron density at a chanber
pressure of 150 nT. [0023]FIG 24 illustrates an overlay of contours of

[0018]

FIGS. 17,

18 and 19 illustrate respective

operations performed by the process set point controller

of the contour generator in the system of FIG.

[0019]
constant
contours

100 mT.

[0020]
constant
contours

30 mT.

[0021]
constant
contours

70 mT.

[0022]
constant
contours

150 mT.

[0023]
constant
contours

200 mT.

[0024]

constant

FIG. 20 illustrates an

wafer voltage, contours

of constant ion density

FIG. 21 illustrates an

wafer voltage, contours

of constant ion density

FIG. 22 illustrates an

wafer voltage, contours

of constant ion density

FIG. 23 illustrates an

wafer voltage, contours

of constant ion density

FIG. 24 illustrates an

wafer voltage, contours

of constant ion density

FIG. 25 illustrates an

wafer voltage, contours

11.

overlay of contours of
of constant etch rate and

at a chamber pressure of

overlay of contours of
of constant etch rate and

at a chamber pressure of

overlay of contours of
of constant etch rate and

at a chamber pressure of

overlay of contours of
of constant etch rate and

at a chamber pressure of

overlay of contours of
of constant etch rate and

at a chamber pressure of

overlay of contours of

of constant etch rate and



constant wafer voltage, contours of constant etch rate and contours of
constant ion density at a chanber pressure of 200 ml. [0024]FI G 25
illustrates an overlay of contours of constant wafer voltage, contours of
constant etch rate and contours of constant ion density at a chanber
pressure of 250 nl. [0025]FIG 26 is a sinplified block diagramof a plasnma
reactor in accordance with further enbodi nents of the invention. [0026] FI GS.
27- 32 depict a process for constructing single variable functions of
different plasma paraneters for the variables of source power, bias power
and chamb€PnppPessuPé. CPOBLFTEI EPN27CHEPIEYt 3CpRoEBEBRETT BESEEHSEr @éting t he

250 mT.

[0025] FIG. 26 1s a simplified block diagram of a
plasma reactor in accordance with further embodiments of

the invention.

[0026] FIGS. 27-32 depict a process for constructing
single variable functions of different plasma parameters
for the variables of source power, bias power and chamber

pressure.

[0027] FIG. 27 depicts processes for constructing the
single variable functions of the different plasma
parameters in which the variable is the chamber parameter

of plasma source power.

[0028] FIG. 28 depicts processes for constructing the
single variable functions of the different plasma
parameters in which the variable is the chamber parameter

of plasma bias power.

[0029] FIG. 29 depicts processes for constructing the
single variable functions of the different plasma
parameters in which the variable is the chamber parameter

of chamber pressure.

[0030] FIG. 30 depicts processes for constructing the
single variable functions of the different plasma
parameters in which the variable is the chamber parameter

of inner magnet coil current.

[0031] FIG. 31 depicts processes for constructing the

single variable functions of the different plasma



single variable functions of the different plasnma paraneters in which the
variable is the chanber paraneter of plasna source power. [0028]FI G 28
depicts processes for constructing the single variable functions of the
different plasma parameters in which the variable is the chanber paraneter
of plasma bias power. [0029]FI G 29 depicts processes for constructing the
single variable functions of the different plasm paraneters in which the
vari able is the chanber paraneter of chanmber pressure. [0030]FIG 30 depicts
processes for constructing the single variable functions of the different
pl asma papametetrsrs nimhvichchhehwavaabélelesishehehanbebepapameneceof i nner
magnet coi% curéeq%é £093%$F16iu§%edgpicts processes for constructing the
single vart abf e ¥ UA2? i ohs 3ttt ReT &FFrer ent pl asma

[0032] FIG. 32 depicts processes for constructing the
single variable functions of the different plasma
parameters in which the variable is the chamber parameter

of gas flow rate or gas composition.

[0033] FIGS. 33-36 depict an example in which contours
(i.e., surfaces) of constant value of four plasma
parameters are produced from the single variable functions
of FIGS. 27-32 in a three dimensional control space with
dimensions of source power, bias power and chamber

pressure.

[0034] FIG. 33 depicts a process for producing contours
of constant value for the plasma parameter of wafer

voltage in the three dimensional control space.

[0035] FIG. 34 depicts a process for producing contours
of constant value for the plasma parameter of etch rate in

the three dimensional control space.

[0036] FIG. 35 depicts a process for producing contours
of constant value for the plasma parameter of plasma ion

density in the three dimensicnal control space.

[0037] FIG. 36 depicts a process for producing contours
of constant value for the plasma parameter of wafer

current in the three dimensional control space.

[0038] FIG. 37 depicts a process for controlling three
plasma parameters using the contours of constant value of

FIGS. 33-36.



paranmeters in which the variable is the chanber paraneter of outer magnet
coil current. [0032]FIG 32 depicts processes for constructing the single
vari abl e functions of the different plasma paranmeters in which the variable
is the chanber paraneter of gas flow rate or gas conposition. [0033]FIGS.
33-36 depict an exanple in which contours (i.e., surfaces) of constant

val ue of four plasma paraneters are produced fromthe single variable
functions of FIGS. 27-32 in a three dinmensional control space with

di mensi ons of source power, bias power and chanmber pressure. [0034]FI G 33
depicts a process for producing contours of constant value for the plasnma

paraneter[Qg sypier ypitage anEBgoteﬁse Atopgstensh B?nEﬁglc%H%BErs

[ 0035] FI G' 34 depicts a process u0|n contours of constant val ue for
t he pl asnaf papaseset m&lEEChHréh@ threﬁedlmeeél@hﬁéngpaﬁaplcénﬁﬁél space.

[0036]F|Gin3§h968£8&§s§ RBEogess ker producing contours

[0040] FIG. 39 is a view of the three-dimensional
control space corresponding to that of FIG. 38 but for the
underconstrained case in which only two contours of
constant value are specified and therefore intersect along
a curve, FIG. 39 depicting a method of varying the chamber

parameters along the curve of intersection.

[0041] FIGS. 40-43 depict an example in which contours
(i.e., surfaces) of constant value of four plasma
parameters are produced from the single variable functions
of FIGS. 27-32 in a four dimensional control space with
dimensions of source power, bias power, gas flow rate (or

composition) and magnet coil current.

[0042] FIG. 40 depicts a process for producing contours
of constant value for the plasma parameter of wafer

voltage in the four dimensional control space.

[0043] FIG. 41 depicts a process for producing contours
of constant value for the plasma parameter of etch rate in

the four dimensional control space.

[0044] FIG. 42 depicts a process for producing contours
of constant value for the plasma parameter of plasma ion

density in the four dimensional control space.

[0045] FIG. 43 depicts a process for producing contours
of constant value for the plasma parameter of wafer

current in the four dimensional control space.



of constant value for the plasm paraneter of plasma ion density in the

t hree di nensional control space. [0037]FIG 36 depicts a process for
produci ng contours of constant value for the plasna paraneter of wafer
current in the three di nensional control space. [0038] FIG 37 depicts a
process for controlling three plasm paraneters using the contours of
constant value of FIGS. 33-36. [0039]FIG 38 depicts the intersection of
the contours of constant value in the three-dinmensional control space in the
process of FIG 37. [0040]FIG 39 is a view of the three-dinmensional control
space corresponding to that of FIG 38 but for the underconstrained case in

whi ch onl yopug) cont pyEs ok SQB§E€§taVBEHéeééeféPGGbEh%Ql@nﬂgt@%h@fore
i ntersect along a curve, FIG 39 depicting a nmethod of varyi'ng the chanber

paraneterBla$@ﬂgp@h@m@H¢Vé pbingt ehseepnbpurs of constant value of
FIGS. 40-43.

[0047] FIG. 45 depicts an under-constrained version of
the process of FIG. 44 in which cnly three plasma
parameters are controlled in four dimensional control
space by varying them along a trajectory or curve along
which the three corresponding contours intersect in four-

dimensional space.

[0048] FIG. 46 depicts a process for characterizing the
reactor chamber and controlling M plasma parameters with N

chamber parameters.

DETAILED DESCRIPTION

Intrcduction:

[0049] The present description pertains to a plasma
reactor having a plasma source power applicator (such as
an overhead electrode or antenna) in which plasma bias
power is applied to the wafer through the wafer support
pedestal. I have discovered a measurement instrument
(described below) that is the first one known to
instantaneously and accurately measure wafer voltage,
wafer current, ion density and etch rate. The measurement
instrument uses only conventional electrical sensors at
the bias power input that sense voltage, current and power
at the output of an impedance match device coupled to the
wafer support pedestal. The measurement instrument is
therefore non-~invasive of the plasma etch process
occurring within the reactor chamber in addition to being
accurate. The degree of accuracy is surprising,

surpassing even the best known instruments and measurement



[ 0041] FI GS. 40-43 depict an exanple in which contours (i.e., surfaces) of
constant value of four plasma paraneters are produced fromthe single

vari able functions of FIGS. 27-32 in a four dinmensional control space with
di nrensi ons of source power, bias power, gas flowrate (or conposition) and
magnet coil current. [0042]FI G 40 depicts a process for producing contours
of constant value for the plasma paraneter of wafer voltage in the four

di mensi onal control space. [0043]FIG 41 depicts a process for producing
contours of constant value for the plasma paranmeter of etch rate in the four
di mensi onAFCEBAERBF SPAEENTLB048] FP&- 42 depicts a process for producing
contours of constant value for the plasma paraneter of plasnma ion density in
the four dinmensional control space. [0045]FI G 43 depicts a process for
produci ng[@8RPdurs of hewastanentaldue Porsthherpbasmea pavamst ér of wafer

current i@eEQBaEQUEogkggﬂﬁggn%hp§89358|tﬁggcgame measurement

instrument, in which plasma source power and plasma bias
power are controlled in separate feedback control loops.
In the bias power feedback control loop, plasma bias power
is servoed or controlled to minimize the difference
between a user-selected target value of the ion energy
(or, equivalently, wafer voltage) and the actual ion
energy sensed in real time by my measurement instrument.
Simultaneously, in the source power feedback control loop,
plasma source power is servoed or controlled to minimize
the difference between a user-selected target value of the
plasma ion density and the actual plasma ion density
sensed in real time by my measurement instrument and a
user-selected target value for the ion density. One
surprising feature of my feedback controller is that a
measurement at the bias power input is used to control the

source power.

[0051] In addition, I have solved the problem of how to
select the target values for ion density and ion energy.
Because my measurement instrument provides instantaneous,
accurate and simultaneous measurements of performance
parameters such as wafer voltage (or, equivalently, ion
enerqgy), wafer current, ion density and etch rate, it has
enabled me to observe accurately, for the first time, the
real-time behavior of all these performance parameters
simultaneously as a function of control parameters such as
plasma source power, plasma bias power and others (e.g.,
chamber pressure, source power frequency, applied magnetic
field, etc.). These observations have led to my discovery

herein that the control parameters of plasma source power

10



[ 0046] FI G 44 depicts a process for controlling four plasnma paraneters using
the contours of constant value of FIGS. 40-43. [0047]FIG 45 depicts an
under - constrai ned version of the process of FIG 44 in which only three

pl asma paraneters are controlled in four dinmensional control space by
varying themalong a trajectory or curve along which the three correspondi ng
contours intersect in four-dinensional space. [0048] FIG 40 depicts a
process for characterizing the reactor chanber and controlling M plasm
paranmeters with N chanber paraneters. DETAI LED DESCRI PTI ON Introductlon

[ 0049] ThelpVeseAbddesFMpt 6ﬁsp8PW§Fn%eF8laa5¢§§ﬁathe set of

performance parameters (e.g., etch rate, ion energy, ion
density) in the manner of a pair of independent variables.
This discovery greatly simplifies the task of controlling
plasma processing: by holding various other control
parameters constant during processing (i.e., constant
chamber pressure, constant gas flow rates, constant source
power frequency and bias power frequency, etc.), the
process 1s controlled entirely through the bias and source
power levels. I have used this technique to parameterize
all of the performance parameters (including etch rate,
ion energy and others) as unique functions of two
independent variables, namely source power level and bias
power level. From this, I have generated curves in 2-
dimensional source power-bias power space of constant etch
rate, constant ion energy and constant ion density, for
example. A process controller responds to user-selected
ranges for the various performance parameters (etch rate,
ion energy, ion density) using the curves of constant etch
rate, constant ion density and constant ion energy to
instantaneously find a target value for the source power
level and the bias power level. This process controller
provides the target values for the plasma source power
level and plasma bias power level to the feedback

controller referred to above.

[0052] As a result, a user need not have any knowledge
of the control parameters (e.g., bias and source power
levels) that may be required to realize a desired set of
performance parameter values (e.g., etch rate) nor a
corresponding understanding of the reactor's behavior in
this regard. Instead, the user merely inputs to the
control processor his set of desired performance parameter

values or ranges, and the control processor instantly

11



reactor having a plasma source power applicator (such as an overhead

el ectrode or antenna) in which plasma bias power is applied to the wafer

t hrough the wafer support pedestal. | have di scovered a nmeasurenent

i nstrunment (described below) that is the first one known to instantaneously
and accurately neasure wafer voltage, wafer current, ion density and etch
rate. The neasurenent instrunment uses only conventional electrical sensors
at the bias power input that sense voltage, current and power at the out put
of an inpedance match device coupled to the wafer support pedestal. The
measur eneapechsteanenatges thetebdr pamenecitrvasbveecsf (thegpltaswmretech process
occurring i, LA D Lhe, Leackor charer)i p addition to heing qequrate. The
degree of Yaccuracy 15 suPpr|S|ng, sur passing even ffié 5ESt "Known i nstrument s
and neasurefientedt echabques clheeerbtlfyern usetrpQ0bd] ithlkayed aismaent ed a pl asma

reactor having a teedb%ckﬁ;ontrgller.eanOﬁin thistsa measur enment

i nst r umenPIOFRSRhi-&h RlFasfaYs 6UFE83Sower 2hHd Cplashs “Bitas Ypower are

control | edccomsepatat anf,eedbackscankr akeroapy. ihmrohedsi.as meawer feedback
control Ioog, &%asng bi as power is sgrvoe% or controlled to mnimze the
di f f er encE*BEPWEen A u88FIsBPECcEBE CLarget LF I GB tof tohe SR SeRér gy (o,
equi val entl ¥ revwaher tYRetage) iagd thie sagkUalk choBteper gy senrsednen real tine

by ny measurenent instrunment. Sinmultaneously, in the source power feedback
control | 86p" PRASNRIESERCE FORERndi $hEePFGeANdRIc Ot PHI IFEF Tt ®IMCHSH ze t he
di fferencgnhehwBeRea Beekasekeebed barget ewal ue ehet e Rlasne fien density
and the actual plasma ion density sensed in real time by ny measurenent

i nstrumen€xanels - usEPesBFeEt B§Carngét SPEICLE Y 8P Yt KONtdR ldensity. One

surpri si ng teatueesof piy Leagbagk centnekl gk ikesthals g measurenpent at the

bi as power input is used to control the source power. [0051]1n addition,
have sol vedrthempnebl emrefmenewst 6usel @6t etkd tratget oial-ues for ion density
and ion energy. Because ny neasurenent instrunent provides instantaneous,
accurate and sinmultaneous neasurenents of performance paraneters such as
waf er vol fagérpoentedoirvahnetiehnyaneonsdyeMgpp i rwaleP egdiorewince on density and
etch rateP:E 30l 2! BreRSELYE f?%%%%t" 41, first time, the
real -ti me—bef 3 S 0 par-are aneously as a
functi on 8hecggtrol paranmeters such as plasna source power, plasnma bias

power and s (e.Q.., chanber pressure, squrce power fr ency, applied
nmagneti c #?éggﬁ etcB%ﬁefﬁégg gﬁsgg atﬁOng ﬁ§§§mﬁe&eﬁﬁtﬁ§‘§&®c&@'rf‘herein
t hat the caatpel parapetees 106 phaswsifQUECE&apAWd’ chamber 110 in

which a wafer support pedestal 115 supports a
semiconductor wafer 120 being processed. Plasma RF bias
power from an RF bias power generator 125 is applied
through an impedance match circuit 130 to the wafer
support pedestal 115. Conventional sensing circuits 132
within the impedance match circuit 130 have three output
terminals 132a, 132b, 132c providing respective signals
indicating the power (Ppias), voltage (V) and current (I)
furnished at the output of the impedance match circuit 130
to the wafer support pedestal 115. A measurement
instrument 140, which is the measurement instrument
referred to above in this specification, uses the signals
from the output terminals 132a, 132b, 132c to measure,
simultaneously, etch rate on the wafer 120, ion energy at
the wafer surface (or equivalently, wafer voltage), ion

density in the reactor chamber and electric current

12



| evel and plasma bias power |evel affect the set of performance paraneters
(e.g., etch rate, ion energy, ion density) in the manner of a pair of

i ndependent variables. This discovery greatly sinplifies the task of
controlling plasnma processing: by holding various other control paraneters
constant during processing (i.e., constant chanber pressure, constant gas
flow rates, constant source power frequency and bias power frequency, etc.),
the process is controlled entirely through the bias and source power |evels.
| have used this technique tq parapeterize all of .the perfor ce paraneters
(i nel udi nENEPEANT 506, "RARTenePay ANA BERFSFMESCUANGEE GREt hats of two

i ndependeaipvaykapkesesBageby ssaungenpaneelkevel candmbidas pawehel evel . From
this, | have generated curves in_2- dinensional source power-bias power

space of EBAStaAt BPch FALE, MCORSt aAt 1iloHSEREFEY aRdFdGnstant ion density,
for exanple. A process controller responds to user-selected ranges for the
various performance parameters (etch rate, ion energy, ion density) using
the curve$08P4tonst BAE-efcAepPares EHRsPAAEMROACEERSIt P Takd Ceorstiant i on
energy toginstant aaeausly sbi idad LREOSHAYB UGl Ok bR BQULGE cauer | evel and
the bias power |evel. This process control l['er provides the target values for
t he pl asnaageur eeppowkr Pkdeeltaand 19l asmavbhisadlpowencllagdnat ént he f eedback
controlle d _above.,[:Q0 resul.t er,_.need not have any
knomdedgegégggﬁé&go%ggo?’pérggégeﬁgk?gygp? g#%%eggéqgodﬁd ‘Power | evel s)
that nay beremduoirédyeo Aéalizeaa deskerédisgt doklpertfracndecg .par anet er

val ues (e.qg.,_etch.rate) r .a corresponding.under st andi Qf e reactor's
behavi or F%réﬁﬁg?réag?a.l?ﬁs?éa&Pdt egﬁgchnéygl erﬁﬁutgqg%ufﬁélcontrol
processor phegsaseyroiindepiined pésHdr manceepapateinen fvaheepeale sitariges, and t he
control processqgr instantl ci.fies target contrql paraneter val ues
(target séggce géﬁeﬁiﬁﬁarﬁégsﬁggwért@%ﬁﬁe%ﬁetgofﬁeo%eédﬁﬁ@ﬁuf Mt ol | er
referred yeiabeverh&hereaktentedorinbedioknthe apdaseg preodasd emenerid rel y
automatic, and c¢an instantl gcconnndate any changes, t he user may introduce.
For exanplB, VERé°HSer OfBy §§§ i Y @i FPBABATLEECROFALe® 1A SdiOT é5eRt ti nes

during theosametetehmskap, 8¢ khakhpore eldh leateepeavaitlsddurnig it he
begi nning of _an etch process and anot her prevails toward the end of the

process, PorleRGRPLBAITRE G§er ShE&d Rot-Ospéchf FORMACENEr GIF igar &Rt ers, but
only the reshl tg-hg~dgsi bRp16ye8: int REiReEbaLIRICE tRALANRIRNS $Wch as etch
rate, etc.). Instrunent for Instantaneously Measuring Performance

Par anet er §1Enépgapn§EtchhRatd eCrdrdBedsPry BAd e EReIChyas a

[ 0053] Ref epping et 9eFkGr il p3Rkash Leacharc19Qchassd chamher encl osure 105
encl osing a vacuum chanmber "110 i'n which a wafer support pedestal 115
supports gosdnirtondustoeenaf er d20olai ngmpioéegsedpreritasipd RRYbioas power
froman RE,bi r.at.or, i ppLi hro an .i ance natch
circuit 156?t§%tﬁg$ﬁg ggagﬁg ogf%ﬁgdeifgle%fgglédnvgggfoﬁéfqgggsﬁ%g circuits
132 wit hi AItheZi rpedancexmatliclradilecdild t83@nkawenghtée owtputt todr mheal s 132a,
132b, 132¢_prqvidin p i si,gna indi cat.i,n he power (Pol as),

vol t age (ﬁyBgﬁéhgﬁrggkgﬁ(??Eféﬁﬁi%%@dkgttgﬁeggﬁ pgggoﬁ'thg%anedance mat ch
circuit 186akbatheawdtellSupper tanpedestracoblifctArmragurenerin ionsterunent 140,
which is tge nme surgg?nt knstrun%nt r ferreg tot%bove in.this specification,
uses the SPYARFSCOfrémit heBufpat EFRinAPs 1354 1 8263MF35¢ % o neasure,

si mul t anedupliytedt ¢h Fate a@nchheawaken z220thieorlererdyadt privpewafiers surface
(or equivalently, wafer voltage), .on density in the reactor chanber and

Sl ectric. Cbr PBRY DIARAFBuGHoEHEbwaPEr 150 CPTRE CrB gt dfe dE GGt b ane 140

enpl oys pueecagsesnbasedodpontaahaligokki.cakpaedel cafl 1khe theacidkik30. This
nodel is illustrated in FIG

transmission line orzbable 210 is characterized by three
quantities: (1) its length, (2) Zc, its characteristic

impedance, and (3) Ve, 1its complex phase velocity in the
transmission line equation. The wafer support pedestal

115 is characterized by electrical properties of the

overlying and underlying dielectric layers 115-2 and 115-
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[0054]FIG 2 depicts the plasma reactor of FIG 1 in greater detail, so that
the individual elenents of the wafer support pedestal 115 are visible,

i ncluding an el ectrode 115-1, a thin overlying dielectric (e.g., ceramc)

| ayer 115-2, an underlying dielectric (e.g., ceramic) layer 115-3, and a
conductive (e.g., alum nun) planar ground plate 115-4 at the bottom of the
pedestal 115. The el ectrode 115-1 takes the formof a conductive grid in the
illustrated enbodi nent, and may be inplenented in various fornms such as a

conductlve solid plate_or as a conductive mesh, for exanple. V%lle t he

el ectrode 115SEeﬁﬂﬁFcﬁé?évnéP?ePn5§r9§F§Br@ae%8c5§15 &éﬁﬁﬁcﬂlée grid, the
term"gridisag egpheyednte thi sisieeriifd catderdieferst toaldnd orms that the
el ectrode 115-1 may take, such as a conductive solid p ate or a conductive
mesh, or dlebadtlcncveossteen, er, @ff arhm c;hrdjlemtnguaslrﬁescﬂls ]o1f5-a31,y ordal | of
t he foreg | for.e s a coaX|aI cabl e

| e bl
210 conneg%?g ngggﬁPﬁﬁfVanBﬁé ﬁBS&Qﬁézl eéhecp?gﬁ théﬁ £6 ¥ e grid
115-1. Th@lﬁeaXI&bngﬁb[E Zﬂﬂéhﬁﬁl@hné@@ﬁrg£pnd@ﬁtoheZdﬂea@dtﬁmcouter

conductor 214. An_electric del wi.th parapeter ted in FIG 2
characterﬂ?@@rtﬁé5eﬁeéPP|ézl ggﬁpé?998§ 8 Hg 3? R?@actorT DEOO, which are
readily detverm,ngg usbm@c@@wemtay@aall1t5eghﬁlagugsca§@@cilt%m@@l lcy, whhencoaxi al

transm ssion line or cable 210 is characterized by three quantities: (1) its
length, (2§ 2chUunFEdoBhafadter itoei EDimpagatceIaRnd PB) tRBI a1e] eSTESADI ex
phase vel the tran ssi: QR | e upport pedest al
115 is chg%gg¥e??ge ’béﬁzlZg%r?&ggeﬁkgggr?EQE%ggtfhe ovgéﬁgqig and
underlylngldﬂebectci¢ayayeﬂ35}25azdand)1iﬁe c3ndBpedivki dalslsy, the underlying
dielectric |aye

13 ¢D h f fl h
dieIectriEOEBﬁE?ﬁ tOfcﬁﬁeoglFﬁgpg%g%2@ Y€ Péﬁhkclfé%ga aﬁgc n O (1) the

conductive2boss @ﬁﬁ@@ﬂ@@&l@%dtb@ dmebamutm@nbayegm;¢5<so Rangkocﬁa t he
thlcknessS?%gp the dielectri a er %if (4) the radius of the
5

waf er 120 6§eFP§|ﬁBt8FéPéCF F@ Féy@? ©3 ﬁ&éléHQQpééﬁﬁance Cp which is

a functionopkibt) bheat Reekngssi gapb, cehdubeadicel got wingl layer 115-2, (2)
the dielectric constant, Eg of the dielectric |layer 115-2 and (3) the
f

conductlvémP8é§a€6nﬁ6ﬁént FHECEPERBEET Pé -1 aféFN1P5- 2NeS8nD. The pl asma

220 is chanagterizedphy R tadnl hhange r¥pkasmm thko oBE rgrawnd c3ugheas the
interior chanber wal Ps or ceiling) that consists of a real part (the

conduct anBeag§praRananinsaglngrny gépt (the susceptance b). Each of these

el ectrical paraneters has a role in the operation of the nmeasurenent
instrunment 140. [O0055]FIG 3 illustrates the structure of the neasurenent

i nstrumeni00481of FFGG.13 Adluspuetphaséepstcassore3od rtéeei ves the Phia" V

and | s opgls LLomMthe amedance 1B 6t 990si 90 chioyip, 132,9 FIG 1 and

produces respective signals I'ndicating a conmplex 1npe “a conpl ex
i nput curpentessbraﬁdOareoapwes ithpuPrie) tAgend/l D atghhesnéaomendeof the
coaxi al cable 21

coaxi al oaLEqEhepain, tORGTON ISRLATL SAS LmedanCs HED sLgu 190). A
|npedancerZebeandvehelgnambeth@sstdn@fblcoapﬂchhm@e@ahhe tzr,amsm ssion |ine
eq“ation)cékgTéﬁnlﬁkﬁ Eh%%gnt q in an&)a complex input voltage Vi, at

the near end of the coaxial cable 210 (i.e., the end

nearest the impedance match circuit 130). A transmission

line transformation processor 320 uses the characteristic

impedance Z., and the complex loss coefficient Vg, (in the

transmission line equation) from an electrical model 330

of the coaxial cable 210 to transform from Z, I;, and Vi, at

the near cable end to an admittance Yjunction @t the far

cable end, i.e., at the junction between the coaxial cable

210 and the grid 115-1. A grid-to-ground transformation

processor 340 takes radius, gap, € and tanp from a model

14



of the coaxial cable 210 to transformfromZ, Tip and Vin at the near cable
end to an admttance Y -junction at the far cable end, i.e., at the junction
bet ween the coaxial cable 210 and the grid 115-1. A grid-to-ground
transformation processor 340 takes radius, gap, 60 and tanD from a nodel

345 of the grid-to-ground capacitance and produces a dielectric resistance
RD and dielectric capacitance CD. A grid-to-wafer transformation processor
350 takes radius, gapp, 6p and tang froma nodel 355 of the grid-to-wafer
capaci tance and produces a plasma resistance Rp and a pl asnma capacitance C
A conbi ned4brafstoenarientprecessdr capocateBpesanlePsqtpGes &f all the ot her

processoraléggct§4 r§§98§99c%0§9u$§§ &ﬁ@1@9@1$&88§§a8P£§§8@ ghroygh the

plasma from to RF ground onput es the waf er voltage Waf er (or
i on energyyldthﬁwaﬁ@rptagnﬁfadmﬁtﬂ@nceraﬁésﬁpénﬁ@ﬁetﬂéﬁérr@dﬂ@ége t he

following quantitie rec ut ed: e urrent Iwafer | etch rate and
the i on d8ABP1y? PB%S%FPh gﬂﬁﬁa @BL %?? { ﬂ%%s%?éﬁéﬁ?s fg “hmade at the
out put of caflschHﬁﬁeangﬁdng%au@bgcul b133Ra Fheikkansei 8siQndl Ane

transformation processor 320 transforns these neasurenents at the near end

of the caﬁﬂéswiocﬁﬁaﬁhtédﬁ?tFanceAa§O$%én¢%rt%%@Sfqﬁ@ab%?ﬂ PHOGEDEAH

transfornggbogcgégggsggg 340pRravicges1ihentr arster pabi-er shremsbhe ground
pl ane 115-4 near far end of the cable to the conductive grid 115-1. The

grid-to-wafter BPANshEr aMPBHEPr 58€ssdmidsengeovides th&ogARNSHEr mati on from
the Condngiagﬁagkk n'ifeubecthe naker 1oy Uahngoablicals khe faregol ng

transf or mai 1 ons & conbi ned transformation procesSor 360 provides the
transf or nubploagacvess: tlvr plasmmdrgthe fioram ofhe el gemes redpidianemce.  From

the plasm, d%{naeﬁg W4 L &O%éra%gg g%&z%m LerSa546h ;28 gteh rate and

pl asma ion en5| y are conpute hé trans ion I'ine nodel 330, the
nodel of computed: wafer current Iyaser, the etch rate and the ion

density.

[0056] In summary, electrical measurements are made at
the output of the impedance match circuit 130. The
transmission line transformation processcor 320 transforms
these measurements at the near end of the cable 210 to an
admittance at the far end. The grid to ground
transformation processor 340 provides the transformation
from the ground plane 115-4 near the far end of the cable
to the conductive grid 115-1. The grid-to-wafer
transformation processor 350 provides the transformation
from the conductive grid 115-2 to the wafer 120. Using
all of the foregoing transformations, the combined
transformation processor 360 provides the transformation
across the plasma in the form of the plasma admittance.
From the plasma admittance, various performance parameters

such as etch rate and plasma ion density are computed.

[0057] The transmission line model 330, the model of
the grid-to-ground capacitance 345 and the model 355 of
the grid-to-wafer capacitance are not necessarily a part

of the measurement instrument 140. Or, they may be
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the grid-to-ground capacitance 345 and the nodel 355 of the grid-to-wafer
capaci tance are not necessarily a part of the nmeasurenent instrunment 140.

O, they nmay be nenories within the nmeasurenent instrunment 140 that store,
respectively, the coaxial cable paraneters (VC, and Z,,), the grid-to-ground
capaci tance paraneters (gap, CD, tanD and radius) and the grid-to-wafer
capaci tance paraneters (gapp, cp, tan D and radius). [0058]FIG 4
illustrates the structure of the input phase processor 310 of FIG 3. A
delivered power arithnetic logic unit(ALU) 410 conputes delivered power P
from the varpuiss| wahbdiPbths MesplrRBenFpénansemaatch i8ehSidnhg SEior€uit 132 as

Pbias - (Qg ;geéelv gbaﬁﬁeae%ﬁéawcﬁecgg?gh@%enz@awchamql@ A, fromthe

del i vered fromV as cos An |npedance ALU 430
conput es the gonplexs-yapedancapdcasahyel parambeeesi (gap, tplncan, . An input
current ALU 440 conputes the input current Ith to the coaxial cable 210 as
[P/ Re(Z)] 208, TARLHA u?ngoFpﬁgéIAQUtQSUaéSﬁpﬁﬁﬁécﬂﬁé“?ﬁp@@r@@@ﬁ&&é Vth to the

coaxi al CQBQSP?%QIaﬁagtﬂggd LQQ?@;F[G. 5 illustrates the structure of the

[0058] FIG. 4 illustrates the structure of the input
phase processor 310 of FIG. 3. A delivered power
arithmetic logic unit (ALU) 410 computes delivered power P
from the outputs I and Ppias from the impedance match

sensing circuit 132 as Ppias - (0.15)I2. A phase angle ALU
420 computes phase angle 0 from the delivered power P and
from V and I as cos *(P/VHI). An impedance ALU 430

computes the complex impedance 7 as (V/I)ew, where i=(-
1)¥2. An input current ALU 440 computes the input current
I;n to the coaxial cable 210 as [P/Re(Z)]'%. An input
voltage ALU 450 computes the input voltage Vi, to the

coaxial cable 210 as ZHI;,.

[0059] FIG. 5 illustrates the structure of the
transmission line transformation processor 320 of FIG. 3.
The transmission line processor receives Ii, and V;, as
inputs from the input phase processor 310 of FIG. 4 and
uses the transmission line model parameters Vg, and Zen
(from the transmission line model or memory 330 of FIG. 3)
to compute the admittance Yjunction @s follows: A junction
current ALU 510 computes the current Ijunction @t the
junction of the coaxial cable 210 and the grid 115-1 (FIG.
1) as:

(Iin)cosh[(Ven) (-length)] + (Vin/Zen)sinh[(Ven) (-length)].

A junction voltage ALU 520 computes the voltage Vjunction at

the junction between the coaxial cable 210 and the grid
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transm ssion line transformati on processor 320 of FIG 3. The transn ssion
| ine processor receives |I" and Vin as inputs fromthe input phase processor
310 of FIG 4 and uses the transm ssion |ine nodel paranmeters Veil and Zch
(fromthe transm ssion |line nodel or menory 330 of FIG 3) to conpute the
admttance Y -junctlon as follows: A junction current ALU 510 conputes the
current | junction at the junction of the coaxial cable 210 and the grid
115-1 (FIG 1) as: (I")cosh[(Vc,) (-length)] + (Vth/Zzdisinh[(V,O0
(-length)]. A junction voltage ALU 520 conputes the voltage Voct).0, at the
junction béPwnkeAsthe coaxial cable 210 and the grid 115-1 as: (V,) cosh{

(Vol) (-1 enghh) Losnt (i03-Gncthnn (V.10 43} sngt ik QSR i der 30

receives T -junction and'Vj uncti on "conput s J unction
ljunction/Vjunction. It should be noted that each of the electrical

adm ttanca 0BPL ) | & BOg TRl e both 0 TRt and an
i magi narycpaptites Yijunction @5 Ijunction/Vjunction. It should be noted that
each of the electrical quantities in the foregoing
computations (current, voltage, impedance, admittance,
etc.) 1s a complex number having both a real part and an

imaginary part.

[0061] FIG. 6 illustrates the structure of the grid-to-
ground transformation processor 340 of FIG. 3. The grid-
to-ground transformation processor 340 receives the
parameters gap, €p, tanp and rad (the wafer radius) from
the grid-to-ground model or memory 345 of FIG. 3 computes
the dielectric resistance Rp and the dielectric capacitance
Cp. The dielectric capacitance Cp is computed by a CD ALU
610 as follows:

(g0) (g0) m(rad)?®/gap
where g; 1is the electrical permittivity of free space. An
RD ALU 620 uses the value of Cp from the CD ALU 610 and
computes the dielectric resistance Rp as follows:

(tanp) /(@ Cp gap?)

where ® is the angular frequency of the bias RF generator

125 of FIG. 2.

[0062] FIG. 7 illustrates the structure of the grid-to-
wafer transformation processor 350 of FIG. 3. The grid-
to-wafer transformation processor 350 receives the
parameters gapp, €p, tanp and rad from the grid-to-wafer
model or memory 355 of FIG. 3 and computes the plasma
resistance Rp and the plasma capacitance Cp. The plasma

capacitance Cp is computed by a CP ALU 710 as follows:
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[0061]FIG 6 illustrates the structure of the grid-to- ground transformation
processor 340 of FIG 3. The gridto-ground transformati on processor 340
receives the paraneters gap, ED, tanD and rad (the wafer radius) fromthe
grid-to-ground nodel or nenory 345 of FIG 3 conputes the dielectric

resi stance RD and the dielectric capacitance CD. The dielectric capacitance
CD is conputed by a CD ALU 610 as follows: (sO(cD)7(rad)?2/ gap where so is
the electrical permttivity of free space. An RD ALU 620 uses the val ue of
CD fromthe CD ALU 610 and conputes the dielectric resistance RD as foll ows:
(tanD)/ (0) Cpgap2) where w is the(angulrad)fresgpmency of the bias RF generator
125 of FIG 2. [0062]FIG 7 illustrates the structure of the grid-to- wafer
t ransf or naheof pr deedswr G50 tofl @ IGPermiTHe WrtivtoE weifes Ia¢esf ordmt i on

prOcessorR§5nge§§bV8§egh%he value of Cp from the CP ALU 710 and

computes the plasma resistance Rp as follows:
(tanp) / (® Cp gapp’)

where o is the angular frequency of the bias RF generator

125 of FIG. 2.

[0063] FIG. 8 illustrates the structure of the combined
transformation processor 360 of FIG. 3. The combined
transformation processor 360 receives the parameters Rp, Cp
from the processor 340 of FIG. 3, receives the parameters
Rp, Cp from the processor 350 of FIG. 3 and receives the
parameter Yijunction from the processcr 320 of FIG. 3. A grid
impedance ALU 810 computes Zg4riq (the impedance at the grid
115-1 of FIG. 2) as follows:

[Yiunction = 1/(Rp + (1/(i®Cp)))]17"

A wafer impedance ALU 820 uses the output of the grid
impedance ALU 810 to compute Zyafer {(the impedance at the
wafer 120 of FIG. 2) as follows:

Zgrid - l/(RP + (l/(lG)CP)))

[0064] A wafer voltage ALU 830 uses the outputs of both
ALU=s 810 and 820 and Vjunction from the divider 530 of FIG.
5 to compute the voltage on the wafer 120 of FIG. 2, Vyuater,
as Vjunction Zwafer/Zgria. A wafer current ALU 840 uses the
outputs of the ALU=s 820 and 830 to compute the wafer
current Iyafer @S Vyafer/Zwafer. An admittance ALU 850 uses
the output of the ALU 820 to compute the admittance of the
plasma, Ypiasmas as 1/Zuager. A susceptance ALU 860 uses the
output of the ALU 850 to compute the plasma susceptance,
b, as Im(Ypiasma) . An etch rate ALU 870 uses the wafer
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paranmeters gapp, Cp, tans and rad fromthe grid-to-wafer nodel or menory 355
of FIG 3 and conputes the plasnma resistance Rp and the plasnma capacitance
C. The plasnma capacitance Cp is conputed by a CF ALU 710 as follows: (so)
(sp)7(rad) 2/ gapp where so is the electrical permttivity of free space. An
RP ALU 720 uses the value of Cp fromthe CP ALU 710 and conputes the plasm
resistance Rp as follows: (tanp)/(w Cpgapp2) where wis the angular
frequency of the bias RE generator 125 of FIG 2. [0063]FIG 8 illustrates
the structure of the conbined transformati on processor 360 of FIG 3. The
conbi ned veahsfer frbinohhpr 868s88P 360 tbeebvesephenpar dwetett$eRBLUCD fr om

2 BLOCeL ST TL R pLIES, MELr ol

processor recei ves t ar afttter
-juncti onAft.voABDhespsotkessermd20utbuEbGto3cohpgtied thepedandenaliyy810

Eg?ﬁﬁg??O%S}ggfR?EE#Tp?g%Rgﬁeg%ﬁégﬁa?%ggs%%gilgggeﬁl%&:2) as follows:
(23/273%) (1/ [geeA?n?£2T2])

where g is the electron charge, A is the area of the wafer
120 of FIG. 2, f is the fregquency of the bias power
generator 125 of FIG. 2 and T. is the electron temperature
in volts. This relationship between ion density and the
measured quantities b and Vyaser follows from an approximate
formula for the plasma susceptance and a formula for the
plasma sheath thickness. The plasma susceptance may be
approximated as €Aw/A, where € is the electrical

permittivity within the plasma, A is the electrode area, o

is the angular frequency of the bias power signal and A is
the plasma sheath thickness. The plasma sheath thickness
may be approximated as [Te /(an)]1*?[2Vyater/Te 1°/%, where T.
is electron temperature, g is the electron charge and n is
ion density. Substituting the expression for sheath
thickness into the expression for the susceptance and
solving for ion density yields an expression for ion

density as a function of susceptance and wafer voltage.

Process Feedback Control System:

[0065] FIG. 9 illustrates a process feedback control
system that uses the measurement instrument 140 of FIG. 3.
A plasma reactor 900 includes all of the features of the
plasma reactor 100 of FIG. 1, and in addition includes an
overhead RF source power applicator 910 connected through
an impedance match circuit 915 to an RF source power
generator 920. The RF source power applicator 910 may be,
for example, a ceiling electrode that is insulated from

the grounded chamber enclosure 105. The power level of
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A wafer inpedance ALU 820 uses the output of the grid inpedance ALU 810 to
conpute Zwaper (the inpedance at the wafer 120 of FIG 2) as follows: Zgtid
-1/ (R + (1/(icoCc))) [0064] A wafer voltage ALU 830 uses the outputs of
both ALU=s 810 and 820 and Vj unction fromthe divider 530 of FIG 5 to
conpute the voltage on the wafer 120 of FIG 2, Wafer, as Vjunction Zwafer/
Zgrid A wafer current ALU 840 uses the outputs of the ALU=s 820 and 830 to
conput e the wafer current |waper as Vwacer/Zwacer An admittance ALU 850 uses
t he out put of the ALU 820 to conpute the adnmittance of the plasm, pla$na,
as 1/ Zwaf ehe RFspseepaancerAEUp8BOrusescrhécouPplt seherhelXLU 850 to conpute

the plasn??§9§8 thﬂghglgﬁﬂg é 8n8%@§”@hlleA@h8tgpwe?tﬁeQEXLU%o uses the

waf er age ronl e'susceptance from the 860 to
conput e thbeeREhplaBmaablbz pmaéergenématom dehspeyeAbUl880onseslshe sane

outputs to ute he |o n as kb Waf er,2/ 2. wher i.s a constant
gi ven by ?5/33 f?y f gﬁﬁ %%? quf mﬁere gglsmFﬁéué ggpron charge, A

is the areasefumhetmmﬂerréaeloésFtﬁe 2pwér»3vbheaﬁeequdncmrm%nthe bi as power
gener at or g mg . g gnd Tg IS th% el e gon tg eratur% in voIt% Thi s
relatlonsﬁP pB PweER™ SREJBRESPY SAdCHAE sife ngéﬁplglg§ b™3FE Vnaf er
fol | ows ft@ﬁtamtapBDOX|Habm théﬁulQuéﬁtlthesplaﬁﬁamsusmepmahme and a formul a
for the plaspa sheath bhlckne S. Easna susce %ance Ty %Q

instrument 140 computes t B asma susceB ance n

computes the wafer voltage Vyafer, Which is output as a

measurement signal. These computations are carried out in

the manner described above with reference to FIG. 5. The

measurement instrument 140 can then compute the ion

density and/or the etch rate from b and Vyifer, in the

manner described above with reference to FIG. 5. At least

two of the three measurement signals thus produced by the

measurement instrument 140 can be used in a feedback

control loop.

[0066] A feedback controller 950 uses the measurement
signals from the measurement instrument 140 to create
feedback signals to contrcl the power level of the RF
plasma bias power generator 125 and the power level of the
RF plasma source power generator 920. The ion energy at
the wafer surface, which is equivalent to the wafer
voltage Vyaser, is directly controlled by the power level of
the bias power generator 125. Therefore, the wafer
voltage measurement signal from the measurement instrument
140 (i.e., Vyater from the ALU 830 of FIG. 8) is used by the
feedback contrcller 950 to control the bias power
generator 125 in a bias power feedback control loop 957.
The source power generatocr 920, on the other hand,
directly controls plasma ion density. Therefore, plasma
ion density measurement signal from the measurement

instrument 140 (i.e., kb*Vyatero’? from the ALU 880 of FIG.
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approxi mated as cAwn, where c is the electrical permttivity within the
plasma, Ais the electrode area, wis the angular frequency of the bias
power signal and A is the plasma sheath thickness. The plasma sheath

t hi ckness m may be approximated as [Te /(qglnu i)]LVw afer/ Te 12/ 4, where Te
is electron tenperature, q is the electron charge andis ion density.
Substituting the expression for sheath thickness into the expression for the
susceptance and solving for ion density yields an expression for ion density
as a function of susceptance and wafer voltage. Process Feedback Control
System [0D65%Fig:doby| thst fatdbagkprovesslieedBabkteonpngirodyshem t hat uses

(he, reasuLEIEDL LOsLEUTENL 100;06E1 G 3 oA,PLRSTB,EeacLor, 900 | ncl udes ol

of the fea asma reactor and 1 n addition

i ncl udes annbvet héadpRES8ource power applicator 910 connected through an

i npedance match circuit 915 to an RF source power generator 920. The RF
source power applicator 910 nay be, for exanple, a ceiling electrode that is
i nsul ated[(®06m t he gheunded pbamberfcendbkokurent®bl Theppowdr | evel of

includes a memory 960 that stores a selected or desired
target value of the wafer voltage or ion energy,

[Vyarer] Targer- A subtractor 962 subtracts this target value
from the sensed wafer voltage Vyater tO produce an error
signal. The gain of the bias power feedback loop 957 is
determined by a bias power feedback gain factor stored in
a memory 964. A multiplier 966 multiplies the error
signal from the subtractor 962 by the gain factor in the
memory 964 to produce a correction signal used to control
the power level of the bias power generator 125. The path
of the bias power feedback control loop 957 is completed
by the V, I and Ppias Signals applied to the measurement
instrument 140 to produce the measurement signal Vyarer

representing the wafer voltage.

[0068] The source power feedback control loop receives
from the measurement instrument 140 the sensed ion density

value b%mamry2

A memory 975 stores a selected or desired
target value of the ion density, [b?Viarer ’?)rarcer. A
subtractor 980 computes the difference between the
measured ion density and the ion density target value to
produce an error signal. The gain of the source power
feedback control loop 958 is determined by a source power
feedback gain factor stored in a memory 985. A multiplier
990 multiplies the error signal from the subtractor 980 by
the gain factor from the memory 985 to produce a
correction signal. This correction signal is used to

control the power level of the RF source power generator

920. The path of the source power feedback control loop
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the RE plasma source power generator 920 generally controls the plasma ion
density while the power |level of the RE plasm bias power generator 125
generally controls the ion energy at the wafer surface. The neasurenent

i nstrunment 140 receives the power, voltage and current outputs fromthe
sensor circuit 132 of the inpedance match circuit 130. Fromthese
quantities, the neasurenent instrunent 140 conputes the plasma susceptance b
and conmputes the wafer voltage Wafer, which is output as a nmeasurenent
signal. These conputations are carried out in the manner described above
with refePbhicést oorpGetsd Bliethea¥ur ément Prist redemld4@pphhedhed conput e
the ion d i / h e from.b y ol ner

descr i bedt aBys" ot FFBF of Bace Fo E: &0 P AP PPEASE ths BFacharhise
neasureneaﬂgshgnaﬁ&ahhﬂg pepdecedtbygt heeneasudenentyvi.nstrunment 140 can be
used in a feedback control |oop. [0066] A feedback controller 950 uses the
nmeasurenent signals fromthe nmeasurenent instrunment 140 to create feedback
signals toooeairol nhetpewerakevelf af pihemRFppbasse Bbitap poawer agemer at or 125
and the power |evel of the RE plasoa_source _po generator 920. The ion
ener gy af SERB REPEFSSuPFaRe. TARFaR L JoOHGFvAPNE "EOCPHE FwdFIR 1ol age

Vwaf ert igndi pgcdf ye €O osbetcdypdher pgyesrdeyel 0pb she bhasrpowess

generator 125. Therefore, the wafer voltage nmeasurenent signal fromthe
measur emeRPYERsOEDREAF CX402Py . €S SPORALER ¥y oRPENECAEDES36 16 -FI &L 8) is used

by the feedbaekigontrol kbanu8s0ate gamtrhelchheybiasspower taenepatiahiml25 in a
bi as power feedback control |oop 957. The source power generator 920, on the

. P . .
ot her handallpfecthyScEREFEES FRASAYCILONUAEHSYt y2 T PRerE8EGAEL pl asma i on

density neasueedeRhsshygnahef Faaybhexmeasureeat: kAt rumeRt +34Q (i.e., kb2Vw
er312 fromthe ALU 880 of FIG 8) is used by the feedback controller 950 to

control tRBrBEEFcetpBWEiageREFarofegdback 408BuPéd poRerdeSedb&dRScont r ol

| oop 958. ;LOQ67LIRAR.Rh2s rBRWEL egdback  peBkr o heeR 197 tihacl udes a menory
960 that stores a selected or 8e5|red target value of the wafer voltage or

i on ener gfeefivaakerPrTARGED Algobtr dcvor the2nedbirades thi’s arar get val ue
fromthe §8@§§9e“@f?5 égktgggu 5§feEhgob?ggggg% an %@rorgs% nal. The gain
7 erntred by

of the bias power feedback [oop i's de a e Ower feedback
gai n factBefsterpdasmaapmenesyi@gdbelimsl t tpkeirer 1866 omilekidplaicés t he error

signal fromthe subtractor.962 b he gain factor in_t menory 964 to
ot oduce aCCBPPLct EaR SREni SqsBa e Collrar PRE5oRer Poreror Che bi as
power gengvater 18261 diietpat biak pbechi genpowenrf é@dback ttentindlt iladop 957 is

leted by the V. | and Pbi i gnal lied.to the. t
ot ument 1Bt §pGabEe ¢ FBrEns dTarenk L SrSRa Wl gt F cRFBsant i ng the

waf er vol fagéback signal is present, the bias power command
processor 992 controls the bias power in accordance with
the feedback correction signal from the multiplier 966

rather than the bias power target value.

[0070] Similarly, the source power feedback loop 958
includes a source power command processor 994 coupled to
receive the feedback correction signal from the multiplier
990 and to receive a target value for the source power,
[Psourcel Tareer- Before plasma processing begins, there is no
feedback signal, and the source power command processor
994 sets the power level of the source power generator 920
to the initial target value [Psourcelrarger. Once processing
begins and a feedback signal is present, the source power

command processor 994 controls the source power in
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[ 0068] The source power feedback control |oop receives fromthe nmeasurenent
instrunment 140 the sensed ion density value b2V, ""fer312. A nenory 975
stores a selected or desired target value of the ion density, [b2VWwafer3n]
TARGET A subtractor 980 conputes the difference between the neasured ion
density and the ion density target value to produce an error signal. The
gain of the source power feedback control |oop 958 is determ ned by a source
power feedback gain factor stored in a nmenory 985. A nultiplier 990

multiplies the error signal fromthe subtractor 98Q by the gain factor from
the memor $°98598BCHr Bdhle taec SRFELRIEN COLGRAI L OFniPd IEGHr €40 Y S gnal i s

used to cpate@bitibhe povekakavel tahnt hecREcEQBECE ROV ag@Rer 31Qhe920. The
path of the source power feedback control loop 958 is conpleted by the V, |

and P -bias signals applied to the neasurenent instrunment 140 to produce the

measur enefpo§ignal baVecchrdhdckeRig8eAhbRY LN shar tdeRSidt ko [{U69] At the
start of a plaSma process step such as an etch process step, initial values

for the pewerbPlesebswPs srAMPEJ pfrocke sSREssddrPce Jgdwerngdser at or 920 and the
RF bi as pg Erggggﬁabg;t%%5us%?sQ%CHg%%&%’t%@@rb§e§ %%%E%%dfe%hb%ﬁgzgture

initial values are sufficiently close to the optinmumvalues, this
can avoi dcantuby Lapge PBhi’ti &58cthrecghons ychherf eédbadk téentrol | er 950.

For this purpase, _the bias. r. feedback | i_ncl.udes .a bi as power
comand pgggggé rsggg 88§p gg@ggdrg@é?églphgggeggéggg go%rzegfbn signal from
the nul ti pbiver @B6¥eandatotheceipeeidikar getrgeal velers tiPe.hids.fewer, [ Pbias

TARGET Befaore_plasma processing begins,, there is no feedback signal, and
t he bias BBaeﬁpﬁd HﬁTproﬁggs%ge§9ga§e?ga?%% %%%E? Y%gg?sogrPﬁeg "3s power
gener at or t3d2bithe theinni piraketariget. val ue FP

[0072] Referring to FIG. 10, the feedback control
processor 950 may employ the etch rate rather than the ion
density as the measured parameter in the source power
feedback control loop 958. In the measurement instrument
140, the etch rate measurement signal is taken from the
ALU 870 of FIG. 8 that computes b%ma&rz. In FIG. 10, a
memory 975' (in lieu of the memory 975 of FIG. 9) stores a
target value of the etch rate, [bﬁma&rﬁq%mmT. The
subtractor 980 operates as described with reference to
FIG. 9 to produce an error signal. The remainder of the
source power feedback control loop of FIG. 10 generally is

the same as in FIG. 9.

Process Set Point Controller:

[0073] The feedback controller 950 requires a number of
target values for various process control parameters.
Specifically the feedback controller 950 of FIG. 9 has a
memory 975 storing the target value for the ion density,
[b*Vyater-'?]rarcer, and a memory 960 storing the target value
for the ion energy (or, equivalently, wafer voltage),
[Vuater)Tarcer. 1N the feedback controller of FIG. 10, the
memory 975 is replaced by the memory 975' storing the
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- bias TARGET Once processing begins and a feedback signal is present, the
bi as power conmand processor 992 controls the bias power in accordance with
t he feedback correction signal fromthe nmultiplier 966 rather than the bias
power target value. [0070]Simlarly, the source power feedback |oop 958

i ncl udes a source power command processor 994 coupled to receive the

f eedback correction signal fromthe multiplier 990 and to receive a target
val ue for the source power, [ Psource TARGET Before plasm processing
begins, there is no feedback si%nal, and the soupce power_conmmand processor
994 sets tRBIBOWERLIPBVEPLoFNENETSBUFEESpOoner Vigériel BeBF - 9287t 0 the initi al
target vakugifFsayrept TARGERackNeenprocessi sgobeghnsmandya iheedhack si gnal
is present, the source power conmand processor 994 controls the source power
in accor 8aRE8EwWEhUERe [FerdideieroPPEct Fons kirgmal LPF o€ h8OHEFEI pPfer 990
rather thgn thgoseur cevReYeELcbaLaet vealues [AQ71Lh R aceprdarepaickh anot her
aspect, the source and bias power command processors 992, 994 can be

i nstruct edopyrehéels8p Ot oapsghAeseusherdr abeggect M6 FEAGIFACKRcORt rol | oops

957, 958 éBE?HQQQERoH‘JBQ @lﬁeelel tQEgtetEer[lgggs%aﬁt B8R 3R¢+i pstead maintain the

source and bias power levels at thé specified target values FP ,- source]
TARGET user=s efforts, which may involve an undue amount of trial

and error and may be unreliable. Typically, a user who

wishes to achieve certailn process results (e.g., a certain

etch rate, a certain ion energy, a reduction in etch
processing artifacts such as striations, a reduction in
heating due to wafer current, etc.) must conduct a time-
consuming program of trial and error experiments to find
the optimum process control parameters values to achieve
the desired results. For this reason, the alteration of
an existing process or the design of a new process must be

undertaken over a very long development period.

[0074] In order to overcome this limitation, a process
set point controller 1110 employed in the reactor of FIG.
11 automatically and quickly {(or instantaneously)} finds
the optimum target values of process control parameters
based upon the user’s selection of values for various
performance parameters. For example, the process set
point controller 1110 may determine the target values
[Psource]) Tareer anNd [Ppias]rarcer Pased upon a desired etch rate
and/or a desired wafer voltage or other performance
parameter specified by the user. Thus, a new process
recipe can be designed nearly instantaneously. For
present plasma reactors, this can take place in
milliseconds, but could be made to be as fast as

microseconds 1f needed.

[0075] There are many process control parameters (i.e.,
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and [ Pbias | TARCGET The user can change these values fromtine to tine
during processing. [0072] Referring to FIG 10, the feedback control
processor 950 may enploy the etch rate rather than the ion density as the
measured paraneter in the source power feedback control |loop 958. In the
measur enent instrument 140, the etch rate neasurenent signal is taken from
the AU) 870 of FIG 8 that conputes b2V,,,,fer2.In FIG 10, a nenory 975
(inlieu of the nenory 975 of FIG 9) stores a target value of the etch
rate, [b2V'afer2] TARGET The subtractor 980 operates as described with
ref erenceCherFEEErdSEHChr 6duceatic@EEOE 8NgRAI 1TRELr 8RB NGERtEPt he source
pover feeQQéﬁkagoeﬁéﬁbekogeegfsul%leG sd0rgenghal byakspbhersaggeas in FIG 9.
Process Sef Point Controlfer: [0073]The feedback control | er 950 requires a
nunber of etaryedndanaey PoPCeaFi Basfproeass penametepar dieters. Specifically
the feedb 9 F h a I ; t ar get
val ue forég 5§?3%Eg§%§F§y?@[ngv&g?gggz?égR8%$€§E§ ggﬁeﬁggfe %6%2Foring t he
target vab@iedfoectheohbnoénerngy @e6r etefuireabentby, deaseit yvolage),
[ Vwaf er] TA I'n f C rolle I 1 h r 75 is
repl aced %5§?§¥’ng%g§§ gggggggbrggé'?he b BeE Ban QpeEl%y”%%Q brd

or more of these performance parameters as an objective

for a given process. Any one or group of or all of the
control parameters can be used to achieve the desired
levels of the performance parameters chosen by the user.
The question is whether or not the effects of some of the
control parameters might be dependent upon others of the
control parameters in controlling the performance
parameters chosen by the user. Thus, the problem of
selecting the right set of control parameters to achieve
the desired results in the chosen performance parameters
is complex and there appears to be no particularly optimum

choice.

[0076] However, I have discovered that the source power
and the bias power control the performance parameters of
interest and do so in an independent manner. That is,
source power Pgsource and bias power Pp;iss are independent
variables and may be thought of as orthogonal entities
forming a two-dimensional control space in which control
of the performance parameters may be exercised with such
versatility that no alteration of the other control
parameters is required. This discovery greatly reduces

the problem to only two variables.

[0077] Therefore, the following description will
concern a control system in which the control parameters,
with the exception of Psource and Ppjas, are held constant

during processing. Thus, process control parameters
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target value for the etch rate, [b2Wafer2 TARGET In addition, the feedback
controller 950 can enploy initial target values r Psource |I TARCGET and FP L
- ba.as TARCGET for the source and bias power |evels respectively to
initialize the feedback controller 950, as discussed above. The sel ection or
optim zation of these target values can be left to the user=s efforts, which
may i nvol ve an undue anount of trial and error and nmay be unreli able.
Typically, a user who wi shes to achieve certain process results (e.g., a
certain etch rate, a certain ion energy, a reduction in etch processing
artifact sisathdasgsthambeonpreasneducgrencbmpheatiing, dgest 61lwaf er current,

etc.) nust_conduct _a tine-consum n rogt am of i ror..experinments
to find tﬁ%g%pt?%ﬁﬁ$%rggg§§ cgﬁgPSﬁcgérgﬁgﬁePgw%%Igggapgngghig5§'fhe desired
results. koe hbis teasovantt heThkt epatrcenpokeanaexi biergppwecesdsved st he

desi gn of g neM/QracEss must be_undertaken over % very long devel opnent

peri od. [é TA]Fn Bf deriatlo OVer COMEET i T M T4t T %r% ess” set poi nt
control | espddifieapkeyedfi petliermeactopadbmbt&rslleayt gnetictalrkyeand qui ckly
(or instant%neousl é finds the optinmumtarget val ues of process control

par anet er §"Based ﬂ% Attke-user's selection of values for various performance
paraneters. For exanple, the process set point controller 1110 may determ ne
the target values [ Psource_ ] TARGET and FP

L - bias] [FRRBET balk8 BpeRlgmdesdi féndérgntragetaialyrsaladsithéd waf er

vol tage of .ot Bhgt perhperBRGe Racamgt eerspecitiedqRyihlRe WsehesThys, a new
process reci pe can be designéd nearly instantaneously. For present plasm

reactors, at ARgseansehkelpPaEéormantrl PSEEBRESI Shf €04VEbEYMEAE to be as
fast as njepeseconds hbiAeed8Htroller 1110 superimposing a set of

constant parameter contours in the two-dimensional Psource~
Ppias space referred to above. Such constant parameter
contours are obtained from a constant parameter contour
generator 1120 in FIG. 11. For example, contours of
constant ion density (FIG. 12), contours of constant ion
energy or wafer voltage (FIG. 13), and contours of
constant etch rate (FIG. 14) are employed. How the
constant parameter contour generator 1120 produces these
contours using the measurement instrument 140 will be
described later in this specification. The present
description concerns their use by the process set point

controller 1110.

[0079] Referring to FIG. 12, a set of contours of
constant plasma ion density in Psoyrce—Pprias Space for a
chamber pressure of 20 mT generally have a small negative
slope and a small but positive first derivative
d(Psource) /d (Ppias) . The top-most contour corresponds to a

constant plasma density of 5H10'° ions/cm® while the bottom

contour corresponds to 1.5H10'° ions/cm®. The vertical
axis (Pgsource) ranges from 0 to 1500 Watts while the
horizontal axis (Ppias) ranges from 2000 to 4500 Watts.

Referring to FIG. 13, a set of contours of constant wafer
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[ 0075] There are many process control parameters (i.e., characteristics of
the reactor under direct user control such as chanber pressure, source and
bi as power levels, etc.) and nany process performance paraneters (i.e
characteristics of the plasna and process not susceptible of direct control
such as etch rate, ion density, ion energy, wafer current, etc.). A user can
specify any one or nore of these performance paraneters as an objective for
a given process. Any one or group of or all of the control paraneters can be
used to achieve the desired |l evels of the performance paraneters chosen by

t he user. theaqaeéotonhbssamethéambsrnptesherefﬂé@t@Tmfh@@ﬁeaof t he control

par amet or 5 01 ght be, dependant upen :9heEAOLothe SODT AL RAEATRLErS In

controlllﬁ mance ers chosen™b € user t he probl em
of selectRBQOtheltsghatseheobocODmvoI BafameuegstboFaGhlé%e Bheedesi r ed

results in_the chosen erfornan e ers.is ex and.there appears to
be no par?FcuP3§P9r8p?lnuﬁpé 8?% eB? 50?6 Ebjége? gﬁ%ﬁ ave di ttgvered that the
source poeeg.andhthe Rkias bameracmatgelnébetmeefeﬂa@ece par anet ers of
interest and do so in an independent manner. That is, source power P

-source and bias power Piplas are independent variables and nmay be thought

of as orthogeoal enthki gsoterli BgtapbwatdeBBRSLONal ¢QNr AletepaG@eisn Whi ch
control of the performance paranmeters nay be exercised with such versatility
t hat no aPPErSPl6hm8#t?ﬁéoéﬁﬂérsé6ﬁ§ﬁﬁluﬁé?aﬁ@%@?§eﬁsvﬁé&@§r€é 1PRi s

di scoveryqgheatly kKeduegsrbheaprobkem tacenl y rkwaouwar ikablses.y _
[0077] Therefore, the follow ng description will concern a control systemin

whi ch theféaﬁ@naltbaraﬁéﬁéﬁgc wPth iph&sexceptisonspRce of the

- source @Bgrgbﬁénd§58 hehdoGeRsbaniradri 1g-proCcesiing i ntRYSe RLAGESS
control pararre ers
indicates the optimum target values for source and bias

power, namely [Psourcelrarcer and [Ppias]rtarcer- The problem is
somewhat simpler if the user specifies values for only two
performance parameters. For example, if the user

specifies a wafer voltage of 1100 Volts and an ion density

of 3.5H10'° ions/cm®, then the correct point in Pscurce=Ppias
space 1is found by superimposing the constant wafer voltage
contour for 1100 volts from FIG. 12 and the constant
density contour for 3.5H10'° ions/cm’ from FIG. 13 and
finding their intersection in Pgource—Ppoias Space. This
procedure is performed by the process set point controller
1110 and is illustrated in FIG. 15 in which the two curves
intersect in Pgsource—Prias Space at the point [850W, 3750W].
Therefore, in this example the user=s requirements are met
by setting the scurce power level at 850 W and setting the
bias power level at 3750 W. Thus, in this case the target
values [Psourcel tarcer @nd [Ppias]tarcer furnished to the source
power command processor 994 and bias power command
processor 992 of Fig. 9 are 850 Watts and 3750 Watts,

respectively.

[0081] It should be noted that this deduction of the

target values of source and bias power levels may also
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i ncl udi ng chanber pressure, gas conposition, gas flow rate, source power
frequency, bias power frequency, etc., are held constant. The source power
and bias power |evels (Psource and Pbias) are varied to achi eve desired
values in a specified set of performance paraneters (e.g., etch rate and ion
density). [0078] The problem of finding target values for the various
paraneters given a set of user-defined values for a chosen set of
performance paraneters is solved by the process set point controller 1110
superinposing a set of constant paraneter contours in the two-dinmensional
Psour cePbrasuspate teéededdctocabovea Suchbetomstant fpar atmbeer contours are

obt ai ned from a,_const ant paraneter _contour, generator 1120 in.Fl G, _11. For
ﬁ ﬁ? Ea % F% e

exanpl e, RBAEBGFST5f "EBREL AT TSN gﬁsPPy F&.Sﬁﬁf}fégntgﬁr%lg t€8nst ant

i on energgyothwatiservol pagen( ELGust3priangd cantbar Scakgodngt ant etch rate

FIG 14 | oyed. How th t ant t tor 1120
br oduces EAECE Rontbtr B°G8I RG L RG eREG! She: °f REEFUAUAE 1A0CH | | be

descri bedrkater howthes,speekfiyeat vanueTlierprasestcadesariepti on concerns
their use by, the process set gghnt contr?IIer 1110. [0079].Referring to FIG

12, a set SBF1EbWibEr 5R6f USERSCENECHPsRIPER G8RsEPY FARMNBIEYsEBFce- Phi as

space forecaecehanben peessuha B 2QpeFiggverabl yhbavenaosiel bmeygative sl ope
and a small but positive first derivative d _(Psource)(Phias) __The top-nost

contour céfre8psnldCtola ¢BAsVARE PRASAR -densft YOIRt5HBIP W oRdPENE while the

bottom contgur cROELESPBREASUL00E 212400 ahensterBratherent ingal @xis (P
source) source) ranges fromO to 1500 Watts while the horizontal axis
(Pbi as) ranBesTrREBNHRO06)t 6£4506 - WAttt sasRéndirrRgdt BYFIFBe PEE a set of

contours QQmBBTSHﬁ“Ehﬁ@feaning. Therefore, if the feedback
controller of FIG. 10 is employed, then the set point
controller 1110 writes an etch rate target value of 2.101

in arbitrary units to the memory 975 of FIG. 10.

[0082] An advantage of this feature is that the
contours of constant voltage, density, etch rate, etc.,
are characteristic of the reactor and generally do not
change for given process conditions. They may therefore
be determined by the constant parameter contour generator
1120 prior to processing and made available to the process
set point controller 1110 constantly during use of the
reactor, as indicated in FIG. 11. 1In this way, a target
value for a particular parameter may be found instantly or

whenever required in the manner illustrated in FIG. 15.

[0083] In operation, the bias power command processor
992 and the source power command processor 994 receive the
target values [Pscurcel tareer and [Ppias]lrarcer from the process
set point controller 1110 and receive feedback signals
from the multipliers 958 and 957 respectively. During
system initialization, the feedback signals are ignored,
and the processors 992, 994 put the power levels of the RF

generators 125, 920 to the target values [Psource] rarger and
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voltage for the same chanber pressure (20 nl) have a positive slope and
range from 600 volts (at the top) to 1800 Volts (at the bottom. Referring
to FIG 14, a set of contours of constant etch rate (in arbitrary units,
e.g., where k=1) have a |large negative sl ope. [0080] The process set point
controller 1110 determ nes how to sinultaneously satisfy user-sel ected

val ues of ion density, ion energy and etch rate. It does this by finding the
intersection in P - source- Pbi as space of the correspondi ng contours of
FIGS. 12-14. This intersection indicates the optinmumtarget val ues for

sour ce andPbi:akraponerieREET YV RE: rRELTARETCRPLRP PeBiBS TAREGET The

probl em i s.sgpewhat; gharken rkf atHe1useE SRacCkhibepruakiyss isomnonl ydwo
per formance paraneters. For exanple, if the user specifies a wafer voltage

of 1100 Vekesuaadtha Ferddemsi cpnstold. BRLDE Pérs/ 8RB, nkérathefcdhcect poi nt
in P - SOHB?SétPQElaés to control the source power and bias power

levels. Alternatively, the power command processors 992,
994 may be programmed so that the target wvalues

[ Psource] tarcer @Nd [ Ppias] tarcer determine the scurce and bias
power levels not only at initialization but also during

processing, while the feedback loops 957, 958 are ignored.

[0084] FIG. 11 shows that the user can apply to the
process set point controller 1110 any one or a combination
of user selected values for performance parameters,
including etch rate, wafer voltage, ion density and wafer
current. In response, the process set point controller
1110 uses the appropriate contours from the contour
generator 1120 to produce not only source and bias power
target values but, in some cases, target values for other
parameters not limited or specified by the user, which may
be a target value for the etch rate, the ion density, the
ion energy or the wafer current. These target values are
furnished to the feedback controller 950 for use in the
manner described previously in this specification with

reference to FIG. 9.

[0085] FIG. 16 illustrates the structure and operation
of the process set point controller 1110 of FIG. 11. A
first logic unit 1610 receives an etch rate command (if
any) from the user and fetches from a memory 1615 the
corresponding contour of constant etch rate in the set of
contours of constant etch rates previously generated by
the contour generator 1120. A second logic unit 1620
receives an ion density command (if any) from the user and

fetches from a memory 1625 the corresponding contour of
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space is found by superinposing the constant wafer voltage contour for 1100
volts fromFIG 12 and the constant density contour for 3.5H101 ions/cn8
fromFIG 13 and finding their intersection in Psource-Pbias space. This
procedure is perfornmed by the process set point controller 1110 and is
illustrated in FIG 15 in which the two curves intersect in Ps"rce- Pbias
space at the point [850W 3750W. Therefore, in this exanple the user=s
requi renents are nmet by setting the source power |evel at 850 Wand setting
the bias power |level at 3750 W Thus, in this case the target values rp -
sour ce TAE@E?tﬁﬂH F?n-dﬁpﬁét¥Aﬁ@E?HFuFﬁFsﬁ d“tB PHé5886r88%6%ﬁ§? command
processor j 8844andibiyaprpowetsconaand rareaepgorh892cak obirg geP cate 0850 Watts
and 3750 Watts, respectively. [0081]1t should be noted that this deduction
of the tatgét-vafubBlsf $80FEeURAH BPAS pEREFVFEVEI ¥ahEY AP<E39%esult in the
deducti on (@bnacharget wahienhior i@t Bey)parareteesuwhesanvalreeshave not been
specified or imted by the user. As an illustration, in the foregoing
exanpl e, tHEMuUZeMeRAEYNP 3SpEEERS FOALESPRFPELEMI SPNEPER it ECTHMREFer, a
target valdectogothgqet ¢ kakessat bsf vbpgohhe dsetosekastkedmalues for ion
density and energy can be found by superinposing the contours of FIG 14
onto FI G vekteee Pre¥igepdy) geTheassinby[ gg@v\;coa?@@w Jeres ad® it he cont our of
a constan ch ra 2. (1,n-ar biyha i I as indicated
by the AX gghbo? F%ugﬁgtlégéﬁiHg}%TEg%gfg¥gggi?ﬁ%hgkggégﬁggéogbntrolIer of
FIG 10 ipoenpl dpelsotdefnishesgate poéhteennanyl Perthaloonkpues an etch rate
target val 101 | rhi.tr ni to ry 9745 .f FIG 10.
[ 0082] An Sauaaraesar P E0Rdk: Gk eEo 1eRgy pgas, TTERO PR

intersection point is output to the feedback controller

950 of FIG. 11 as [Psourcelrarcers [Pbias] rarcer-.

Contour Generator 1120:

[0086] Operation of the contour generator 1120 of FIG.
11 is illustrated in FIGS. 17, 18 and 19. FIG. 17
illustrates the operation of the contour generator 1120 in
finding functions defining how certain performance
parameters vary with bias power. These include functions
for the performance parameters of wafer voltage, ion
density and etch rate. As will be described below, the
observations of changes in wafer voltage, ion density and
etch rate with bias power are made for the contour
generator 1120 by the measurement instrument 140 using the
configuration of FIG. 11. 1In FIG. 11, the measurement
instrument 140 transmits instantaneous measurements of
wafer voltage, ion density and etch rate to the contour
generator 1120. The contour generator 1120 also receives
the current source power and bias power commands, as
indicated in FIG. 11, allowing it to correlate behavior of
the performance parameters of wafer voltage, ion density
and etch rate, with the control parameters of source power

and bias power.
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contours of constant voltage, density, etch rate, etc., are characteristic
of the reactor and generally do not change for given process conditions.
They may therefore be determ ned by the constant parameter contour generator
1120 prior to processing and made available to the process set point
controller 1110 constantly during use of the reactor, as indicated in FIG
11. In this way, a target value for a particular paraneter nmay be found
instantly or whenever required in the manner illustrated in FIG 15.
[0083] I n operation, the bias power conmmand processor 992 and the source
pover contBAB7proce§36r 364 lLdusitvetele thar GRETRALGSs Ofi FhE COdd@de] TARGET

and 1p L 5eRbaghoFARSEY fiLOm;ihhe ner %%%%1%% RRiFAt 1 6QNHRl Iy 1110 and
receive feedback signals fromthe nultipliers 958 and 957 respectively.

Duri ng sySESAPERRRICEl PRERMERSIEhE e dedBAEK SOGREl Poaeed i gAcr éd, Fdid t he
pr006550r§799? 994 pyg Eﬂ%sgog?clhgéEE%n% ibRe @%rg%%%r?kﬁ%%r%%%ce920 to

the target values rP L - sourc Pbi ash espectively. After
proce55|ngabegehsr5thé hedeback Lsiegral S car deavaitlyalbing @ﬁdﬁth@t@rocessors

992, 994 ganouse E?\hFE%ed*i%Ckl%o%ro' ge‘%%ﬁo%%f 28 11y E_‘L%ld r i target

val ues to''control e sourcé power and bi'as power [evels. ternatlvely, t he
power conwamdupnogeshersoﬁQZguﬁailwayoﬁeFﬁﬁogﬂanned so that the target
val ues [Source] TARGET and [Pbj S] TARGET determ ne the source and bias
[0088] FIG. 19 illustrates the operation of the contour
generator 1120 in parameterizing the separate functions of
source power and bias power discovered in the operations
of FIGS. 17 and 18 into combined functions of both source
power and bias power. Such combined functions represent
the behavior of the performance parameters (wafer voltage,
ion density, etch rate) in 2Z2-dimensional Psource—Ppias Space.
The contour generator 1120 then derives the contours of
constant ion density, ion energy and etch rate from the

respective combined functions.

[0089] The operation depicted in FIG. 17 will now be
described in detail with reference to both FIGS. 11 and
17. In the step of block 1710 of FIG., 17, the frequencies
of the bias and source power generators 125, 920 of FIG.
11 are set to constant values, the exhaust rate of a
vacuum pump 1180 of the reactor of FIG. 11 is controlled
to achieve a constant chamber pressure, and mass flow
rates from gas supplies 1182, 1184 are set through a mass
flow controller 1186 of FIG. 11 to constant values. In
the step of block 1720 of FIG. 17, the power level of the
source power generator 920 of FIG. 11 is set to an initial
set point, so that the entire process is at a steady state
with the exception of the bias power level. 1In the step
of block 1730 of FIG. 17, the power level of the bias
power generator 125 of FIG. 11 is set at the beginning of
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power |evels not only at initialization but also during processing, while
the feedback | oops 957, 958 are ignored. [0084]FIG 11 shows that the user
can apply to the process set point controller 1110 any one or a conbi nation
of user selected values for perfornmance paraneters, including etch rate,
waf er voltage, ion density and wafer current. In response, the process set
point controller 1110 uses the appropriate contours fromthe contour
generator 1120 to produce not only source and bias power target val ues but,
in sone cases, target values for other paranmeters not limted or specified

by the usérPrRAPERIARYSHe T 04 get NFalGe SHEETERE S HASEE 41 i on density,

the ion engedysehsthetwal @bl¢dgeeriunr rEResanbapdate rvaltues carignfddamcghed to
t he feedback controller 950 for use in the nmanner described previously in

this speclMpf€ltilof wht Rrféfetondeasy el @afer VoddspPrrGiors d9Nsystr at es t he

structure,andcepar akian ;ef tbn_léem%rn(?l‘é‘?s%e%e‘ctriIB%idmpr‘é%toru%!llfyﬁrwi]t%lo of FIG 11.
Afirst logic unit 1610 receives an etch rate command (if any) fromthe user

and fet chessbeeim &omERbPy 1685 (PHeckorr/ddperdiFAg -cdriour Téfesconst ant et ch
rate in tﬁ@aéﬁ&eﬁfencegnff%{)éeg\ft %%n%gl%ptco%tt%@rr t@fe%%f%rt%w qusly geperated by

t he cont our gener at or secon ogi Cc uni receives an ion density
command (istogery) ifr enmeheryseérl 28ad f dinchés feamh & teenoibl oleR s 1t9e of

correspondi-ng nt o 0 n th i NS i e t of taurs of
const ant T denar LyTeT EoMEdrs aanSiatn B nE i S Gaaiarer 1120, A
third | ogio¢ waict. 163Qsr eceiregsnd egaf(éy voltragel Oforthenercgy)raddramand (i f any)

fromthe %ﬁgbpand fetﬁh%%tfronLa nenory 1635 thel%or%e% %ngk%g_contour of
waf e wafe

const ant 58I9a§elln %Héhégﬁegfvgoﬁfoﬁpg 8F cofist an PQVoItage

previousl y generatiedthynt He cortrowadgerner aher stB20.0 fAlewl HAagict unit 1640
[inds he gt enseetl on BRALIN L ¢ s0ujce: fhass space beacn, gy of the
poi nt is aqutpyt the khe beedback icentodldrerr a9%@ .of 1l Gotll ragmeCont our
Generatorb%%%gh of block 1760), the operation returns in a loop

1765 to the step of block 1740. The steps within the loop

1765 are repeated in this manner until the end of the bias

power range is reached (AYES@ branch of block 1760). The

result is that three sets of data corresponding to

functions of bias power defining the behaviors of wafer

voltage, ion density and etch rate are stored in the

memory 1120a. Using conventional data fit algorithms, the

contour generator uses the three sets of data to produce

algebraic functions corresponding to the data, which are

stored in the memory 1120a as follows:

Vwater = fa(Ppias)i
= fb(Ppias)i
ER = fc(Ppias)i
where mn 1s plasma ion density, ER 1s etch rate and the

index 1 refers to the current level of the socurce power

generator 915 (block 1770). In the next step of FIG. 17
(block 1780), the level of the source power generator 915
is incremented to a new value so that 16i+1. If the new

source power level is not at the end of the source power

range (ANO@ branch of block 1790), then the operation
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[ 0086] Operation of the contour generator 1120 of FIG 11 is illustrated in
FIGS. 17, 18 and 19.FIG 17 illustrates the operation of the contour
generator 1120 in finding functions defining how certain perfornmance
paranmeters vary with bias power. These include functions for the perfornmance
paranmeters of wafer voltage, ion density and etch rate. As will be described
bel ow, the observations of changes in wafer voltage, ion density and etch
rate with bias power are made for the contour generator 1120 by the

measur enent instrunent 140 using the configuration of FIG 11. In FIG 11,

t he nmeasufFeREARS| A8t PurerRP 1405t tendhiet StEeRsPAnPARESUS TRdas déhdMes of waf er

vol tage, keppdenskhynandcetichoratgst qithe cenbews gener aeh kh20. The
contour generator 1120 al so receives the current source power and bias power

comands, 1380 ndireatregeirfcdl GNLL1, thll sRvA§e POWe rcorrvelatte Asdiedvi or of the

per f or man p e o] r l.ta .0 i t I , Wth the
contr ol pgﬁgng%grgko ﬁgoEP?ZE%oﬁé%egng%gﬁgsqé%%@?.%%F%gg7ﬁgf%}§§§3

i | lustraté39%he opbratesnlsef itshéhedntremy gener atforthelZ@niat ifansdi ng f uncti ons
defining how certain performncg paral gﬁs vary with source power. As in
FIG 17, in FIG 18 these includ&functfon¥*f'dr the perfornmance paraneters
of wafer voltage, ion density and etghprpate; Also as in FIG 17, in the
operation of FIG 18 is carried gut usin tne configuration of FIG 11.
[0088]FIG 19 illustrates the op@ﬁafi ﬁ(%ﬁa ke contour generator 1120 in

par anet er ifgirng 1t hgaggpar atre if unehiiens hef sACee ppawer ramdias power
di scovered in the operations of FIGS. 17 and 18 into conbi ned functions of
bot h sour €&°56fer Pafdt ebl&8Fdwert 2 08uch Tedfb PREFITEn AN GRS Lvdpr@dent t he

behavi or gt ¢thepgkfenmarcenrahareier sotwaher pealtade, donrdensidds etch
rate) in 2-dinmensional P - source-Pbras space The contour generator 1120

t hen deri bwedatvhercpatrameseafs donstam, Kk wertsiltyss iprweneclyynemsl etch rate
fromthe &E%Reg%h%%ecggagqu &u%%%EO%iScovered that it does not

change to a great extent, so that bias power and source

power are at least nearly independent variables. Thus, a

single function of bias power for each of the parameters
Vyaterr N, ER generally suffices as a fairly accurate
prediction of behavior over the entire range of the source
power level, at least for the range chosen in the working
examples given later in this specification. Thus, the
loop 1795 of FIG. 17 may not be strictly necessary.
Instead, it may be acceptable to choose a single value for
the scource power level in the middle of the source power
level range in step 1720 and perform the loop of 1765 to
produce a single set of data for each of the three
functions
Vwater = Fa(Ppias)
= I (Ppias)
ER = f.(Ppias)

These three functions of bias power are stored in the

memory 1120a.

[0090] The operation depicted in FIG. 18 will now be
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[ 0089] The operation depicted in FIG 17 will now be described in detail with
reference to both FIGS. 11 and 17. In the step of block 1710 of FIG 17, the
frequenci es of the bias and source power generators 125, 920 of FIG 11 are
set to constant values, the exhaust rate of a vacuum punp 1180 of the
reactor of FIG 11 is controlled to achieve a constant chanber pressure, and
mass flow rates fromgas supplies 1182, 1184 are set through a nmass fl ow
controller 1186 of FIG 11 to constant values.In the step of block 1720 of
FIG 17, the power |evel of the source power generator 920 of FIG 11 is set
to an ini gdearrseedpbdnntetsdlt Watht kefenence probesd FIGSt dlsedddy state
wi th the exceptjon,aof ira vele. php t step of ek ;L430 of
FIG 17, ?ﬁé p%&e?h engEo?EtﬁéBE?§g8ggm§r ggnergﬁér 125 5$%EIG.111 is set
at the begfnhhagbdés angredereenpnedrr argerathesneédsur @@énti MGrument 140
order To Hhachre bl 50 S0/ FEaa" 'aa"Hohorls SAdZSFChiFate inothe manner
descri bedvpreuimopsinp Wwilsh péspéetrEach@SoleSG(bﬂch51¢¢@tablEE©. 17).
These neasurenents are sent to t ont qur. _generataor, 112 stored in a
menory 11 Ba®* ﬁeyﬁeangQFSé 8% Eggggﬁrl 585%Pr VGF% 7F?S%hgqgﬁher | evel of
the bias pawes geoerrgter shpplabsFLG32111il84i aeeesent etromyhcammasd of the
et er m nat 13 FEnEREn Ra0d (PR Fhe afep Lo Bl G0CS1360 S IHFa 178 to
whet her oknhaoktkpeckabestkbiigsopeverilcevel,i shat pbkerendvefl tdfe thicas power
range. |f_ not (ANO@ branch of block 1760Q), .the operation returns.in a |oop
1765 to tﬁéa§té8w8F BPBEK 212401 2Phetstdfs Wilt Atn SEihe P0G 1785 4Me repeat ed
in this maarepotinti | sbhenandtak khe ikeaprpewes Hange iaS steached teA¥ES@
branch of block 1760). The result is that three sets of data correspondi ng
to functi Br§NofNBi GXCEBRePNdEL iRy SPRE CBeRRVFST S S3F lnaf M VISt &GEP i on
ge[m ]g_yt aelé %qeg}ﬁr %@toﬁb% %txt@r.edsl,ntme @%@Qrieje%%o%ifh@%eng;oﬁ%‘é?né l ?nalt

ata fit algorithmns, e contour generator uses e three sets of data to
produce apggﬁﬁagénﬁﬁﬁépﬁoﬁgoc@ﬁré&ﬁenéﬂnéstéeﬁhétdéﬁﬁ,b@ﬁﬁ@Wi@@eO§tored in
the menor 85 rh ALLowS h Wvaf 0k o~ 1£a S(RBIas ) 3 bR (Rhras 4ER - . T c(
['bias)].gméégggfi§Pg %Pagﬁggion geﬁsFE%FQER 'S etgﬁ fate an§4ﬁhe i ndex i
refers tothhe esnseat theveblohoeheuggente apdwprwgenartattdve dr®edaingek 1770) .
lggnfa?:t gf?ﬁéigke%@f 1R Gralt Rl agksLi80), rhhevheyelof sthe Sowics pover

and etch rate in the manner described previously with

respect to FIGS. 1-8 (block 1840 of FIG. 18). These

measurements are sent to the contour generator 1120 and
stored in the memory 1120a. In the next step (block 1850
of FIG. 18), the power level of the source power generator
920 of FIG. 11 is incremented (by command of the
controller 1110) to a slightly higher value and held at
that value. A determination is then made in the step of
block 1860 of FIG. 18 as to whether or not the latest
source power level 1s at the end of the source power
range. If not (NO branch of block 1860), the operation
returns in a loop 1865 to the step of block 1840. The
steps within the loop 1865 are repeated in this manner
until the end of the source power range is reached (YES
branch of block 1860). The result is that three sets of
data corresponding to functions of source power defining

the behaviors of wafer voltage, ion density and etch rate
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is increnmented to a new value so that i6i+1. If the new source power |evel
is not at the end of the source power range (ANO@ branch of bl ock 1790),
then the operation returns in a loop 1795 to the step of block 1730, and
the steps within the loop 1795 (i.e., blocks 1730 through 1790) are repeated
until the source power |evel reaches the end of the source power range
(AYES@ branch of block 1790). The result is that nmany sets of the functions
Wafer = -fa (Pbias) i fb ( Pbias) i ER = fc (Ebras) for all values of i

wi thin the source power range are stored in the nenory 1120a. This permts
an anal yt acal sdetedninathenmefionkiet h@Paor Heingheobwhationadf delte t hree

behavi or paraneters, vwafe i R w th _hi o] C e i urce
power. | éveadggﬁﬁsg?%d FﬁStCPPE88535%8 k%ﬁggggﬁ?g ggggegp%gkﬂéﬁg, so t hat
bi as poweseasdosodate powerodneeatlbehstineé@nhytindependertpwadialbl es. Thus,
a single functio f bias power for each of. the paraneters VWafer, r ER
generallyggugé?cggggs 5ﬁ%8 rF§ea5§8F8 elBrgaFcPFgﬁrggﬁﬁgﬁgvﬁgr over the
entire rangelofsthe source power |level, at |least for the range chosen in the
wor ki ng exanpl es given later ip thig_%p?%ific tion. Thus, the |l oop 1795 of
FIG 17 may not be strictly ne¥é§3%fy.al stead! it may be acceptable to
choose a single value for the soutcg EQygr.)l,evel in the mddle of the source
power |evel range in step 1720 and performthe | oop of 1765 to produce a
single set of data for each of #Re=tHréBsdhunttions Wafer - -fa ( Phias) -(
Pbi as) where n is plasma ion density, ER is etch rate and the
index i refers to the current level of the bias power
generator 125 (block 1870). 1In the next step of FIG. 18

(block 1880), the level of the bias power generator 125 is
incremented to a new value so that i6i+l, If the new bias
power level is not at the end of the bias power range (NO
branch of block 1890), then the operation returns in a
loop 1895 to the step of block 1830, and the steps within
the loop 1895 (i.e., blocks 1830 through 1890) are
repeated until the bias power level reaches the end of the
bias power range (YES branch of block 1890). The result
is that many sets of the functions

Vwater = La(Psource)i

= fp (Psource) i

ER = fc(Psource)i
for all values of i within the bias power range are stored
in the memory 1120a. This permits an analytical
determination of whether or not the behavior of the three
behavior parameters Vyater, N, ER with source changes with
bias power. I have discovered (as in the case of FIG. 17)
that it does not change to a great extent, so that bias
power and source power are at least nearly independent
variables, as discussed above. Thus, a single function of
source power for each of the parameters Vyaferr N, ER

generally suffices as a fairly accurate prediction of
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ER = fc (Rtias) These three functions of bias power are stored in the nenory
1120a. [0090] The operation depicted in FIG 18 will now be described in
detail with reference to both FIGS. 11 and 18. In the step of block 1810 of
FIG 18, the frequencies of the bias and source power generators 125, 920 of
FIG 11 are set to constant val ues, the exhaust rate of a vacuum punp 1180
of the reactor of FIG 11 is controlled to achieve a constant chanber
pressure, and nass flow rates from gas suppl i es 1182, 1184 are set through a
rrassflowcgntroller g}gof FIG 11 to c values In_the step%of bl ock
1820 of FPEMY8OTt RESpoNer FEVEFSof *PHE Bi a§ So PSgEREFLt d°VEZB 6 FIG 11

is set tolaBsknifblrakhsetapgientchosent hat thie wekkiing Ié&@‘ﬁ@ﬁ%sl giatera St eady
state with the excegtlon of .the squrce ;%ovver | evel.. In_the step of bl ock
1830 of FF&FeTgint halgoRerCidévERtdP N he T836r c&FoweCPgdleRatdr Td50 of FI G

11 is set 18t phhenbegbBnishg ek 1§ peedelanyl. nednsarge., TheBaAR ement
i nstrunment 140 then senses the voltage current and power at the inpedance

mat ch 1302FReBEEBL St §ONEASAEE Rafdr V6l Vagee ifeR Fefsitiy Sam®Yétich rate in

the manner «¢eschhbedePhgwuausly Wh%hbﬁ%§p?%twetrol%lv@§ rbr el QoG B840 of
FIG 18). These nmeasurements are sent to the contour generator 1120 and

stored i n1BRE AeRDPETILiPZOathen lowe méxt 8$0ep O BILOSK CESS0 SeMEIGSer8), the

power 'evgk egtgh%o§0@5%% BV 0enekal 9220 0 FIG 11 is incremented (by
command of the controller 1110) to a slightly higher value and held at that

value. A determination is then Viadge #nfi %o&tce)p of block 1860 of FIG 18 as
to whether or not the | atest sourcefgg\é&e gvel is at the end of the source
power range. If not (NO branch of bl *°186 the operation returns in a

| oop 1865 to the step of block 18RO FheP.si.eps within the | oop 1865 are
repeated in this manner until the end of the source power range is reached
(YES branch of block 1860). The result is that three sets of data

cor r espondihgget @hfrecirugrs i6h sseur eeupeeehotelr Rirkg sithe-deehavitaless of waf er
vol tage, ion densH% and etch rate are stored in the nmenory 1120a Usi ng
convent i oREMOd4t & 1FVE -al JOHSr hAEOTk KETEGREGEN Fdndiat SPCERST Uset he three

sets of datastoipraddcesal geRr aletmdirynat]izenRs neAlsePRNAINA dwd i dat a, which
are stored in the nmenory 1120a as follows: Wafer - fa ( Psource) fb (

Psource) &fERuBCfdopspsgar ¢@p safer voltage:
Vyater = fa(Psource)
Vyater = fa{Ppias)
and following pair of functions for the ion density:

= I (Psource)
= I (Ppias)
and the following pair of functions for etch rate:
ER = fc(Psource)
ER = fc(Ppias) .

[0091] In the operation illustrated in FIG. 19, the
contour generator 1120 combines each pair of functions
having a single variable Pgsource; Or Ppias, respectively, into
a single combined function of the variable pair Psource and
Pyias. This produces the following three functions:

Vwafer ( Psource/ Pbias)

n (Psources Poias)
ER ( Psourcer Pbias) .
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where fl is plasma ion density, ERis etch rate and the index i refers to
the current |evel of the bias power generator 125 (bl ock 1870). In the next
step of FIG 18 (block 1880), the | evel of the bias power generator 125 is
increnented to a new value so that i6i+1. If the new bias power |evel is not
at the end of the bias power range (NO branch of block 1890), then the
operation returns in a loop 1895 to the step of block 1830, and the steps
within the loop 1895 (i.e., blocks 1830 through 1890) are repeated until the
bi as power | evel reaches the end of the bias power range (YES branch of

bl ock 1890909Zhe reSuohtousst h&t coranyaset paohmeherf wadtiesng eVgaf,er( Psour ce) |

fb (source) | ER =_1 -source). i for _all values. of i wthin.the bias power
range arecéP%Pga Ph Fﬁésﬁgﬂgrya¥ffog9lfﬁ?§’p@rﬁPPgogﬁ gnaffpﬁggp%

det erm nattoh ohtwhethebnabumobft henbehati abnotehbe tiyhr aechahamidoby
paranmeters Waten 1, ER with,source changes with bias power. | have
discovereaeEﬁénpnt%ﬁergﬁggcﬁﬂvﬁléﬁnfgfoph £ Ftc88§§aﬁ5tvgﬁ5ﬁg§npo a great
extent, senkhakobiaggpowver pand..saudr ae fpawven oar efabp,).east Feeaekympdependent
vari abl es, as di scussed above. Thus, a single function _of soyrce power for

each of thB Pafgketer SSURARER, ar ERNGBHE Al (OB PRCe¥2d§ a YPaitA%¢ accurat e

predi ctiofgtoB8o0 v, the function Viafer (PsourcesPpias) 1S set equal to
300 V, and then solved for Psource-

[0093] Operation of the contour generator 1120 of FIG.
11 in carrying out the foregoing steps of generating the
combined two-variable functions and then solving them for
Psource a8 a function of Ppjas at various constant values is
illustrated in FIG. 19. Referring now to FIG. 19, the
first step (block 1910) is to take the single variable
functions of wafer voltage, i.e., Vyafer (Psource) and

Vuafer (Ppias) and find their combined function. The next

step (block 1920) is to take the single variable functions
of ion density, i.e., N(Psource) and N (Ppiss) and find their

combined function N (Psources Prias). The third step (block
1930) is to take the single variable functions of etch
rate, i1.e., ER{(Psource) and ER(Pypiss) and find their combined

function ER (Psources Ppias) -

[0094] Then, the contours of constant values are
generated. To generate a contour of constant wafer voltage
(block 1940 of FIG. 19), the function Vyafer (Psources Pbias) 1S
set equal to a constant value of wafer voltage and the
resulting expression is then solved for Psource @s a
function of Ppias. This step is repeated for a range of
constant wafer voltage values to generate a set of
contours covering the range. These contours are stored in

the memory 1120a of FIG. 11 (block 1945 of FIG. 19).
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behavi or over the entire range of the bias power |evel, at |least for the
range chosen in the working exanples given later in this specification.
Thus, the loop 1895 of FIG 18 may not be strictly necessary. Instead, it
may be acceptable to choose a single value for the bias power |evel in the
m ddl e of the bias power |level range in step 1820 and performthe | oop of
1865 to produce a single set of data for each of the three functions VWafer
- fa (Psource) = fb (Psource) ER = 1c (Psource) These three functions of
source power are stored in the menory 1120a. Thus, upon conpletion of the
oper at i on§0885F| GS. Te796RAT28E EhECRERBEY C11208SK6Nds 1PRe RHISLGW ng pair of

functionsﬁﬁ r th fer t age. V%%fer = fa E urce) ;Wafer _- ( Pbi as)
and follo ﬁacga??%@f? uﬁg roggjfor thupg%laén ﬁ?vwr@'Fame s%ﬁr%é? fb (
Pbi as) andqtihe tel howbAgtpakr vafiukunét ieAsdeasielyCAndatée resulting

expression is solved for Psource @as a function of Ppias. This

step 1s repeated for a range of constant ion density

values to generate a set of contours covering the range of

ion density values. These contours are stored in the

memory 1120a of FIG. 11 (block 1955 of FIG. 19).

[0096] To generate a contour of constant etch rate
(block 1960 of FIG. 19), the function ER(Psources Pprias) 1S set
equal to a constant value of etch rate and the resulting
expression solved for Psource as a function of Ppijas. This
step 1s repeated for a range of constant etch rate values
to generate a set of contours covering the range of etch
rate values. These contours are stored in the memory

1120a of FIG. 11 (block 1965 of FIG. 19).

[0097] Generally, each combined two-variable function,
€.9., Vyafer (Psourcesr Prias)) Can be approximated by the product
of the pair of individual functions, e.g., Vyarer (Psource) and
Vyater (Ppias) . For example, ignoring all control parameters
except RF power level and ignoring constants of

proportionality:

Vuater = fa(Psource) - [Psource]l/2

vwafer = fa(Pbias) . [Pbias]1/2
so that the combined two-variable function 1is

apprOXimatelY! vwafer = Fa (Psourcer Pbias) = fa(Psource) fa (Pbias)

[Pwume]”2 [Pbm51U2 This expression, however is not exact.
The exact function is best found by curve-fitting

techniques involving all control parameters, namely Psource
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ER - fc(Psource) ER = fc (Pbias) [0091]In the operation illustrated in FIG
19, the contour generator 1120 conbi nes each pair of functions having a
single variable Psource, or Pbia" respectively, into a single conbined
function of the variable pair P,nf and Pbias This produces the follow ng
three functions: Wafer ( Psource Pbias) 11 ( Psourcer Plolas) ER ( Psourcer
Pbi as) [ 0092] Cont ours of constant paraneter values (e.g., a contour of
constant wafer voltage, a contour of constant etch rate, a contour of
constant ion density) are found by setting the respective function to a
const ant #8fuBriand 3hetP Wt Vi WA f b PIGLF LR asSALF GRACRPBRT of Pbj asFor

exanpl e, frequency, bias power frequency, chamber pressure, and
magnetic field (if any). I have found the following

expression for Vysrer as a function of both Psource and Ppias:

Vyater ( Psources Ppias)
Vo (Poias/Poo) * ' [ (Psource/Pso) Ky (p/pPo) ™ + (p/po) °°17%°
where Py 1s a maximum bias power value, Py 1s a maximum
source power value, pp is a minimum chamber pressure, and p
is the actual chamber pressure. In the reactor chamber
described above, the maximum source power Py was 1500
Watts, the maximum bias power Py was 4500 Watts and the
minimum pressure po was 30 mT. These values may differ
from the foregoing example depending upon chamber design
and process design. Vg is determined in accordance with
the following procedure: the maximum bias power Ppg 1is
applied to the wafer pedestal while the source power is
held to zero and the chamber is held to the minimum
pressure po. The wafer voltage Vyazrer 18 then measured and
this measured value is stored as Vg. K; is then determined
by increasing the source power to its maximum value Pso and
then measuring the wafer voltage Vy.fer @again, and K; is
adjusted until the foregoing equation yields the correct

value for Vyafer-

[0098] The exponents in the foregoing equations were
obtained by an extensive trial and error parameterization
process for the reactor described in this specification.
These exponents may be useful for other reactor designs,
or the user may wish to try other exponents, depending

upon the particular reactor design.

[0099] Ton density, m, and etch rate, ER, are both
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in order to generate a contour of constant wafer voltage at 300 V, the
function Wwafer (source, Pbias) is set equal to 300 V, and then solved for
P,""r". [0093] Operation of the contour generator 1120 of FIG 11 in carrying
out the foregoing steps of generating the conbined two-variable functions
and then solving themfor Psource as a function of Pbias at various constant
values is illustrated in FIG 19.Referring nowto FIG 19, the first step
(block 1910) is to take the single variable functions of wafer voltage,
i.e., W aferP source) and Wwafer (Pbuas) and find their conbined function.
The next Stept{bheckfl1l920). esdtb,t ake phesmienghecerktirabkeofruncti ons of ion
density, i
sour ce) angaﬁi??fg gnaff 8 P%gsma 3 ﬁﬁganFuhCFFoﬁeﬁfréssource Pbi as)
The th|rdpséepo@blpckeiesﬁ)wnSht@efakenthetS|EgGe gari abl e functions of etch
rate, i.e., ER( = D2 Vyge,?

warer

and
ER = ka Vwafer3/2

[00100] Therefore, only the plasma susceptance b need be

specified in addition to Vyarer to define ER and 7n, for the
sake of brevity. I have found the following expression
for the plasma susceptance b as a function of both Psource
and Ppias:

b (Psourcers Poias)
bo (Pysas/Pro) ~°%° [ (Psource/Pso) (p/Po) %1 [Kz (Ppias/Poo) "% (p/Po) >+

(p/po) °*%"]

where the definitions above apply and in addition by is a
reference susceptance value. The reference susceptance
value by is determined in accordance with the following
procedure: the maximum bias power Py is applied to the
wafer pedestal while the source power is held to zero and
the chamber is held to the minimum pressure pg. The
susceptance b is then measured at the wafer support
pedestal (using a V/I meter, for example) and this
measured value 1is stored as by. K; is then determined by
increasing the source power to its maximum value Py and
then measuring the susceptance b again, and K, is adjusted
until the foregoing equation yields the correct value for

b.

[00101] Ion density, m, and etch rate, ER, are then
obtained by substituting the expressions for Vy.fer and b

into the foregoing expressions for n and ER

[00102] The results of the contour generator operation
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NPsource) and ER(P and find their conbined function ER [0094] Then, the
contours of constant val ues are generated. To generate a contour of constant
waf er voltage (block 1940 of FIG 19), the function \cater (Psource | Pbias)
is set equal to a constant value of wafer voltage and the resulting
expression is then solved for P,", as a function of Pbies. This step is
repeated for a range of constant wafer voltage values to generate a set of
contours covering the range. These contours are stored in the nmenory 1120a
of FIG 11 (block 1945 of FIG 19). [0095]To generate a contour of constant
i on densi by FCBl.odR 2980 idfl uBitGat®9) fotrheafrincsi ohamRsoprtes RPoes) |s set

ol ved forpr s o2 R i o B as TS SRES LY SHeSTAT TO a ran
S : p 1S repeated for a range
of const amtfeenvdénsigey contours of constant ion density and
contours of constant etch rate superimposed upon one
another in Psource—Prias space. The chamber pressure for
these contours was 100 mT. The contours of constant wafer
voltage are depicted in solid lines. The contours of
constant ion density are depicted in dashed lines. The
contours of constant etch rate are depicted in dotted
lines. The source power range (the vertical axis or
ordinate) has a range from zero to 1200 Watts. The bias
power range (the horizontal axis or abscissa) has a range
from 200 Watts to 1200 Watts. The stated values of

constant wafer voltage are RMS volts. The stated values

of constant ion density are 10° ions/cm’.

[00103] FIGS. 20, 21, 22, 23, 24 and 25 correspond to
FIG. 20 for respective chamber pressures of 100 mT, 30 mT,

70 mT, 150 mT, 200 mT and 250 mT, respectively.

[00104] Cnce a complete set of contours of constant
voltage, constant etch rate and constant ion density have
been generated and permanently stored in the memory 120a,
the contour generator and even the measurement instrument
may be discarded. 1In such an implementation, the process
set point controller 1110 would control the entire process
based upon the contours stored in the memory 120a in
response to user inputs. In this case, the process set
point controller 1110 could apply the bias and source
power level commands directly to the bilas and source power
generators 125, 920, respectively, so that the feedback
controller 950 could also be eliminated in such an

embodiment.
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values to generate a set of contours covering the range of ion density

val ues. These contours are stored in the nenory 1120a of FIG 11 (bl ock 1955
of FIG 19). [0096] To generate a contour of constant etch rate (block 1960
of FIG 19), the function ER(Psource, Pbius) is set equal to a constant val ue
of etch rate and the resulting expression solved for ['source as a function
of Pbies. This step is repeated for a range of constant etch rate values to
generate a set of contours covering the range of etch rate val ues. These
contours are stored in the nenory 1120a of FIG 11 (block 1965 of FIG 19).

[ 0097] GendPQROP] ealhidenthinte deRoLnemeandblia stymaeingn, 148, dias been

Vet er ( Psoy fs%‘?:rlBr 'de%)l)chc%%f*%%e%%%r X r&%%%e@é y}%o%rs Dy thgpair of

i ndi vi dual functions, e.g., Wafer(Pseurce) Waafer (Pri es) For exanpl e,
i gnoring é|4|0,c6|5t0no|36|@artélraét @R reyx Cayst llnldlw@\sdelrall @Mpchgrﬁorl ng constants

Of. propor %%%@%l E%ceg%fr%r co %)%( Sl§1 rt%%) P %lrhre(flec] \é@ﬁfmeng 1840( Pbi es )
. in bias hat the combi hed two- vari ab unction 1s approximtely:
Waf er = EefPbeurop lPheased tioetPsourice). fp(r(o@rm@)ned computer, such

as a workstation or a personal computer rather than as

separate hardware entities. The contour generator 1120

may also be implemented in a programmed computer or

workstation. 1In addition, the feedback controller 950 of

FIG. 9 or FIG. 10 may be implemented in a programmed

computer. Moreover, the process set point controller may

be implemented in a programmed computer.

[00106] The measurement instrument 140 has been
described in certain applications, such as in a process
control system. It is also useful as a tool for
“fingerprinting” or characterizing a particular plasma
reactor by observing the etch rate, ion density and wafer
voltage measured by the instrument 140 at a selected
process setting of source power, bias power, pressure and

other parameters.

[00107] While the description of FIG. 8 concerned an

implementation in which etch rate is computed as ER = b’

Veater: and ion density as 1 = kb’ Vyater>'?, other functions

may be employed, such as, for example, [DVyaser]®, oOr

3/2

[bvmfu]z, or gVyarer (where g in this last expression is

the conductance defined previously in this specification).

Reactor with Array of Chamber Parameters:

[00108] FIG. 26 illustrates a plasma reactor similar to
that of FIG. 11 but having a greater number of chamber
parameters capable of being controlled by the feedback
controller 950. Like elements in FIGS. 11 and 26 have
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Psource][ Pries] "2 This expression, however is not exact. The exact
function is best found by curve-fitting techniques involving all control
parameters, nanely Psource and Pas above, and in addition, source power
frequency, bias power frequency, chamber pressure, and magnetic field (if
any). | have found the follow ng expression for Wafer as a function of both
Psource and Pbiss: Water (Psourcer Pblas) - Vo (Pbaas/Pb0) C 4

[ (Psource/ PsO) K1 (p/pol+ where Pbo is a maxi mum bi as power value, Pso is a
maxi mum sour ce power value, po.is a_m nimum chanber pressure, and p is the
actual ch ﬁ%@rrg?§§§BF§.nPWeFﬁésreaEPo?dgﬁ5ﬁ88rtaeggFi83&“5@6@e9%the maxi mum
source poweG.Pso, Wahel?2@@cVbtt 95 Fhe.mRX% puBLbhas power Bbhel was 4500 Watts
and the m ni num pressure po was 30 ml. These val ues differ framthe

f or egoi ng2BREABFeI8EpeRdPAG-aPoR BRENDEr S 8§F§ﬁeéﬁ& gﬁéce§§4d§§ﬁ@ﬁp Vo is
det er mi nedhknoaecpedaneeewtrbdkhe 109! bawrag @%@C%@ﬁbﬁiietshq g% mum bi as
power Pbo is applied to the wafer pedestal while the source power is held to
zero and th&ovRanBef2ifs RECE CONTRE A Ruipresstte COSM TR waf er vol t age

Vw afer ig-thensmeasufedcand)t bing reapueed cwakue i$nahored autée. Kl is then
determ ned by increasing the source power to its maxi nrum value Po and then
measur i ng98ke 1naLer 1enl gageswidiler 9ddaithroan® KesPscadivgstded a9 t he

foregoi ng gduabnh 9B Xi ¢hdsqt he 1%%r.eC_trhxealg%% QWA a1 110098] BlRe, exponent s

in the foregoing equations were obtained by an extensive trial and error
par amet er L28bbonopitgees$hfogashd Liogactede a@asctihsedompashits ospedi fi cati on

These engQ%gBﬁtﬁ%X be g%%f%hgko%r el heagt h d94lans g an g user may
wi sh to try other exponents, dependl ng upon the particul ar reactor design.
supplies 1182 to gas injection zones 912, 914. Inner and
outer magnet coils 1210, 1215 are connected to respective
inner and outer DC coil current supplies 1220, 1225. An
optional DC chucking voltage supply 1230 is coupled to the
bias feed center conductor 212, in which case a DC
isolation capacitor 1235 is connected in series between

the center conductor 212 and the bias match 130.

Chamber Characterization for three chamber parameters:

[00109] The reactor chamber of FIG. 26 may be
characterized by quantifying the behavior of, for example,
four plasma parameters (such as wafer or sheath bias
voltage, ion density, etch rate, wafer current) as
functions of three chamber parameters (such as source
power, bias power and chamber pressure). First, single
value functions of the various plasma parameters are found
with individual chamber parameters as the single
variables, in the processes depicted in FIGS. 27-32. The
first step is to initialize the chamber parameters (block
2001 of FIG. 27). This step sets chamber parameters, such
as source power Pg, bias power Py, chamber pressure pen,
inner magnet current Iijner, Outer magnet current Igyter, 9as

flow rate FR, to initial (e.g., mid-range) values.
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[0099] 1 on density, 1, and etch rate, ER, are both functions of VWwafer and
b, the plasma susceptance or imaginary part of the plasna admttance, as
descri bed previously herein with reference to FIG 8: = b2 V,,afer2 and ER =
kb2 VWa fer3/2 [00100] Therefore, only the plasnma susceptance b need be
specified in addition to Wafer to define ER and ii, for the sake of
brevity. | have found the follow ng expression for the plasm susceptance b
as a function of both P -source and [' bi as:

[00110] The next major step 1is for the constant contour
generator 1120 to find single variable functions of each
plasma parameter in which bias power is the variable,
which is depicted in FIG. 27. In the example of FIG. 27,
functions are found for wafer voltage, Vyaser (Pg), etch
rate, ER(Pg), plasma ion density, n{Pg), and wafer current,
Iwater (Pg) . Referring to FIG. 27, the first step 1s to set
P to the beginning of its range (block 2003 of FIG. 27).
This range may be between zero and 1000 Watts at 13.56
MHz, as one possible example. The next step is to measure
or sample plasma parameters of wafer voltage Vyafer, etch
rate ER, plasma ion density n and wafer current Iyafer using
the measurement instrument 140 of FIG. 26 {(block 2005).
Then the contour generator 1120, through the controller
950, increments P by a small predetermined amount or small
fraction of the range (block 2007). A determination is
then made as to whether the end of the bias power range
has been reached (block 2009). If not (NO branch of block
2009), the process loops back to the step of block 2005.
If the end of range has been reached (YES branch of block
2009), then the process continues to the next step, namely
block 2011. The step of block 2011 consists of using the
sampled data to construct functions Vyarer (Ps), ER(Pg), n{(Pz)
and Iyafer (Pg), which are stored in memory. These functions
may be constructed by curve fitting techniques, for
example. Then, in preparation for generation of functions
depending upon other chamber parameters, the chamber
parameter Py is returned to its initial value, preferably a

mid-range value (block 2013).

[00111] The purpose of the next process, which is
depicted in FIG. 28, is to find the single variable
functions of which source power is the single variable,

namely the functions Vyarer (Ps), ER(Pg), n(Ps) and Iyafer (Ps) .
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b (P source/ Pbias) bo (Pbias/0.25Pb0/[ (Psource/Ps0) (P/Po) -0.65]

[ K2( Pbi as/ P80) -0.62 (p/p0) (P/Po) 0.22] where the definitions above apply
and in addition bo is a reference susceptance val ue. The reference
susceptance value bO is determ ned in accordance with the follow ng
procedure: the maxi mum bias power Pbo is applied to the wafer pedestal while
the source power is held to zero and the chanber is held to the m ni num
pressure pa. The susceptance b is then nmeasured at the wafer support

pedest al &u5|n a VIl neter, for nple and this nmeasured vaIHe is stored

as bo. §efﬁéﬂngPeFﬁFnea8bytpﬁc§é§§|nStFﬁel§oGPc§e ower “Po 1'fs maxi mum

val ue 850b@a@nhhﬁ@ BEasHuiree bBeesUseaptaneeockkagailn, oand1k2 i2g)adj usted
until the foregoing equation yields the correct value for b. [00101]Ion
density, FheaRd BteRMAaPELTER PRWETt KERIGLI'AVNER By BuBStid d nd tohe

expressi opgttar ;Vwaker vand Bsi ghe Lhesfigrnegakagpexpr eweorrh%xftorstlepand ER .
[00102] The results of the contourﬁgenerator operation of FIG 19 are

i1 lustratéd formgapisas o&Eharbed eptéss Pleéspn PEresetegs2ef mader20
illustrates;e g&ovagegf &stante val er, Mol age,n CINOUr Of Pfaonsdant ion
u

density an tours of constant etch rate superi npose on one another in
P source- tha§n§pé@ﬁerTﬁ@ﬂtﬁéﬁhémeqﬂwﬁﬁmﬁnifkﬂstrument 140 (block

2017 of FIG. 28). Then, the generator 1120/controller 950
incrementd Ps (block 2019). A determination is then made
of whether the end of the source power range has been
reached (block 2021). If not (NO branch of block 2021),
the process returns to the step of block 2017. Otherwise
(YES branch of block 2021), the process continues to the
next step of block 2023. In the step of block 2023, the
sampled data (from block 2017) is used to construct the
single variable functions Vyafer (Ps), ER(Ps), n(Pg) and

Iyater (Ps), and these functions are stored in memory. Pg is

then returned to its initial value (block 2025).

[00112] The purpose of the next process, which is
depicted in FIG. 29, is to find the single variable
functions of which chamber pressure is the single
variable, namely the functions Vyater (Pcn), ER(pecn), N {(Pcn)
and Igafer (Pcn) . The first step is to set pen to beginning
of the chamber pressure range (block 2027). This range
may lie between 0.5 mT and 200 mT, as one possible
example. The next step is to measure or sample the plasma
parameters of wafer voltage Vyarer, etch rate ER, plasma ion
density n and wafer current Iyasfer With the measurement
instrument 140 (block 2029). Then, the generator
1120/controller 950 increments pen by a small fraction of
the pressure range (block 2031). A determination is made
at this point of whether the end of the chamber pressure

range has been reached (block 2033). 1If not (NO branch of
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t hese contours was 100 nil. The contours of constant wafer voltage are
depicted in solid lines. The contours of constant ion density are depicted
in dashed lines. The contours of constant etch rate are depicted in dotted

| ines. The source power range (the vertical axis or ordinate) has a range
fromzero to 1200 Watts. The bias power range (the horizontal axis or

absci ssa) has a range from 200 Watts to 1200 WAatts. The stated val ues of
constant wafer voltage are RVB volts. The stated val ues of constant ion
density are 1010 ions/cnB. [00103]FIGS. 20, 21, 22, 23, 24 and 25 correspond
to FIG 201P6K rE3péct the PRAFESE pre®SuPEsKof o168 eniP teso 9fr PLAT T, 150 n,

200 nT ando290 nbcheeaReet i(welsy H8RE04lFOpGe & compl)et @ neelp Rfceant ours of
constant voltage, constant etch rate and constant ion density have been

gener at ed cand ipeeAaménl fhst oeEd iShepPhe NeBRBYY P120%, 20 -corfthodrl GFdner at or
and even t2'6§5r,"9%§%“§% tlebnatartlén%rfbmﬁﬁcyleb%t@;pls%%r gadcil B oSUCh Afised

i npl ement ation, the process set point controlfler 1110 would control the
entire proocessnsasadtupor tthectemnouVs.st Bred, i BRI he) memdiden 1282di n r esponse

to user inputsy Ln thiscgasee Lhe pLocesy satnopboy conrghber 3439, could

appl y the Bi'&s' "ahd’ source power commands tly to the bias’and
source power igensrtatmres] 1125, 1t920inrespectamet y, so that the feedback
controller 950 could also be elimnated in such an enbodi ment. [00105] Wil e
t he neasurenent instrunment 140 has been described with reference to discrete
processor §081231320Th34@urdsBe 360 thathexar py oawts si,ndindicduals conput at i ons,

t hese processors conprising . the asyr.enent instruynment 140 .can be
i npl ement E§PL6GECHEPR iFI&%a gPOere?g%@d%r&&r%&%@r ,Slwtciﬁ astd orkst ation or a
personal compttensr atthehiicharhas csepanat @ thandwdmne eentniagres, cbig cont our
generator 1120 mag, al sg l‘))e dnmplemented in a pr (?L%r anmmed conputer or

addiCti ﬁ,

wor kst ati eri0 Rt e HEe FHAGK Sc OREGIEr FSF Iy 9 or FIG 10

may be i nphesenbad vy, Q. programmed (¢onputen (tVprLeovaid the. Rrocess. set point
controller may be inplenented in a programred conputer. [00106] The

neasur emeff? CREEFU diAETHSEs BEEn HELENThERULR &&r t@ins t&ipl)i &S ons, such

as in a pnrecess eant Leh1s¥st eM MERIES e tusafrult RS e 110l fedfent .
"fingerprinting" or characterizing a particular plasma reactor by observing
the etch A&t éhe sgagéndgi-ty did SWaf dongol gk e uredl byoimelraise¥ unent 140

at a sel eqied Brgeess 19kt LB IF, SAHLE R e PI1AS ROWRIGs LTI e and

ot her paraneters.
sample the plasma parameters of wafer voltage Vyater, etch
rate ER, plasma ion density n and wafer current Iyafer With
the measurement instrument 140 (block 2041). Then, the
generator 1120/controller 950 increments Iipner DY a small
predetermined fraction of its range (block 2043). As
determination is made at that point of whether the end of
the magnet coil current range has been reached (block
2045). If not (NO branch of block 2045), the process
loops back to the step of block 2041. Otherwise (YES
branch of block 2045), the process proceeds to the next
step, namely block 2047. 1In the step of block 2047, the
sampled data from the step of block 2041 is used to
construct the functions Vyafer (Iinner)s ER(Iinner), 0N (Ilinner) and
Iyafer {Iinner), which are then stored in memory. The last
step of this process 1is to return Iipper to its initial
value (block 2049).
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[ 00107] Whil e the description of FIG 8 concerned an inplenentation in which
etch rate is conputed as ER = b2 Wafer2 and ion density as 71 = kb2afer3/ 2,
ot her functions nmay be enpl oyed, such as, for exanple, [bV,,,,,f,]1, or
[bV',f,]2, or gV',,f,3/2 (where g in this |ast expression is the conductance
defined previously in this specification). Reactor with Array of Chanber
Paranmeters: [00108)FIG 26 illustrates a plasma reactor simlar to that of
FIG 11 but having a greater nunber of chanber paraneters capabl e of being

control |l ed b{ t he feedback controller 950. Like elements in FIGS. 11 and 26
have [00114] The purpose of the next process, which 1is

depicted in FIG. 31, is to find the single variable
functions of which the current supplied to the outer
magnet coil 1215 of FIG. 26 is the single variable, namely
the functions Vaafer (Iouter) s ER(Iouter), N (Iocuter) and
Iater (Iouter) - The first step is to set Iguter £O beginning
of its range (block 2051 of FIG. 31). The next step 1is to
measure or sample the plasma parameters of wafer voltage
Vwater, €tch rate ER, plasma ion density n and wafer current
Tyarer With the measurement instrument 140 (block 2053).
The generator 1120/controller 950 then increment Iguyter DYy a
predetermined small fraction of its range (block 2055). A
determination is made as to whether the end of range has
been reached (block 2057). If not, the process lcops back
to the step of block 2053, Otherwise, the process
proceeds with the next step. 1In the next step (block
2059), the sampled data from the step of block 2053 is
used to construct the functions Vyater (Iouter) r ER{(Iouter) s
N{Iouter) and Iwafer(Iouter), wWhich are then stored in memory.
This process concludes by returning Iguer to its initial

value (block 2061).

[00115] The purpcse of the next process, which is
depicted in FIG. 32, is to find the single variable
functions of which the gas flow rate FR (or alternatively,
the gas composition) is the single variable, namely the
functions Vyater (FR), ER(FR), n(FR) and Igafer (FR). The gas
composition may be the ratio between the carrier gas
{(e.g., argon) ‘and the etchant species (fluorine or
fluorocarbon or fluorhydrocarbon species), for example.
The gas composition or gas flow rate may be separately
defined as two different variables for each of the two
(inner and outer) gas injection zones 912, 914, for

example. Thus, there are four possible variables or
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i ke reference nunerals. In addition to the elenents of FIG 11, the reactor
of FIG 26 also has inner and outer annular gas injection zones or

shower heads 912, 914 within the overhead el ectrode 910, plural gas supplies
1182a t hrough 1182f, each containing a different chem cal species (or

m xture) and coupled to the inner and outer gas injection zones 912, 914

t hrough respective gas flow controllers 1186a, 1186b. The gas fl ow
controllers 1186a, 1186b control the gas flow rate and the conposition or
proportion of gas flow fromeach of the individual %as supplies 1182 to gas
i nj ectionCEBH@%rgﬁzra@fﬂeanHBPcﬁﬁ&lGQt 8f Smigh¥t te6H E‘aifz%é" 1215 are
connect edechgibospecthweri Rk 3ad Fuber rBEegobliterr zemle SWpplfiles 1220, 1225.
An optional DC chucking voltage supply 1230 is coupled to the bias feed
center cokdlitoinNReY, ZPREWHRSHh COHBE S& tHEN s GMAEI0R OB 8p&EiSt or 1235 i s

connect ed LRp88E LeSnhet waen pt-Be cp@Nthn Q@d'éfft e G212 2aRe nidee i anemat ch 130.
Chanber Char act erization for three cha paraneters: [00109] The reactor
chanber ofisFl ef 26rguyibelekacact efi 284 l@yf Ghantiorgided nchgaseHawivor of , for
exanpl e, E%%t@baemmegr ARt ek +eSUCh @S HRfen 10h sSheath iRiqasgrrol tage, ion
density, etch rate, wafer current) as functions of three chanber paraneters
(such as source power, bias power and chamber pressure). First, single value
functions va u l.as ar r (o] h 4-ndiwvi,dual chanber
par amet er Bltll%ﬁe s?hgl zl\%ar%l %gl g’ %n%%%hg)r%r ocess%gg F#G]tm c3ltzeg I rJIC%FI GS.

27-32. Theeti F&t tst epgiiantiad wift |ralr1|gzee (ﬂoli@cckhat@iﬁér) -palérretrers (dflegck 2001 of
FIG 27). ThIS step s set sorcg%nb r %%ramit ers. %l{,%rr}le%s Source pover Ps, bi as
power PB, 1Eh&RplF aslu sure pénlﬁ) i nner magnet Fearfent 15 mer'.” 'out er magnet
current | owltagga¥uflowgtatite fRe tER ) nptd siha (iorg.dems ey armga)dvxaiﬂaes

[00110] The next jor ste 1‘3} for t he constant contour Pﬁ:e ai k1120 to
find singFeTV&FTabreet dhd © JPeEHEH B Hs i Pl et er WAt Sh< bi as power
i's the vapiable, whieCheixs @epipctied tion 1E|c@em%71t IR the xamuey)of B G 27,
functions are found for wafglr vol t age, g& % etch rate, ER(PB), plasm
i on densi £ eAIPBR 18R IRafEr e lBEENCE “REFEET(BEF oR&r &f itig %S i G 27,
the firsttgkegaks fiowsetlr agst @o&n@esaeglo&nlpaqaﬁfetletrs Framges Haloeck 2003 of

FIG 27). This ran tween zero and 1000 Watts at 13.56 MHz, as one
possi bl e ER&RPEE. | %H@Cﬁe>2t06§t Jep itd 6 tmdd9UPE 3§Chs fripiPd 9ka s Par anet er s of

waf er vol FtﬁQeFYBEE@fse'ioo%tsC%arc%t @ oERhePhaSRR rle@ ndensidty JF andmafer current
"Waf er usi n% he neasurenent instrunent 140 of FIG 26 (block 2005). Then

t he cont odP%§enePah6rwis20, (YERr Sughchhe fc&rocd! 1280 9950 thendreerremterPg by a
smal | pr eqgh eeni BeY13MUNbeoio3Rl. Thackhan syt e LARGS Ghack 2Q07). A
determ nation is then nmadé as to whether the end of the bias power range has
been reaclsedlp(lbldodlatzoﬁg) usefd ot C@N@tbmﬁchh@f fhinedk o2G0W)watet ER or ocess

| oops bacgﬁt(gﬁt) agt[g%go% Pk ock ‘Ml }pe Ie@qikpgnr C?%e%mfn been reached

(YES bran f“‘hféﬁ process continues he next step,
nanely bl meklozml Tlﬁhecsmepr@fctblomlcIonBj.ll:hch|C$tL9n@f ms_yi rgnetllvey sanpl ed dat a
to construct fu PH) E PE) fl (P8) l.wat.er (P whi ch
are stored in rrg \é\e\gﬁemfl rillgtsl’orl?g(rngﬁmglglcons?% uct'ed ably Sctlfrpve%| tting

t echni ques;hl{soprexaapl és ThemeturnpE@paratiiten ihadr iganeradtieon dfodkunct i ons
dependi ngzldggr)l ot her chanber paraneters, the chanber

Process Control in a 3-D Control Space - Translating

Desired Plasma Parameter Values to Chamber Parameter

Values:

[00117] The single variable functions produced for the
different plasma parameters in the processes of FIGS. 27-
32 may be employed in subsequent processes (depicted in
FIGS. 33-36) to construct a three~-dimensional control

space with two-dimensional surfaces of constant plasma
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parameter Pg is returned to its initial value, preferably a m d-range val ue
(bl ock 2013). [00111] The purpose of the next process, which is depicted in
FIG 28, is to find the single variable functions of which source power is
the single variable, nanely the functions Wafer (PS) f ER(PS)f 11(Ps) and
| Vaf er (PS) Referring to FIG 28, the first step is to set Ps to the

begi nni ng of source power range (block 2015 of FIG 28). The RF plasm
source power range may be fromzero to 3000 Watts at 162 MHz, as one
possi bl e exanple. The next step is to neasure or sanple the plasm

par anet er BasRNGAEEr VRLEAGEOVWARELK, USECRTYr 8PBLERL 1pREsFRS dfadddity g and

waf er cur ' W I t iRgt Y Q «( RloGlk 2017 of FIG
28) . Then?ﬁ?ﬁge\é\gtﬁg?éﬁﬁgr W70 PERRUCSTRAL LOF FHER Rkald) Igs%l(bl ock 2019). A

det er ni naBBoR 6i sthRehhirade copmipigdt e afied egRd O8f SOHE CSoMOEE Ipowe@ Sr ange has
been reac b Kk f ‘br.anch_of bhﬁﬁ¥ 021 t he process
returns tgggﬁg é?gpcég%%%gc%rfg%%éggggéﬁﬁﬂSEB(YE% raﬁ%ﬁ?o%rglock 2021), the

process confienties.to the next step of block 2023. In the step of bl ock 2023,
the sanpled data (from block 2017) is used to construct the single variable
functions Wafer(Ps), ER(Ps), fl(Ps) and Iwafer(Ps), and these functions are
stored i n[ovatBy. PShis pulten seeblr née thaocessi ift iFlG .v8l3ug odicanie2025) .
[00112] The purpose of the next pro . Which is depicted in FIG 29, is to
find the B¥nGre GaPaBe SFUREE Gt 1af Dhinich [onaRBer pr ¢S5ure S s the singl e
vari abl e, coafeby theckunet ipgnspMwai®rdPchy, pERRel) 2-01cBabpuand | Vaf er
(Pch) The first step_.s to set pch to begi nning of the chanber pressure
range (bl d6KI265%5) Phi §ORINGE tndlyatei e BﬁFﬁﬁéﬁv 5 b ag® > HS one
possi bl e gxapphectIbBa BEXikuSheR urFal@ smEasuneter sarplie e tilasmmg
paraneters of wafer voltage Waferr, etch rate ER, plasma ion density q and
waf er cur £8ft FeR&rer WHERPEHe IS Rt PAOCEFTEMI -140 (bl ock 2029). Then,
t he generator 1120/ controller 950 increnments pch by a small fraction of the

pressure range Sblock 2031). A determination is made at this point of
whet her t H80&8AQlof fThe EhRamierstgPesddioek 2RgE)hds Kdéen preastied bl ock 2033).

| T not (yglera@§hi9ftobb%%§e§%%%)@rIQ%F%&%%gégfg%Q@%l%iﬁgﬁfégﬂgaStep of

bl ock 2029 " herw se ( YES branch of bl ock e process continues with
t he next d$ueptinamelNyadol 0K /2085 | Bx)blaock VaO35(pdheisanpkedidaia fromthe

step of blagk.2029:58145%Unction Vyarer (Ps, Ps, pen) . Curve fitting

techniques of the type referred to earlier in this
specification may be employed, for example, to accomplish
this step. Next, an index “i” 1is initialized to one: by
setting i=1 (block 2077). An equation is formed (block
2079) by setting the function Vyater (Ps, Ps, Ppen) equal to
the i*" value in the range of values of Vyater- This
equation is solved to find the 2-D contour (surface) of
constant Vyafer for the i value of Vwater- This contour is
stored in the memory 1120a of the contour generator 1120.
The index i is then incremented by one by setting i = i+l
(block 2081), and the process loops back to block 2079 if
the end of the range of values of Vyairer has not been
reached (NO branch of block 2183). Otherwise, if the end
of range has been reached (YES branch of block 2183), the

current process is complete and the next process is begun.

[00120] The purpose of the next process (FIG. 34)
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to construct the functions Wafer(Pch), ER(Pen), fl(Pch) and IWafer (Pch) I
which are then stored in nenory. In block 2037, Ach is returned to its
initial value. [00113] The purpose of the next process, which is depicted in
FIG 30, is to find the single variable functions of which the current of
the inner magnet coil 1210 of FIG 26) is the single variable, nanely the
functions Wafer(linner)ER(linner) r XI ( rinner) and |Wafer (linner) In
ot her enbodi nents, the current could be (instead) the AC current applied to
MERI E nmagnets if these are present in the reactor.First, lirmer is set to
the begi niPAgIBEMPEsbyakfe CBP6EKRT2089FraTRE AéxP) st ép tPs et® lRedsure or

sanpl e the,pl gspac-paL gkt epacal owabgel VOldROG Y vaf grbagtehorgte ER plasm
ion density 'I and wafer current Iwafer with he measurement instrunment 140

(bl ock 204¢ntoThen,suhéagener afocons2eNEoRLED| FEECIBBR) ncr EMEFEs i nner by a
smal | prEQ%ifr%nsgcpﬁ%%ea Qf, Lt éog@@g%ighl 0k s2043) . A3 cdet gl nation is
made at that point o ether the end of the magnet coil current range has
been reachetietbheekig04sntrpfllaoy RO berantkhrothbmbek 2043Ng ta&edr ocess

| oops backrggegg§n§tep of block 2041. O herw se (YES branch of block 2045),

t he procegs proceeds to the next step, nanely block 2047. In the step of

bl ock 2047, the sanpled data fromthe step of block 2041 is used to

CONSLIUCt b IECHRS YO LOE s bRRct ket R g o) and

process i $IG0 Bet usntbi aRerella tiet/sombiihiealt healsuag(llel el i 2049) .
functions ER(Pg), ER(Pg) and ER(pcn) into a single three
variable function ER(Pg, Ps, pen). An index i 1is
initialized to one by setting i=1 (block 2087). Then an
equation is formed by setting the function ER(Ps, Ps, Pen)
equal to the i*" value in the range of values of ER. This
equation is solved to produce the 2-D contour (surface) of
constant ER for the i*" value of ER. This contour is then
stored in the memory 1120a (block 2089). The index 1 is
incremented by one by setting i = i+l (block 2091). A
determination is then made of whether the end of the range
of ER values has been reached (block 2093). If not (NO
branch of block 2093), the process loops back tc the step
of block 2089. Otherwise (YES branch of block 2093), the
current process is complete and the next process is

performed.

[00122] The purpose of the next process (FIG. 35)
(performed by the contour generator 1120) is to exploit
the 3-D control space of Pz, Ps and pe, to produce 2-D
contours (surfaces) of constant n. These will be
accumulated in a collection of such surfaces for later use
in controlling the reactor chamber during wafer

processing.

[00123] The first step (block 2095) in the process of
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[ 00114] The purpose of the next process, which is depicted in FIG 31, is to
find the single variable functions of which the current supplied to the
outer magnet coil 1215 of FIG 26 is the single variable, nanmely the
functions W T1gR(Tln(louter) and afer -cuter, f - - -outer , 'Wafer (
"outer) The first step is to set louter to beginning of its range (bl ock
2051 of FIG 31). The next step is to neasure or sanple the plasna
paranmeters of wafer voltage Wwafer, etch rate ER, plasma ion density n and
wafer current :wafer with the neasurenent instrument 140 (bl ock 2053). The
gener at or F1820B&0REr 6P| 601T5E aticewti KOFGHERt theutSén By ¥aprieddtcer m ned snal |

fracti on olnkks hangR Al ofkp205ha fusel ergLRaL! unksemdocas Lo vhet her

the end of range has béen reached (bl ) f not, the process |oops
back to tWersﬁeéeoﬁUDb@e@n2®5?B,CEheHMmte the pt@@e@QYpbecééé§lﬁﬂth t he

next step, knughggegﬁgv%t%thQI K 205 ?@heghefgyn@ %;a for thlstep of

bl ock 2053"%"s " to constru t he cti‘ons outer r ER ( ' outer
) rl (Il ootiedexandils(Tnitialized to one by setting i= 1 (block 2097).

Then, an equation is created by setting the function n(Pg,

th

Ps, pen) equal to the i value in the range of values of

the plasma parameter n. This equation is solved for the

 value of 7.

2-D contour (surface) of constant n for the 1
This contour is stored in the contour generator memory
1120a (block 2099). The index i is incremented by one by
setting i = i+l (block 2101). A determination is then
made of whether the end of the range of ER values has been
reached (block 2103). If not (NO branch of block 2103),
the process loops back to the step of block 2099,
Otherwise (YES branch of block 2103), the current process

is complete and the next process is performed.

[00124] The purpose of the next process (FIG. 36)
(performed by the contour generator 1120) is to exploit
the 3-D control space of Pz, Ps and pen to produce 2-D
contours (surfaces) of constant Igafer . These will be
accumulated in a collection of such surfaces for later use
in controlling the reactor chamber during wafer

processing.

[00125] The first step (block 2105) in the process of
FIG. 36 is to correlate or combine the single variable
functions Igafer (Ps), Iwafer (Ps) and Iyater (Pcn) to produce a
single three-variable function Iyafer (Ps, Ps, Pen). The next
step is to initialize an index i to one by setting i=1
(block 2107). In the step of block 2109, an equation is
created by setting the function Iwafer (Ps, Ps, Pen) equal to

the i*® value oOf Iyater. This equation is solved for the 2-D
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wafer ,-outer) r which are then stored in nenory. This process concl udes by
returning 'outer to its initial value (block 2061). [00115] The purpose of

t he next process, which is depicted in FIG 32, is to find the single

vari abl e functions of which the gas flowrate FR (or alternatively, the gas
conposition) is the single variable, nanely the functions Wafer(FR),

ER(FR), n(FR) and Iwaf, (FR). The gas conposition nay be the ratio between the
carrier gas (e.g., argon) and the etchant species (fluorine or fluorocarbon
or fluorhydrocarbon species), for exanple. The gas composition or gas flow

rate may bensepar dceiryadeli pédcasstwo tdilifter diftr vdrs abl e¥atve elch of the

two (inner and ouytar) decti r{ﬁ%e%lzm P4, S exanpl e. Thus, there
r cha

are four pb¥8ible variables o er paraneters concerning gas flow that
may be engkogedtoirnnemozgnélgds .f | Glver angexoat és Aowge egas tieldowyr &g, i nner

zone gas ¢o Ltian, outer a osit i,Qn. r.esent | e of
FIG 32 c%ﬁggﬁglpﬁeiuseagﬁl ggggrc'?ﬁ %&ﬁggponé gg@grg&qgﬁp&tlﬁ% Flosr %@‘i@;g gas
fl owr el abédwbbahber thar amet erfs ranlgiec o fnithle ive lualseldfedwR: fOOIE3The fir st

step of the_process.of  F 2 i.sto.s FR t eqginni.ng . of,.range (bl ock
2063) . Thgeﬁgﬁfegstﬁéﬂiofg izg‘lgréas&ffengrt 3@9})5&#‘5@ %Ifag%aog&arzér%e%pérs of wafer
vol t age Visakepkoetel nabesERacpl asmahieon tédensift plickarkd O&af er current ' wafer

with the surenent instrunment 14 bl o 65).. The next step is to
i ncrement g@gegypggk (§3§7§3.raﬁc&etoﬁj—:tr ?ﬁlg?zﬁkl %ﬁll%g 't HER ridd SSEE \ﬂféfcﬁérs the end
of range gf bbﬁfqaef Low @hegas xEOMROSIlsis0n spakafeireledikR has been reached

(bl ock 2069). not (NO branch of block 2069), the process |oops back to
t he neasurenent step of bl ock 2065. O herwi se (YES branch of bl ock 2069),

the next sih@R268! 0Ckn20Ehhel $RRIQEEEhayl Bet PR rHammedf M 0EerRA71, the
sanpled data is used to construct the functions Wifer(FR), ER(FR), n(FR)
and | Vaf eCheRREr RAFEMCAEE St-he® UStho CES TR InPRsiye LS &estimidtidsh of such

functi ons Ry ;@APlEQA%,CYLYR of idit ichg Liechn GUeSs o ft@r exaMieecthedinal step
of this process is to return FRto its initial value (block 2073). Process
Cont r ol i Aoacs- Bndotieoldaspgearo sttapsisatding heDadiffed spitagias Par anet er

Val ues OpChRmies BRLATREr coVRhiesnnd: O4hHLIRE Sigad dnaidialhe funotions

zones, for example. The foregoing procedures complete the
characterization of the reactor chamber for the selected

chamber parameters and plasma parameters.

[00127] The next process is to exploit the chamber
characterization information obtained in the foregoing
processes to provide a translation from desired values of
selected plasma parameters to required values of selected
chamber parameters. As one example of such a process,

FIG. 37 depicts a process for controlling three selected
plasma parameters in the 3-D Pp-Ps~pcn control space in
response to user-selected values for Vyasrer, ER and n. This
process 1s controlled by the process set point controller

1110 of FIG. 26.

[00128] The process of FIG. 37 is controlled by the set
point controller and begins with the set point controller
1110 receiving the user-selected values for Vuafer, ER and n

(block 2115 of FIG. 37). The next step is to fetch from
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different plasma paraneters in the processes of FIGS. 27- 32 may be enpl oyed
i n subsequent processes (depicted in FIGS. 33-36) to construct a

t hr ee- di nensi onal control space with two-di nensi onal surfaces of constant

pl asma parameter values for later use in controlling the reactor chanber
during wafer processing. In the exanple of FIGS. 33-36, the three chanber
paraneters of source power, bias power and chanber pressure (i.e., PE, Ps
and pch) are selected. [00118] The purpose of the process of FIG 33
(perfornmed by the contour generator 1120) is to exploit the 3-0 control
space of RBmoPy &hd BcD, stofpreducento0r¢onifograstantf aedSr ooléaest ant Ww
afer. The ] .acc ed . Ll ectli surf aces for later
use in co%?%g%kkﬁggﬁﬁg ggg%?%rqcﬁgﬁ%eﬁggﬁr%%é%%éggr%gﬁgféggaﬁ@?m[00119]The
first stepn@blebkl20%8) sumfeke Protesschf2Fl G o83FI§.-td7¢orréhane or conbine

t he singl e;vari abl cti,ons P.1A - , rC Vw af er ( Pch)
into a siESFeCPH 5§;@§?iggﬁ@ F%ﬁ%bfgnfﬁ%gng%%ﬁgrﬁbg F 52%%1%%%fbe fitting

t echni queg cohtbhe )t pfie coakerned ettahearltiee coirm etsipios ds pecitfo ¢ditel oxsaray be

enpl oyed, for ex I to_acconpljsh. this step. Next,, an, i "i" s
initialiZESEFSESagBaEVeSQFti%gapglaﬁgﬁgc%hfofgffaﬁﬁ eﬁﬁai%%#?%s f or med

(bl ock 2029)9by sekti, nghkhechunetliler \WalerfeRBheBS,f réohmeagqual tthe the ith
value in the ran%e of val ues ?f Vw af er. Ihi e uationé{s sqlved to find the
2-D cont odr D SUFFAEE) (GPPEENEY aftt AREFER FoP 1ERES ¢V AUE 01 Weaf er- Thi s
contour i go$t@s@dnidinghe omemer yiskk20a lefc teie veQricowt genreratieibell20. The
index i is then increnented bé one_by settin% i = i+1 éilgck 2081), and the
process | &8s SHEER Lo Sl bBkCSH791¢E) t neTBRICORTERELRANGe L8F thE ues of

Vwef er has 1pek theerneeached OYOibraneloefi bl qekr 2183), LA herwirsenei f the end
of range has been reached (YES branch of bl ock 2183), the current process is
conpl et e &hdSEhEVFERCEST ScesS8ed &Megunin 3-D Pe~Ps-Pen space (block

2123). The set point controller 1110, acting through the

feedback controller 950, then sets the RF bias power
generator output level to the intersection value Py’ (block
2125), sets the RF source power generator output level to
the intersection value Pg’ (block 2127) and sets the
chamber pressure to the intersection value pen’ (block

2129). This completes one control cycle of the process.

[00129] The intersection of three surfaces of constant
plasma parameter values (of three different plasma
parameters) in three dimensiconal chamber parameter space
of the type exploited in the process of FIG. 37 is
depicted in FIG. 38. The surfaces are two-dimensional
objects residing in three-dimensional space. The
intersection of the three surfaces lies at a single point
whose location is specified by the 3-vector (Pg’, Ps',

Pen’ ). The three orthogonal axes of FIG. 38 correspond to
the three chamber parameters (Pg, Ps, pe) . The three
surfaces in FIG. 38 are the surfaces of constant value for
each of the plasma parameters Vyarer, ER and n, for which

the values are the user-selected values.
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[ 00120] The purpose of the next process (FIG 34) (perfornmed by the contour
generator 1120) is to exploit the 3-D control space of PB, Ps and pch to
produce 2-D contours (surfaces) of constant etch rate (ER). These will be
accunul ated in a collection of such surfaces for later use in controlling

t he reactor chanber during wafer processing. [00121] The first step (bl ock
2085) in the process of FIG 34 is to correl ate/ conbine the single variable
functions ER(Ps), ER(Ps) and ER(pch) into a single three variable function
ER(Ps, Ps, pch). Anindex i is initialized to one by setting i=1 (block
2087) . Thendan- equatirenned BoPnEdnbyodetrirng therpyadiingn aFREEtIE Ps, Pch)
equal to Lng LLhoyalyg, ¥ALHES ObaEBr TS cequation i s sol ved
to produc- CORto S oS e ith value of ER
Thi s contQODlBQ]themnstheedxampﬂbeomeﬁﬁﬂy BBZOathMmeezogg)pIFW®@|ndex i is

increnented b ne b e n k 2091) termmpation is then
made of mﬁéfﬁé?g?ﬁé éﬁg %% ﬁnggﬁgg% %% fedef ggeggeﬁ regghed (bl ock
2093). |If sapk.(NOtbrangbsefiphkoek 20283)in bheaplﬁdd:&mallo@pes_;rte@clofto the step
of block 2089. O herw se (YES branch of blo 6@ 93), the currené¥process IS
conpl ete &RASERB R¥xHUIHRS 8§§tr§lﬁépﬁoFﬁ§d £20 PRSP Sse *he next

process (kEb&rugs) atReekokmReA Y i e eC ol @Qn%reate@tehl:gﬂ)asm to exploit
the 3-0 control space of PB, Ps and pc', to produce 2-D c urs (surfaces)
of const aRBrAMCTRESe 1fi LESKe theQuiriicat¥abes &LcSSLE&Hesh h surfaces

for Iater jusemicRe@@nt r @lrld.ng o he 1neackek Champern dudd)g iwaferi i agrssi ng.

three chamber parameters are constrained by user selected

values of only two plasma parameters. For example, in a
three dimensional control space of P, Ps, pen, the only
constrained plasma parameters may be Vyarer and n. In this
case, there are only two surfaces intersecting the 3-D
control space, and such an intersection occurs along a
line or curve. The allows the user to vary the chamber
parameters to any set of values (Pg’, Ps’, pen’) lying on
that line while continuing to meet the user-selected

values for Vyarer and n.

Alternating Set Point Control in 3-D Control Space with

Real Time Feedback Control:

[00131] The foregoing chamber control process may be
employed any time or all the time, but is particularly
useful at the start of wafer processing, when no real time
measurements of the plasma parameters are available.

After plasma processing of the wafer is underway and
measurements of plasma parameters become available through
the measurement instrument 140, control may be taken over
by the feedback controller 950. The feedback controller
950 compares actual real time measurements of selected
plasma parameters (from the measurement instrument 140)
with the user-selected values of those parameters. The

feedback controller 950 minimizes those differences by
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[00123] The first step (block 2095) in the process of FIG 35 is to
correlate or conbine the single variable functions n(Ps), fl (Ps) and P
(Pch) into a single three-variable function n(PB, PPcll). The step may be
carried out using curve fitting techniques, for exanple. Then, an index i is
initialized to one by setting i=1 (block 2097). Then, an equation is created
by setting the function r(PB, Ps, Pcii equal to the ith value in the range
of values of the plasma paranmeter n. This equation is solved for the 2-0
contour (surface) of constant n for the ith value of n. This caontour is
stored i nCPRESESAREUF CYEREr ROHE Inefory S1£5042(HI Ok 1PHoFENSHe )i RdX i is

i ncrement ed by -eRagbY 188t k@ (Forthallliogk125QL) ., Asdeteeydrimaid on is then
made of whether thé end of the range of ER val ues has been reached (bl ock
2103). |f easLieNOLBr &Rél SPelIiddcaZies) Vitthe IFE6CE9SS SGps irack 2o the step
of block 2099;,Q herwi se (YES branch of block 2103), the current process is
conplete and the next process is perfornmed. [00124] The purpose of the next
process (FIG 36) (performed by the contour generator 1120) is to exploit
the 3-0 coBphdlh;space ohRE: ;s And Jaf o pr oduce 20 Cont oS (surfaces)
of constarnt “wafer hese wi I'l" be accunmul ated 1 n coll ection of such
surfaces forel) atiee ruse lieg teohtvedluesng it Ipvd asewc tporr aotedresesy, ddrdmgheaf er

processin 00125] The f.irst..ste bl qck 0 i r S FIG 36 is
to correl%@@kgf ES%bEﬁel §d§ﬁ§§ﬁéx§§&%§§%é ?ﬁhé%?%%ﬁ”ﬁﬁg§%¥§i ‘Wafer (Ps)
and ' waf etthePehhttre lppadves sa ofi mglGe 3, earv arhiiaddl e Heumetw arhdnmbsdrer ( PE.

PS, Pch) The next st ds toinitialli an index . tp.one hy setting i=1
(bl ock 21&7F2MF etrhé:’eg‘t%éﬁlggf abrleocllgs%fé]és‘yaﬁSec(flfzatail@r?d?sbycffela GdDy setting

t he functitoe linadkerselrB,idns,inPGrrequalt tod tdpadet fvalhte cafintonafser. Thi s

equation E%r%%g%%%dg%g %%et%éo(new) user-selected values of plasma

parameters. This option enables the chamber to nearly
instantaneously meet any changes in process recipe, a

significant advantage.

Process Control in a 4-D Control Space - Translating

Desired Plasma Parameter Values to Chamber Parameter

Values:
[00133] FIGS. 40-45 depict a control process example
involving a 4-dimensional control space. This example
involves generating four-variable functions from the
single variable functions produced by the chamber
characterization processes of FIGS. 27-32. Specifically,
FIGS. 40-45 illustrate the example of a 4-D control space
of the chamber parameters P, Ps, FR and Iipper- In the
first process of this example, that of FIG. 40, the task
is to produce 3-D contours (in 4-D space) of constant
Vyater- The first step (block 2131 of FIG. 40) is to
correlate or combine the four single variable functions
Viater (Pe) s Vwater (Ps), Viater (FR) and Vyafer (Iinner) to produce a
single four-variable function Vyafer (P, Ps, FR, Iinner) .
Curve fitting techniques may be employed in carrying out

this step. An index i1 is initialized to one by setting
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contour (surface) of constant 'wafer for the ith value of 'Water' This
contour is then stored in the contour generator nenory 1120a. The index i is
i ncrenented by one by setting i = i+1 (block 2111). A determination is nmade
of whether the end of range of the values of 'wafer has been reached (bl ock
2113). If not (NO branch of block 2113), the process |oops back to the step
of block 2109. O herw se (YES branch of block 2113), the current process is
conpl ete and the next process is perfornmed. [00126] The sanme processes may be
perfornmed for other chanber paraneters. Such chanber paranmeters may include
the gas fliew rnhileskoR18Re -i nAer eding tdvnerd sgas cpiedcbiyos e£3iey 4M@® t he gas
conposi ti f the different g I xture pli.e 0 ;tthe, i r:.and outer
gas injec?pgﬁgé8hegyﬁfb&%éxg Igg’T ?“?&r%&ggﬁgtgrgg%d&regv%gﬂiléfe t he

char act er itrat rengef offhgaleast of Fhamber Thors tdmuasel @rtietl shanderigar aneters

st Sk g St AR RS S Ao Sy itior B At S D UL cE B

characteri i“on ormat i'on “obt ai n the ng processes to provide
a transl aticomher afft deslived values . of Tsékecortopkasaasparanetsr sheo required

val ues of sel ected chanber paraneters.. As, qQnhe, e l.e of..such r.ocess,
FIG 37 dEPPEPETadpr6EEsS st SFE8nt r%c}laloiang(bﬁﬁrcé(eégglgédt ed i alsnr?ge%alr amet er s
in the 3- DsPBhB3- pakreorhreld space dtingedpdrde (d auserz-1sel)ect ed val ues for

Wwaferr, ER and r. This process i ontroll ed by the process set point
controlleﬁefff@lBFtﬁpé.lfG?GFGOffgr%ﬁﬁ' 0 2§%e ﬁﬁG&h??ﬁ%P%ﬁnﬂ ol l ed by

the set peianticcoRLON, gL ands begemsrav dhed heo BeEk PRI MY ) cont fohbey 1110
receiving the user-selected values for Waferr, ER and rj_ (block 2115 of
FIG 37). Hffe PROKESSt &5 HUd Mt Yt 6w of block 2133 (NO branch

of block 2135). Otherwise, the process is finished and
the next process is begun (YES branch of block 2135).

[00134] In the next process of this example, that of
FIG. 41, the task is to produce 3-D contours (in 4-D
space) of constant ER. The first step (block 2137) is to
correlate or combine the four single variable functions
ER(Pg), ER(Ps), ER(FR) and ER({(Iinner) intoc a single four-
variable function ER(Pg, Ps, FR, Iinner). This step may be
carried out using curve fitting techniques. An index i is
initialized to one by setting i=1 (block 2139). 1In the
step of block 2141, an equation is created by setting the
function ER(Ps, Ps, FR, Iinner) equal to the i*" value in the
range of values of ER. This equation is solved for the 3-
D contour (surface) of constant ER corresponding to the i®"
value of ER. This contour is stored in the contour
generator memory 1120a. The index i is incremented (block
2143) and a determination is made of whether end of range
of etch rate (ER) values has been reached (block 2145).

If not (NO branch of block 2145), the process returns to
the step of block 2141. Otherwise (YES branch of block
2145), the process is finished and the next process is

begun.
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menory the 2-0 surface (contour) of constant wafer voltage corresponding to
t he uni que user-sel ected value of Wafer and | abel the surface Sy (bl ock
2117 of FIG 37). Then, the controller 1110 fetches from nmenory the 2-0
surface (contour) of constant etch rate corresponding to the user-selected
val ue of ER and | abel the surface SER (bl ock 2119). Next, the controller
1110 fetches fromnenory the 2-D surface (contour) of constant plasma ion
density corresponding to the user-selected value of ri and |abels the
surface Sn (bl ock 2121). The controller 1110 then lo tes t he i nt of

i ntersectil@R1BPY' | P& thgchey Lo HOKESEhPde tLodSt §XE8 ﬁ%PSn in 3-D

Ps- Ps- Pchﬁ@aC@.z(b't%kt%%%S)ls Ehe pselduR@i nt- D¢ @t ey ]llllol mcting through
t he feedback controller 950, then sets the RF bias power generataqr output

level to SRecENt Ofseenissanaliud ePBh @Eitedk 2Ths) flsré"tts S RP KU ce pover

generat or ,quypute lrgvel 4bg tihe dnterseatic@n valgRse N0 Z127) and sets
the chanber pressure to the intersection value pch' (block 2129). This

conpl et es sgngl@omatrmabd@mfem(gtlm@ prideessn ( FE))Or12T9] ik 37 ef §Botizon of three
surfaces g)fn +&onstan l%I af%rrar_g,adrrqrg%tl%r Nalues (of (hree digferent ypl asma

par amet er inthre mensi onal chanber parane er space of t he 't type
expl oi t ed TihA st Iséepr oeg's Spfl oyl GuIIE |fslt¢@mgctt@($hmqqe@ 3&in W@Ur# aces are

two- di mensiconal; .objgcLs nesiding ) nddies diuenshonal space.

the
i nt er sect i6n o thé three sur S|ng e point mhose Iocatlon IS
speci fi ed simept kuf Plvedt @lY1Ra'an Rsduation is crEweadhree swttthiogprdie axes of

FIG 38 caqrrespond ree ch e mefers,(P ch). ;The three
sur f aces %rﬁulfl éar§§tbcairerkfuﬁ]e Sur'f arb@!s:? % gﬂ;llg‘t afn*t““‘if%\ gufal ’tgacfil‘ 019L t he

pl asma parametes Vprf erandgeR caihd dn cfemsmfy ofe less \pl ueshiar eequEtion
user - sel ect ed val ues nder.- const r.ai ned 0 Contro ace - _providing an
extra dedreé Veﬂ'éé’cfo#\ht SV )fot“ﬁcé)%har?ﬁgrfaﬁaﬁ r%%ecrcg‘ St3%01380] I n the
exanpl e ofcorre@spaBditie trurdes 1GP @ém@aoparﬁ aneties Sc@mﬂothelﬁluﬁbefe@f
chanber paraneters is the sane. ossible to tain an additional
degree of ffé& or’ﬁ%‘ioﬁlﬁd&e@cﬁi‘?ﬁ% ﬁ‘ieﬁ‘{fp thet Tdfdmert r%’%rjs 15This feature
ari ses whangvemahhe dwibese afi reliectad @iasym pNBMeii s is | ess than the
nunber of sel ected chanber paraneters. FIG 39 il]ustrates such a case, in

whi ch t he defred@ioRdMosy Isar@ad afs ek heghsheaisnel Hy 1iere < eded val ues

of only t‘éfén%'ﬁ%znﬁ(n?arv%@%te%f haFWe Xl Ged 1A JdN €8 ) MeNS] Onaly control
space of PB, Ps the only constrai ned plasma par arreters may be Waf er

and q. | n 0 dreass ahéled & Gy thhe SUkdcRsSs Hafuamsedtd e EeR 0
control space, fqdgugh a%ﬂHgﬁJ%f‘eCt(W‘s QGG Yong &l i r, cqyfye. The

allows the user to vary the ch
process 1is finished and the next process is begun.

[00136] In the next process of this example, that of
FIG. 43, the task is to produce 3-D contours (in 4-D
space) of constant Iyater.- The first step (block 2157 of
FIG. 43) is to correlate or combine the four single-
variable functions Igafer (P}, Iwater(Ps), Iwafer (FR)} and
Tyater (Iinner) into a single four-variable function Iyafer(Ps,
Ps, FR, Iinper). An index i is initialized to one by
setting i=1 (block 2159). 1In the step of 2161, an
equation is created by setting the four-variable function
Twater (Ps, Ps, FR, Iimer) equal to the i*" value of Igafer.
This equation is solved for the 3-D contour (surface) of
constant Iysfer COrresponding to the i*™ value of Igafer-

This contour is stored in the contour generator memory
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paraneters to any set of values (PB', F5 ,) lying on that line while
continuing to neet the user-selected values for WMfer and r. Alternating
Set Point Control in 3-0 Control Space with Real Tinme Feedback Control:

[ 00131] The foregoi ng chanber control process may be enployed any tine or al
the time, but is particularly useful at the start of wafer processing, when
no real tinme neasurenents of the plasma paraneters are available. After

pl asma processing of the wafer is underway and neasurenents of plasm
paraneters becone avail abl e through the measurenment instrunent 140, contro
may be takéAOsver Thy thdekeddbBacknessmesitedr bgsOneThy f S&FaEW control | er

950 conpar.es . actual reah -iyme prasyrenment:s  of _sel.ected Rl+asiyp jparaneters
(fron1theln§§§uégﬁgﬁ% ?%ggpdneﬁﬁ 146)n§ﬁth fhg uger-sefgcted val ues of those
par anet er sadéhehkéedbackecentdr olfl @ands0 ofi e 7éd ueliosd divkfeerem®es by

correct i ng_sour e Dover (Lah oteh rate of d QRcdensiily) and conrecting bias
power (for wafeéer vo taéef, as &esérlbed earlier 1n this specification with
r ef er ence 2t1@ 5F|, GBhe9 pand e5@. r[ed@l32)] Itho tther stiep @ fsiogmicdki ¢arftl .change i n one

(or nore) er _sele g al_.ues of. pl.asna rameters, t t change can be
innediatepgﬁgfﬂééFeg%g é@@Fﬁiﬁg %&chtgeﬁéz'cgﬁ¥%8P“%%%€bg§ of FIG 37, in
whi ch t he figwsakanberhpar ametpdre teat trheg $ hamd eimn sthanta ot easicerttiaimed by

finding the intersection _in 3{0 control space of .the contours correspondi ng
to the (néwSrds&rel Etéérv hﬁe?“&?ﬁ@u§§%a §P§&€R€f§%f¥ﬁf§“§btion enabl es
t he chanbek 1ke trgarlay uiels tantfaneoyslasnze ¢la rame tefianges. 4 . pregessERecCi pe, a
significant advantage.

n and Vi) To target values of four chamber parameters

(e.g., Ps, Ps, FR, Tinner). The processes for performing

such a translation are now described with reference to

FIG. 44.

[00137] FIG. 44 illustrates a process for controlling
four selected plasma parameters (e.g., Vyuarer, ER, 1 and
Viater) in the 4-D Pp—-Ps-FR-Iigner cOntrol space in response
to user-selected values for the selected plasma parameters
(Viwaterr ER, 1 and Iyafrer). This process translates the user-
selected values for the plasma parameters Vyater, ER, 1 and
Vyater £O reguired values for the chamber parameters Py, Psg,

FR al'ld Iinner .

[00138] The first step in the process of FIG. 44 is for
the process set point controller 1110 to receive the user-
selected values for Vwarer, ER, n and Ipafer (block 2167 of
FIG. 44). 1In the step of block 2169, the process set
point controller 1110 fetches from the contour generator
memory 1120a the 3-D surface (contour) of constant wafer
voltage corresponding to the unique user-selected value of
Viafer- This surface may be labelled Sy. The controller
1110 also fetches from the memory 1120a the 3-D surface
(contour) of constant etch rate corresponding to the user-

selected value of ER, which may be labelled Sgrz (block
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Process Control in a 4-0 Control Space - Translating Desired Plasna

Par anet er Val ues to Chanber Paraneter Values: [00133]FIGS. 40-45 depict a
control process exanple involving a 4-dinensional control space. This
exanpl e invol ves generating four-variable functions fromthe single variable
functions produced by the chanber characterization processes of FIGS. 27-32.
Specifically, FIGS. 40-45 illustrate the exanple of a 4-0 control space of

t he chanber paranmeters P13, Ps, FR and Itnner- In the first process of this
exanple, that of FIG 40, the task is to Eroduce -D contours (in 4-0 space)
of const adl7Wwaf efheThentirpsdtest épl0blfeEkhes3thef SFPGSUWAGRCEs to correl ate
or conbin i i abl fun i f f; Iy RS) r

VWaf er (Féfgﬁgatgaafg g?hgfﬁﬁgr§qagma 0 hcgegsyg?ngbg&F§E¥%§§%|a%le function
Vwaf er (PHhePSseFRselenMed)va@uev@ffmtﬁmdglﬁé@ﬁﬁlq@@sswéiah@ &npl oyed in
carrying h i ith ahiz 0 tisngy 1=1

(bl ock 21§§?C&A%§5§uat|§ﬁgﬁéﬂ tbe %Othégﬁlng%gﬁg %ﬁ?ﬁ?%n%e% gfg}(PB Ps,
FR, I'i m Bpuedquak toohheumﬁhoiab@asmanthaaﬁ&mgeumﬁewala@sr@ﬁpvmwbﬁew Thi s
equation is | ved.for the 3-0.caont ur, (surf of cons

correspon .nSEFOUPﬁguFtHSG§|E&lSFtS% JFere %%ﬁﬁhtod$ %égg%oredgln t he
contour generfater spempryck120as5{ bl ock 2133). The index i is then increnented
by setting i=i+1 (block 2134). A determination is made of whether the end of
the range of values for VWater has been reached (block 2135). If not, the
process reqognssIto trhe skep eftehl aek 2133 heNOehkr prdk tofcdaltaek 12135) .

O herwi se, the process is finished and the next process i.s, be (YES branch
of bl ock éié@) tO[ BOLSAEI A hEN@ RSkt Pr JEEST SELHRns (EranpFe) 'tﬁ%t of FIG 41,

the task ifs to pQgﬁqg%g¥ghfxgufﬁgééglg]45QRsp§p@}Kpﬁhcgﬂsta@t4EB The first
step (blocﬁ 513}2 is to correlate or combine the four single variable

f unct i ons PERRPBJR- ER(PsFONERPERFPARE EREPFRNEEY 71 nt 0TB18i AGHEf our - vari abl e

function @RQQQSlB%alFBteH Q@e%ﬁhldgyu% S$ER HERY H® C A ifeB(h iQ4Ha USI NG curve
fitting techniques. An index i is initialized to one by settlngkl 1 (bl ock
t

2139). Inceré stepharehlocie rZE4L ingn segdatcieon depicitest éd B Getdfing the
function EE&%P$RaR%erF 2 ralde s %%%ak R %@%'HH"E#@‘%%éﬂééHF%Jange of

val ues of I's equation 1s solved for the 30 contour “(surface) of
const ant ERlgesr e€p&adi nhs't.o e dnd Mahab obrERSpPhidgsngobitotihei s stored in

and o det B RatoN (S LoReLSr ‘wnerer tond orPAAS R S ah'T SE (R val ues
has been peanhed0©bk0dﬁe2145ﬂﬂ actlng through the feedback

controller 950 to effect the chamber parameters, as

follows: setting the RF bias power generator output level

to the intersection value Py’ (block 2179), setting the RF

source power generator output level to the intersection

value Ps’ (block 2181), setting the gas flow rate to the

intersection value FR’ (block 2183) and setting the inner

magnet supply current to the intersection value Iinper’
(block 2185).

Alternating Set Point Control in 4-D Control Space with

Real Time Feedback Control:

[00140] The foregoing steps exploiting the 4-D control
space bring the selected plasma parameters in line with
their user-selected values. This fact can be verified by
taking real time direct measurements of the plasma

parameters from the measurement instrument 140. As
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I f not (NO branch of block 2145), the process returns to the step of bl ock
2141. O herwi se (YES branch of block 2145), the process is finished and the
next process is begun. [00135]In the next process of this exanple, that of
FIG 42, the task is to produce 3-0 contours (in 4-13 space) of constant q
(etch rate). The first step (block 2147 of FIG 42) is to correlate or
conbi ne the four single-variable functions n(PB), q(Ps), n(FR) and n(limer)
into a single four-variable function n(Ps, Ps, FR, linner) This step may
enpl oy curve fitting techniques. An index i is initialized to one by setting
i =1 (bl ocRegt49ped| narhéest ep ohilsl spkc2fiTatanneqdati &1 fics S6x€attéd by
setting theckous-yari anke LU koncN(REsy:Bhen®R bianehk gguals g the ith
val ue of e rangé 6f “ion density values . This equation is solved for the
3-0 cont oar fesdbhake)root rednstystem ioomhaéshosdiang etro pely@mette iFal ue of q. The

contour is_stored i hg co R Y. 14208y dherdndex i s
increnentzg'gy’sgftg%% ?Qif%&%gﬁg%%ﬂgaggfIgﬁgﬂgu%%ternih%t?%% i s made of
whet her t beterénoftheamge loft iimen meerssirteynefyt)s waldudd ehas dyeere eswdeted (bl ock

2155). |f NO, branch _of. bl ack , t to.the step of
ol ook 2155 CPRBRH S8 LOVES Tantl O RTBoE ITRer he prbeagy |8 1 shed.

and t he next pxaeeie,i Psbegunhahf6d36bl hrihe aéxhepr 8BBess aof ctthissrexanpl e,
that of FIG 43, the task i.s to produce 3-D contours (in 4-0_space) of
constant IFRaf8F FRET FP?Pd§P@pU@ﬁFb@quf§?%0Wa2W6§’4§§m?§5t6Scorrelate or
conbi ne t h@ahewa songlrengvanlabl € dsncti®nshe Wb ere{B)ding Waser (PS) r

| Vafer (FR) .and 'Wafer (limmer) into a single four-variable function 'wafer
(P5, Ps, BR1eCFRAerPlY&n index i is initialized to one by setting i=1 (bl ock
2159). In the step of 2161, an equation is created by setting the
four-variable function Iwafer (PS, P5, FR, limmer) equal to the ith val ue of
| vaf er Thil90ddddt i ofhieg ed6inFed ¥ @R3P e St i AT LA const ant

‘waf er copresrardigty st piheid7- Malsue ofpilafer i $L YU isustored in

t he contour generator nenory
and process control turned over to the feedback control

=

loops of FIGS. 9-11 based upon real time measurements of
plasma parameters by the measurement instrument 140. This
option 1s depicted in the step of block 2187 of FIG. 44.
The translation-based chamber control steps of blocks
2167-2185 may be employed at the beginning of a plasma
process (when no real time measurements are available).
Then, after the plasma process 1s sufficiently underway
for real time measurements to become available, the step
of block 2187 is performed to transition chamber control
to the real time feedback control loops of FIGS. 9-11.
Process control may be temporarily returned to the
translation-based steps of blocks 2167-2185 whenever a
significant change is made in the user selected values of
one or more plasma parameters. This option enables the
chamber to nearly instantaneously meet any changes in

process recipe, a significant advantage.

Under-constrained case: Controlling three selected plasma

parameters (e.g., Vyarer, ER, n ) in the 4-D Pg—Ps-FR-Tipper

control space in response to user-selected values for
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1120a. The index i is increnented by one by setting i=i+1 (block 2163). At
this point, a determnation is made whether the end of range of the val ues
of 'wafer has been reached (bl ock 2165). If not (NO branch of block 2165),
the process returns to the step of block 2161. O herwi se (YES branch of

bl ock 2165), the process is finished. This conpletes the chanber
characterization tasks required for the subsequent translation of

user-sel ected val ues of four plasna paraneters (e.g., Vilater, ER ri and
VI) to target values of four chanmber paraneters (e.g., PB, Ps, FR | inner )
The proce¥sgs:,f &R perd or:m ng such a translation are now described with

ref erence E 4 [0Q137] FIL.G, 44 il ]l ustrate I f.qr rolling
four sel eébga‘léﬁasnét[&ir tc%lpslc(tes. S.n, e\ﬁglpel% OSEFR,%r%fqéﬁ%%vﬁz} eergﬁq{an the 4-0
PB- Ps- FR- begitee od@ntfireldspace ioperesponsednt a uberbsel getretharalmes for the
sel ected pl asma paranet er.s (Vgaf er, EB" n %nd IV\afber ) Thies _process

transl at eSPERE GdefiENSILEE NEAYUELFSH e PCadiOTdr St e Wafer, ER rj
and VmafFboh@r?@ﬂ@ﬁg@da%@bug&rbﬁktﬁh%.Ch&mb%ri?amam@uﬂ%ﬂﬂmﬁnéﬁnﬁfﬁR and
"inner 00138] The first step in the process of FIG 44 r the, process
set poi nt VEEREPEI Pér LLE1HNES Ir &0 A RE USEN L e PEF %ﬁdlesgrfaotrec\/waf er,

ER, n andinwatrer, (bl ock 2:8¢nofcHel Ghadder paddie tairep afe Peagk 2L, the
process set point controller 1110 fetches fromthe contour ner at or menory
1120a t he t3- D& PO I Coftdti®) GF TEGRSICHAT Ynsied WISy ycg'rer?eespondi ng to

t he uni que n4seis3elie6t et Maldee of Wafer. This surface may be |abelled Sy.
The controller 1110 also fetches fromthe nmenory 1120a the 3-D surface
(contour) of constant etch rate corresponding to the user-sel ected val ue of
ER, which | abgl | R - 7 t I ; tches the
3-0 surfac[g%ziég tou??eo?qggﬁstsg%tpoglmas@n%e ijg%)rr?cge}%sico?; Ef:lgér'r ggp?:%%?fn%eto t he
user - sel ecthed sedl poioft ¢cartd dldisel ¢ e tourfeasd ven tisodks 27 Lediahl |y, the
controller fetc t - f of canstant waf current
corr espon%a%aje%o fg%hrer%ﬁ%l c?%gle%st%rd?;ﬁg]ags&%e%%\%%%g%s "Wt er’ gﬁdfefébgés t he
surface Siandbinockl2TK5).1800139HEhenaxexts tstrep s < dmorthehes esetpquioi it

ContrOIIercontroller 1110 to fetch from the contour generator memory

1120a the 3-D surface (contour) of constant wafer voltage
corresponding to the unique user-selected value of Vyafer
and labels the surface Sy (block 2191). The set point
controller 1110 also fetches the 3-D surface (contour) of
constant etch rate corresponding to the user-selected
value of ER and labels the surface Sz (block 2193). And,
the controller 1110 fetches the 3-D surface (contour) of
constant plasma ion density corresponding to the user-
selected value of n and labels the surface S, (block 2195).
The contour generator then locates the line or curve of
intersection of the three surfaces Sy, Sgz and S, in 4-D Pg-
Ps—FR-Tinner space (block 2197). This curve lies along a
set four dimensional location point (Pg’, Ps’, FR', Tinper'}i
where the index i refers to a particular one of a
theoretically infinite number of four-dimensional points

along the line or curve of intersection.

[00144] The next step is to set the chamber parameters

of Py, Ps, FR, Iimer concurrently to any one of the four
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i e

1110 to locate the point of intersection (Ps', Ps', FR

) of the four surfaces Sy, SwF,' Sfl and S/ in the 4-D PsPsFRIjnner control

space (block 2177). This four-dinensional step is anal ogous to the three

di rensi onal case of three intersecting surfaces depicted in FIG 38. The

chanber paraneters are then set to the respective values of EY, Ps', FR and
:lune/ corresponding to the point of intersection. This is acconplished by

the set point controller 1110 acting through the feedback controller 950 to

effect the chanber paraneters, as follows: setting the RF bias paower

generatorde@?ﬁﬁﬂopé&eﬂopétﬂﬁéslﬁﬂ@@@eépﬁoﬁlﬁﬁVﬁérﬁﬁ Collehe FErHL OTset ti ng

the RE soqur ‘&QDPQ}&%"ceQ%%%%Orzl@@t jput Thevel, e rt he Hent@rseedd on val ue Ps'

(bl ock 2181), setting the gas flowrate to the intersection val ue FR (bl ock
2183) andpee@meﬁgrﬁhéernﬂew FagnernsupplyPeurpEaedt 81 PRE TLhEeFSETE] on val ue
i nner' (hlo Nt Rg ¢ ol 41N SQndr, Space

W th ReaEfTﬁﬁE%% %%é?b n?%gﬁ ﬁﬁgépQJ %ﬁ§9?%$eggﬁﬁ§ﬂESEps e;%%kltlng t he

4-0 contr eltspace bﬁlm@etﬁ@usew@maa$qﬂn@§n$MpaﬁadéﬁévsPsn,IF%ermnth their
user - sel eqled val Uas o Thie hagl ¢an Re e lied e dakido aaaleytime direct
measur ement&eof it e plasna paraneters fromt he measur ement 1 nstrument 140,

As descriZ@@d)earlier in this specification with reference to FIGS. 9-11,

such real tine nmeasurenents formthe basis of a feedback control systemin

whi ch chanber paraneters (e.g., Ps and PB) are changed to mnimze the

di f f er ences thethaedmdg héer ealdetri-measumnenert-9 amth it ugerces atedtiad or

target val ye or th | asnma araqpt rs VMaftr ER, n. For exanple, Ps is
changed téL5ii&%5Qi4¥H¢éj§§4ﬂﬁ%¥3ekéggﬁfie-the correspondi ng user-sel ected
val ues, an@goRRs)s chamgedHa Wienwal efo dreseyi died heoroardespandi ng user
selected val ue. [00141] Therefore, as one aqption the chanber control process

of steps ZPerlE1a5df tRIG ﬁﬁf@ﬁﬁFﬁ) EPHESEd 1P saf pridtess’ Tont¥dl t ur ned

over to thefesdback eaidwl2ilgors afrdl G5 . 9-skkdased uppn #eal tine
measurenents of plasm paraneters(§¥ t he neasurenent instrunment 140. This

option is AAefPEe ANt iHe PRGSO ] SEPBLEA S~ 4G o4 . Fifhe 45 may
transl ati gp- based £RATen L PRI Siept 1 HaGhsyy 24 2183 @y be enpl oyed

at the beginning of a plasma process (when no real tinme neasurenents are
avai | abl e)ectbarrk alfotnetrrqlhelom%srﬁef gridtesP1d shﬁfsfqdzltmﬂrl yamder g for real
time meas b i h is perfornmed
to tran3|?%%%%g%§§%gﬁ ggﬁgggﬁ;to t éﬁF§% t?ﬁg g%%%ﬁh:ontrol | oops of
FI GS. 9- 11insProgess ddibt.r olThisy dyg itaenpor ajamwtree:t urmedha sitde of
transl ati Q- based gst eps f- b'%stqﬁip%k%% 3 henever. a significant change is
made in the user "sel ecte values of “one “or rore pl'asma pararne 'ers. This
option enaidmOﬂhet@Ipasnhﬁr Hl@meatﬁlwﬁm%nm@@emfslqmpme,tecarwt citenges in
process r%e a S|qp|f|qent advant age.

glnhlng o asma proce (when real time measurements

are available). Then, after the plasma process is

sufficiently underway for real time measurements to become
available, the step of block 2187 is performed to
transition chamber control to the real time feedback
control loops of FIGS. 9-11. Process control may be
temporarily returned to the translation-based steps of
blocks 2189-2201 whenever a significant change is made in
the user selected values of one or more plasma parameters.
This option enables the chamber to nearly instantaneously
meet any changes in process recipe, a significant

advantage.

Controlling M Plasma Parameters with N Chamber Parameters:
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Under -constrai ned case: Controlling three selected plasnma paraneters (e.g.,
Wafer, ER, n) in the 4-0 PB-Ps-FR- | inner control space in response to
user-sel ected values for Vin/afer, ER and Ti: [00142]FI G 45 depicts an
exanpl e of providing an extra degree of freedom by operating in a chanber
par anmet er space of dinensionality exceeding the nunber of user-controlled
pl asma paraneters. This is a four-dinensional version of the
under-constrained control case illustrated in FIG 39, in which the chanber
paranmeters are permtted to vary along a curve or trajectory determ ned by
the inter{00684BJ sufhacesockBBE43Tve riibest aboalg it tthd Spr ocess of FIG 45

is for th . iLat co LI er 1Q:t_8ceive the useri+selLched val ues for
t he sel ect%gg%élfggﬁgaﬁglr g&?@?&r@, té’fbg?i,l%%\rf\g e" aER an%eri (lbl ock 2189). The
next st epoirs fbar-theesest opeilntcondmiorlolsipeicesl10 Iino ffagttoh threom t he cont our

generator .nenory 1120a the 3-0.surface t Qur) §3;&2n { vol t age

correspondinﬁfﬁnttéOphénagngogugaﬁgelr%{éséjl%gcctu(esg%&a%&g (51191 fzjria;gnhcf\?@aegél s the

surface Spalhimetkr212b) sifiug tsetequalit reaitizeld eresitEd alasloidetathes the 3-0
H

surface (contour) of constant etch rate corrgsponding tao the .user-selected
val ue of BRYaR§™P&Bel tpﬁrgsgﬁr PEEE ol ogﬁ‘e‘gf S.H%Aﬁcfratnheetecrosntrol | er

1110 fet chepithe IoDuswii-aea et owuesf naonitcante plcasrm fxam dansity
correspondi n% to the user-sel ected value of r and l.abels the surface Sn

(bl ock 2195PUPTRE EGREEGEr PGS (&t PICAEE S HEN iSRS Qi ve of

i ntersect iaFeaf vidhe dder,eq surdacas Gvii oSERaaY] Stdm ed2 PBRsEdP- 1 i nner
space (block 2197). This curve lies along a set four_dinensional |ocation

di
poi nt HY, SPIEFIER &G f&lSC e t K&'S mdext A thef erd'® F8RF% i cul ar one of

a theor et igalame tietd Rid @ Haumhale forftawdidrensi eralsdieidited at g dihe |ine or
curve of intersection. [00144] The next step is to set the chanber paraneters

of PE, PsdmRP 'that, ldsAcidasemquf % Raneond o ffsourchamber

pressure, inner coil magnet current, outer coil magnet
current, inner gas injection zone gas composition, outer
gas injection zone gas composition, inner gas injection
zone flow rate, outer gas injection zone flow rate, and so
forth. Preferably, the number of selected plasma
parameters is the same as the number of selected chamber
parameters. However, the numbers may differ. For
example, if the number of selected plasma parameters is
less than the number of selected chamber parameters, then
the system is under-constrained and at least one
additional degree of freedom is present that permits the
chamber parameters to be varied while continuing to meet
the user-selected plasma parameter values. If the number
of selected plasma parameters exceeds the number of
selected chamber parameters, then the system is over
constrained. In this case, the contours or surfaces of
constant plasma parameter values may intersect at along
several lines or points and control may require choosing

between such points or interpolating between them.

[00147] The process of FIG. 46 requires characterization

of the chamber, which begins with the step of selecting a
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di nrensi onal |ocations along the line/curve of intersection in 4-0 space

(bl ock 2199). Thereafter, the chanber paraneters PB, Ps, FR 'inner may be
varied along the curve of intersection so that their concurrent val ues
coincides with one of the four-dinensional point (Ps', Ps', FR, linner)j
along the line or curve of intersection (block 2201). Alternating the
Under-constrained 4-0 control space nethod with Real Tinme Feedback Control

[ 00145] A further option is to transition control over to the real tine

f eedback control |oops of FIGS. 9-11 in the step. of, block 2187 of. FIG 45.
SpecificaﬁPﬁ?ttH@ecHén@thégﬁgFoPa6965%§§soﬂ%§f§ﬁé25?5@- SYHEE 45 may
be phased +gut san@cReCessindH elrdnetred woMare tsaridie feedbsdeant rol | oops

of FIGS. 9-11 based upon real tine nmeasurenents of plasm tpgtr ters by the
nmeasur eme®t 3SASt PGFEAE LEAS. Wﬁ%%i“@ﬁ%%e&%‘itctléﬁ;tirﬁml% Z@g‘sof bl ock

2187 of FliG1o4% 2bhe)t.ransl@idanrbasadrchankeide ot role titapsa1af dif ocks
2167-2185 may be enployed at the beginning of a plasna process éwhen real

time meashEnBnCE e TaRANERIOrS T Refters 4l R hsi $r'o et i s

suf fici entlgy upderyay, FQIcH €Al Hidr mBasyr ens sd0 kaconsr aval habl e, the
step of block 2187 is perfornmed to transition chanber control to the real

tine feedisdekibeonpresianisdeps dfs MeS.Cted 1(b e e Yorardl thifay be
tempor ari Iy Jeld r’l%%ﬁzsog]a*& L2 AL AN-DARPG S LGRS ﬁ05e53|&§&§13é§9-2201

whenever significa ange is made I n the user selected values of one or
mor e pl asiR Opar afetherrsy i skhi & Egpthimamanatf] ésl adle ZdHanbert o meadd s

i nst ant anequsl. et . a i o] reci,pe, i gnif t advant age.
Cont rol |1 g N A ey e G i T ey B el 2 2158 ae] The
processes 2dadcr i Bed talwoer dmn dthiksl @pedd Flilcattiion neermered tdw:ali fresrsi onal

t hree-di si gnal, @r .four-dj nensi gnal_cqntrol. spaces.. In fact, the invention
may be cg% ioecg( uztocéuslisndlsaeﬁ:!yntﬁou Ser of c aar%é\]r— paarrlzf‘rsr'@e]teer%urf%gls?rgnuﬁ aneously
real i zed desiy ed walaues pdfasany priderteofs pl ash paf arted sy sfurnldiel @iasma

paranmeters subject to user-sel ected val ues, be, sel ected fromt group of
o, paramears ' KRR (RAIE T ey e RIS ol 1 eGP Son ddhei ty
ion mess, tefeChdxat etapaf @1 i rent3) etidy sel@ctdoddiblanthse fofth. The

chanber paraneters to that are controlled may be selected fromthe group
that incl GRS SSurtde phwerd SR £ 178V f ohadiiferc PriedsurEE RN § Ifhetr coi | magnet

current, outer RidtMRAetaCWr et inddNiindasddi /et ion zanecgas
conposli tion, out,er gas I nj ect| on zone gas conposi tiron, | nner gas 1 nj ection
zone fl owVedtde, Gutddr Nyakinedjecion ot firow it eaiy &b Fhs thh.

Pref erabl yyn e 1 mefe 8l ectLedy Plasim par aneter s des sae as the
nunber of sel ected chanber paraneters. However, the nunbers may differ. For

exanpl e, dharee teuisart ioh gl ddiedpinbsam Patandtldr nabless than the nunber

of sel ect r r tgr t i f]lz{éd -£aNst L ai ned and at
| east one%&%ﬁ%ﬁé %e%r%eo o%]ﬁ ee or#l%lests%aﬁsgregnetét atqfo rm ts‘{the chanber
par anet er paranise evayr ited ashnidue ot ivadiuep tad rmdet N hhargerr: sel ect ed pl asma

par anet er \éé}la'f‘n%%e | f the nunber of selected plasm paraneters exceeds the

nunber of FS€IP€ct ed “chanber paranmeters, then the systemis over constrained.

In this case, the contours or surfaces of constant plasma paraneter val ues
Ry e SRR I SR M R ATl e
process oftrnGl46 requwit et charsot-erd 1zattican values for the M plasma
parameters to concurrent set of N values for the N chamber
parameters. This phase begins with the receipt of the
user-selected values for the M plasma parameters (block
2215) .

[00149] If the number of plasma and chamber parameters
is the same (i.e., if M=N), then the next step is the step

of block 2217. 1In the step of block 2217, the controller
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of the chanber, which begins with the step of selecting a first one of N

chanber paraneters (bl ock 2203) and ranping the sel ected chanber paraneter

while sanmpling M sel ected plasna paraneters with the nmeasurenent instrunent

140 (bl ock 2205). A determnation is made of whether all of the N chamber

paraneters have been sel ected (block 2207). If not (NO branch of bl ock

2207), the next one of the N chanber paraneters is selected (block 2209) and

t he process | oops back from bl ock 2209 to the step of block 2205. O herw se

(YES branch of block 2207), the process continues with the next step, nanely

the step 6fl1Bl 6ekcR2s1 then cogespopdénabiceaik o1 L Ced Streadurad Ufat a from

block 2203 1,5 JUSRA o0 LGNS HUCLAN e ABIGE b Gl Qi RAGMAly the M

pl asma paraneters. Each o hése f Gnetions has al I N chanber par anmeters as

i ndependepbivnar pdblieserisecthieonnéxt Nstdépefisiook 122p3)ce f offhedoh thessi bl e

val ue of %CgboEfth%nMr%h%%qa9%%r%%%%e&%e Nh%h%%&EQUEa 'Hgﬁgfg' .20 .

const ruct noRET Gioensional “contour of constant value in an N-di mensi onal

space i n whiedh eacbeaft itviee vidlcleaniaer thar @oehndr ©fi S nd ediseerisiaon. Thi s

conpl et es &)ge i(har gcgt)eri zation of the chanber that will enabl e subsequent

steps or p{ E&ss 12 transl ate the M plasnma paranmeters to concurrent val ues

of the N chanber paraneters. [00148] The next phase of the process of FIG 46

is to translate a set of M user-selected values for the Mpl as%%ﬁraneters
[

to concur t@QE58d; of INRIE FeERRdr Athé IR CRaMidr TS dmet'et s-€5th ase
begi ns wi thet RembeGeigit BfariRe ysalarealad a@ val ues fn-tihe Miydasma
paraneters (bl ock 2215). [00149]1f the nunber of plasma and chanber

par anet er $hies sygé e8as (ndeL -G Pah SR tHhe hdhe & dp iad tifi@ St ep of

bl ock 2217l R:tche Slegpf JH atlel, Hdte wantd0ld em whllh fhetiches the

correspondi ng contour "of constant value for each of the M plasma paraneters
and det er ®inged esiveith apoitht tdfe ifitldrosedty SHens e dshfione rhce. Then, the
f eedback controller 950 sets the N chanber paraneters to their respective

val ues at the point of intersection (block 2219).
[00151] Block 2221: fetch the corresponding contour of

constant value for each of the M plasma parameters and
determine their line or curve of intersection in N-

dimensional space;

[00152] Block 2223: vary the N chamber parameters so
that their respective values are restricted to lie along

the line/curve of intersection.

[00153] The foregoing steps complete the configuration
of the N chamber parameters to realize a set of user-
selected values for the M plasma parameters, or
(conversely) the translation of the user-selected values
of the M plasma parameters to required concurrent values
of the N chamber parameters. 1In the optional step of
block 2187, this process may be temporarily replaced by
the real time feedback control process discussed above
with reference to the feedback loops of FIGS. 9-11 based
upon real time measurements of plasma parameters by the

measurement instrument 140.
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[00150] I f the nunber of plasma paraneters is |ess than the nunber of chanber
paraneters (e.g., if MEN-1), then the systemis under-constrai ned so that
there is at | east one extra degree of freedom For the case in which Mis
one less than M the follow ng steps may be perforned: [00151] Bl ock 2221:
fetch the correspondi ng contour of constant value for each of the M plasm
paraneters and determne their line or curve of intersection in

N- di mensi onal space; [00152] Bl ock 2223: vary the N chanber paraneters so
that their respective values are restricted to lie along the line/curve of

i ntersectil®®19400153\lFHe ftdree gioi e tst@pshaoms et eldder doed i gurdgianl of the N
chamber paraeters Lo Jeall 26 &aele plodiselanglact ed val ugsy Lot the M plasma
par anet ers,” or (conversel ycj K'he SransIAtion of 1"tsl“(e User: sel ect ed” val ues of

t he M pl asthe tparaanettere € arrdeequidied conicurs erite nead flesa fbd headde chanber
paraneters.. |In the optional ste f bl ock 2187, thi [ ocess be

t enpor ar i I”Vﬁhé)ﬁtacdeeépaovjtr}?e freoérs) tﬂ?errgtrf%eed?alcﬁ&tcoarﬂ$o CHDcREs Hf scussed
above wi t hmefrarience to the feedback | oops of FIGS. 9-11 based upon real
time measurenents of plasma paraneters by the neasurenent instrunment 140.

[ 00154] Whil e the invention has been described in detail
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with reference to preferred enbodinents, it is understood that
variations and nodifications thereof may be nmade w thout departing
fromthe true spirit and scope of the invention. Wat is clained is:
Claim1: A nmethod of controlling plural chanber paraneters of a

pl asma reactor in accordance with desired values of plural plasma
parameters, conprising: concurrently translating a set of
M desired values for Mplasna paraneters selected fromthe group
consi sting of wafer voltage, ion density, etch rate, wafer current,
etch sel ecti vighae EON-ENELQY sand ion mass, to a set of N values for
respective N chanber paraneters selected fromthe group consisting of
source power, bias power, chanber pressure, inner magnet coi

current, outercigagnet Q’Qinletﬁbl&r@ﬁtoonitgaﬂir?go%@ugéﬁ Jﬂa%‘ﬂe&%&an%%%.
zone gas flow rate, inner zgne gap conposjtion, outer zone gas -

conposi t i 8h,* WHEPER EMHF Rlaferqairagereltdnderired girdaeerof dmieho
and not gpeadrer phhafetdis,; caffirising: real i zing values of said M

pl asma paraneters at:said desire al ues by setti .sai.d N chanber
control paranet er sSO8 €44 g8t B n%aéé?%eas;se&hﬁjr@é‘? riine’%‘lﬁegt‘éi}“@ﬁ for

t ransl at i ngeleenpr bsesieters selected from tlee gi-otp easizienengfos aiader

chanber p er r I t | evel of_ the one chanber paraneter
whi | e san‘%};l n%teli?F&ér[1 ec{ r |l?:gl' %gcrhaﬁgfe'gfsw% eraﬁuﬁﬁergti ’arsggﬁi(:)‘mer i nput to
a waf er sepiFmtivpedesicnl eandgy onputicngudssomteaghssamsl § vhlga doRF

el ectri cale HALRIBL OF B el LS RkrB! LAl Rkas a s, and
storing sa?agﬁ_:\rc/:al_ues w th thﬁcorreggondi né:tl eve]P%11 %?’resg?%lg%ne chanber
par amet er SREIEHL RS sPlorfFvFGe chaiter PHaF apRsr flagePer pressure, inner

b. for eagdyriecefl SAi:d--eRaANbRePIIABE &4S,1 dEEHGINT inhbPMBRE gas
correspon%qril‘gﬁchanber %ar aneter data, a single variable function for
S

each of s FbP al O'HiEs fRPafHhet 8F s™ Hefvri G784 PP Bn&3EharfRasition,

par anet eroxaaaraoh@dﬁhempbsyfaidrabhﬁereix} M and N are integers and N
is greater than two and not greater than nine; andd
realizing values of said M plasma paraméters g;:said M
aesired values by setting said W chamber control parameters to
said set of N values;
wherein the step of translating comprises:

a. for each one of sald chamber parameters,
ramping the level of the one chamber parameter while sampling RF
electrical parameters at an RF bias power input to a wafer
support pedestal and computing from each sample of said RF
electrical parameters the wvalues of plural plasma parameters,
and storing said values with the corresponding levels of said
one chamber parameter as corresponding chamber parameter data;

b. for each one of said chamber parameters,
deducing, fréﬁ the corresponding chamber parameter dati, a
single variable function for each of said plural plasma
parameters having said one chamber parameter as an independent
variable;
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c. from conbinations of said functions, constructing surfaces
defining sinultaneous values of all of said chanber parameters, each
respective surface corresponding to a respective constant val ue of
one of said plural plasnma paraneters, and storing said surfaces.
Claim2: The nmethod of Claim1 wherein the step of constructing
surfaces defining simultaneous values of all of said chanber
paraneters conprises the follow ng step carried out for each one of
said plural plasnma paraneters: conmbining the single

variabl e functions dependerbmUpsibin@EREEs iote sahanbgl-Jaanameters into
a single conmposite functjon having plural variables of said chamber

par anet er £ TUCHIR R IRCephde ERg S UM IGERRAYS YiHelesi ATt sfep of
const r uct safl stisfibeespaafticreny, sdan tasemts veabiefh @ cBklefforsahg

chanmber p ters further conprises the follow ng step_carried out
for each %%EEEFSESFHIYﬁtﬁQa gﬁggs YSaf ﬁﬁFngzsaléJPlural PASs™® ng t he
conposi t erdnareiceoa, egpuhlstboing saice ssrfareaf. val ues of the respective
pl asma par anet er. Claim4: The method of Claim3 wherein the
step of constructing surfaces defining sinultaneous val ues of all of

sai d chamber Faraweter Fheuneriad ednpiibes. wherdol lubwi agested carri ed
out for eaghirenecpig S:ﬂi:@'a@laé”&’éii?x'iﬂ??inﬁﬂ%@%&@é Sf&l L §ach,one of

sai d successjon of values, solving f a surface defining a set of
si mul t anetiS GRPTRET PRTEBRFeES FVBFisenithe Holkeviandstrmmnraripdessur e
for whi chidheatRsRectdsveaRhasi®Bal plasma parameters:
combining the single variable functions dependent upon
respective chamber parameters into a single composite function

having plural variables of said chamber parameters.

Claim 3: The method of Claim 2 wherein the step of
constructing surfaces defining simultaneous values of all of
said chamber parameters further comprises the following step
carried out for each one of said plural plasma parameters:

setting the composite function equal to a succession

of values of the respective plasma parameter.

Claim 4: The method of Claim 2 wherein the step of
constructing surfaces defining simultaneous values of all of
said chamber parameters further comprises the following step
carried out for each one of said plural plasma parameters:

for each one of said succession of values, solving for
a surface defining a set of simultaneous values of source power,
bias power and chamber pressure for which the respectivé plasma

parameter has the one value.
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par anmet er has the one val ue. Claimb5: The method of Cdaiml
wherein the step of ' sanpling RF electrical paraneters at an RF bias
power input to a wafer support Pedestal conprises: sensi ng
an input inpedance, an input current and an input voltage to a
transm ssion |ine coupled between a bias power inpedance match
circuit and an electrode within the wafer pedestal. Cl aim 6:
The nmethod of Claim5 wherein the step of conputing fromeach sanple
of said RF electrical paranmeters the values of plural plasna

parameters i s ealil 84 Othe IHL-ABAAALA LAMPULALLINS LOTe RRCH O - sal d

pl asma par anet ers. Caim 7. The netho almb6 erein the
step of c&APRtINE M sheedciredarprenaiiersantl R RE| bies i palerpanpietter s

the val uega@br pdupdht PSR NALBHEL &S . CONPri ses: _
cOmputing a junction admttance of a junction between said

transm ssion |ine SRGSHHE 38} CPRbATRECEAFR e lRBTRErCYHeEest ard f%om
sai d i nputinpipedanege tdRUtrGRERESEIANTihdMBupl ekt BG8andaf h0Mm8 -
parameters of the transm ssihon,l i ne. E‘Sl-;ai'mg . The et hod of
O ai m 7 wRBFET i "PRESRER g1 SHp Tt ' G Bt BECHTSARpT e or Eif dager
el ectri cabepes@iet ers the val ues of plural plasma paraneters further
conpri ses: provi di ng shunt electrical quantities of a
shunt capacitance between the el ectrode and a ground pl ane;

provi di ng | oad-letimctr i cBie qeahtdtieslefing wWedednprvd tsarpechet ween

the el ect EQ%@B@ @r%fé[c}p@atngfe Qﬁd‘éﬁﬁé"k}? electrical parameters the
values of plural plasma parameters is carried out in separate

computations foxr each of said plasma parameters.

Claim 7: The method of Claim 6§ wherein the step of
computing from each sample of said RF electrical parameters the
values of plural plasma parameters comprises:

compurting a junction admittance of a junction between
gaid transmission line and the electrode within the wafer
pedestal from said input impedance, input current and inpuk

voltage and from parameters of the transmission line.

Claim 8 : The method of Claim 7 wherein the step of
computing from each sample of said RF electrical parameters the
values of plural plasma parameters further comprises:

providing shunt electrical quantities of a shunt
capacitance between the electrode and a ground plane;
providing load electrical quantities of a load

capacitance between the electrode and a wafer on the pedestal.
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Caim9 : The nmethod of Caim8 wherein the step of conmputing from
each sanmple of said RF electrical paraneters the values of plural

pl asma paraneters further conprises: conputing said etch
rate, plasma ion density and wafer voltage from said junction

adm ttance, said shunt electrical quantities, said | oad electrical
guantities and a frequency of RF bias power applied to said

el ectrode. Claim 10: The nethod of Caim9 wherein said
paranmeters of said transm ssion line conprise a length of said

transm ssion l¢ngm @ ¢harRctRELss & idTRedancenel$aidd r2Rgng,ssi on
line and a_conpl ex | oss factor of said transmssion |ine. ~ Claim
11: The nEPHRY*SE EF ST nTaT* WREPLE Ph &Rd0 sHUML eeF6E¢3Y Parapaaety tthes
are conpuvethds af phersl 28 sahaapasdetkrodanttiegr oomsk-gaR ;| ength, an
area of said wafer n..el ectroge- th%%%gund dielectric constant and an

el ect r ode- t ogr ound “QoRdUEH V& T 0RE Bhéhsma don qengihy(and fz&er
met hod of v@ltgan ffomhexiel nusakdoh cathiétenty,i cal dqstantd tilestaiel
conput ed £, . | e - 150- . gap h__an area_of the fer,
an el ect r%ﬁ%ﬁ%ﬂl ﬁgf e%éfd?gﬁea%t ‘relx\gé%ﬁg a%'%aer%% 3R Fe& %58%9?%0-}'\/\/8 er
conduct i VBF |Wiss penporramlied to sxjdaehedi3zodEhe met hod of Cl aim 12
wherein the step of conputing said etch rate, plasma ion density and
waf er vol tage conpri ses: first conputing said wafer
vol tage and afiPhigihar yhsaretnd £praaim Adnherein saddnpriaietgra
pl asma sustepfidneeansiiths ANt Nbupakde 10N HEMRIdY AR eLhkrlidkEon
from sai d, V\r/%f er, \égé}e?(gceer%gg.sal d e@ asnma suscept ance.. . )

‘ line, ic impedance of sailid transmission line and a

complex loss factor of said transmission line.

Claim 11: The method of Claim 10 wherein said shunt
electrical gquantities are computed from the size of an
electrode-to-ground gap length, an area of said wafer, an
electrode-to-ground dielectric constant and an electrode-to-

ground conductive loss component.

Claim 12: The method of Claim il wherein said load
electrical quantities are computed from an electrode-toc-wafer
gap length, an area of the wafer, an electrode-to-wafer
dielectric constant and an electrode-to-wafer conductive loss

component .

Claim 13: The method of Claim 12 wherein the step of
computing said etch rate, plasma ion density and wafer voltage
comprises: '

first computing said wafer voltage and an imaginary

part of a plasma admittance comprising a plasma susceptance, and
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Claim14: The nethod of Claim1l wherein the step of translating
further conprises: for each one of said plural

pl asma paraneters, fetching a relevant surface of constant val ue
corresponding to the desired val ue of said one plasnma paraneter, and
determ ning an intersection of the relevant surfaces which defines

sai d val ues of said chanber paraneters. Claim 15: The nethod of
Cl aim 14 wherein the nunber of said plural plasma paraneters equal s
t he nunber of said plural chanmber paraneters. Claim 16: The

met hod of cehphiatA swhar ebh dhe: Yy Lbnsaid %gg&a%ﬁféi%% r voltage

paraneters i.s less_than or greater than the nu said plura
chamber p&'r’lanﬁléﬂr plasma susdeptance.

Claim 14 : The method of Claim 1 wherein the step of
translating further comprises:
for each one of said plural plasma parameters,
fetching a relevant surface of constant value corresponding to
the desired value of said one plasma parameter, and determining
an intersection of the relevant surfaces which defines said N

values of said chamber parameters.

Claim 15: The wethod of Claim 14 wherein the numbexr of
said plural plasma parameters equals the number of said plural

chamber parameters.
Claim 16: The method of Claim 14 wherein the number of

said plural plasma parameters is less than or greater than the

number of said plural chamber parameters.
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