A PLASVA REACTOR CONTROL BY TRANSLATI NG DESI RED VALUES OF M PLASMA
PARAMETERS TO VALUES OF N CHAMBER PARAMETERS BACKGROUND OF THE | NVENTI ON
[001] Plasma reactors enployed in mcroelectronic circuit fabrication can
etch or deposit thin filmlayers on a sem conductor substrate. In a plasna
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 danage, etch stopping, feature size and
other effects. Such control becomes nore critical as feature size
decreases and device density increases. The main problemis that present
techni ques for neasuring etch rate, ion density, wafer voltage and wafer
current tend to be highly inaccurate (in the case of the wafer voltage) or
nmust be performed by exam ning a test workpiece or wafer at the conclusion
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(source power, bias power, chanber pressure, gas flowrate and the |ike)
must be selected before processing a current workpi ece based upon prior
results obtai ned by processing other workpieces in the chanber. Once target
val ues for each of the reactor control paraneters have been chosen to
achieve a desired etch maisxaomdest megd wafigintviednd age or a desired ion
density, the target values nust remain the sanme throughout the process
step, and® 1] ef f orRlssarae 1RA: it e Pl AY Sfhi It dhirF FRE 1t Bdivsen t ar get
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par aneters
on a semiconductor substrate. 1In a plasma 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
bombardment damage, etch stopping, feature size and other
effects. Such control becomes more critical as feature
size decreases and device density increases. The main
problem is 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
must be performed by examining a test workpiece or wafer
at the conclusion of processing (in the case of etch
rate). There appears to be no accurate technique for
measuring these parameters in "real time" (i.e., during
wafer processing). As a result, the plasma reactor
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



unexpectedly leads to a deviation fromthe desired processing paraneter
(e.g., etch rate), this error wwll not be discovered until after the
current workpi ece has been processed and then exam ned, and therefore the
current workpi ece or wafer cannot be saved fromthis error. As a result,
the industry is typically plagued wth significant |osses in materiel and
time. [002] Arelated problemis that plasma process evolution and design
is slow and inefficient in that the discovery of optiml target val ues for
the reactor control paranmeters of source power, bias power, chanber
pressure m@&mtaimﬁmqk@h¢y@h@&$hytae@¢§5V@b@ﬁsproIfaé@édeKamaﬂeahbe error
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and tinme consumng. Therefore, it is not possible to optimze or alter

target values for the process paraneters (e.g., etch rate, etc.) wthout a
time-conspgpsp triah poH.€LH0préblem 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



process. Thus, real-tinme plasm process control or nmanagenent has not
seened possi ble. SUMVARY [003] The invention concerns a mnethod of
processing a wafer in a plasna reactor chanber by controlling plural

chanber paraneters in accordance with desired values of plural plasma
paranmeters. The nethod includes concurrently translating a set of Mdesired
values for M plasma paraneters to a set of N values for respective N
chanber paraneters. The M plasma paraneters are selected froma group

i ncluding wafer voltage, ion density, etch rate, wafer current, etch

sel ectivipyoceédn. enBrygy, andaiohimegessasThepNochambepnpapanetrers are sel ected

froma group, éﬂ&ﬁgdhgg ﬁgyrggeﬂgﬁegofgggfepomer, chanber pressure, inner

magnet coil current, outer magnet c current, inner zone gas flowrate,
outer zone gas flowrate, inner zone gas conposition, outer zone gas
conposition. The nmethod further EE%@%Q%§FSEtting the N chanber paraneters
to the set of N values. BRI EF DES OF THE DRAWNGS [004] FIG 1
illustrates0d] pl asnbBhe eastent and aonaeasnrenmethbﬁsbfupentesbengfar. [ 005]

FIG 2 illustrates an electrical nod of the r eact enpl oyed by

The measut&hEhe § nacRLAEAT . FoRober FrerSsr: Pr sPraEae tRE beraetur e of the
measur enmeghamivst r paeahe 0ér &l écc{aﬁ@iﬂmcElﬁtH tkkustgaesuas bfiput phase

processor of the neasurenent instrunent 008] FIG 5

0}
|IIustrat%%uﬁa%r%%%ﬁ?%s?%ﬁam?ﬁﬁrstraﬂg?oWﬁﬁPPgnlBFéEé§% in the nmeasurenent
instrumentoéurféfk1y- 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.



[009]FIG 6 illustrates a grid-to-ground transformation processor in the
measurenent instrunent of FIG 3. [0010] FIG 7 illustrates a grid-to-wafer
transformati on processor in the neasurenent instrunent of FIG 3. [0011]
FIG 8 illustrates a conbined transformati on processor in the measurenent
instrunent of FIG 3. [0012] FIG 9 illustrates a process feedback control
systemfor a plasma reactor that includes the neasurenent instrunent of
FIG 3. [0013] FIG 10 illustrates an alternative inplenmentation of the
process feedback control system [0014] FIG 11 illustrates the neasurenent
i nstrunmentf008f FI G FBG.adcbohstahrateat aurrgesstasdbpnahdnga process set point

control | er conpeered; bR g.SYSLERL W ke Ao phas [sckQLRL FLCS. 12, 13

t
and 14 ilTustrate art ours o congﬁgﬁﬁgggr?ornance par amet er
val ues prbdaced. by the systemof FIG 11. [0016] FIG 15 illustrates a
met hod of finding an optinmal operating point at the intersection of
different contours of constant paraneter values. 4 [0017] FIG 16
illustrat ego9heI@rocesslsetrpoest a gontdrobleroundt beasagsbenmafiokl G 11.
[0018] FIGS. 17, 18 and 19 illustrate respective p tigns performed by
the proceBECSRESPBI HE CBALPGRFRFETORCt RESEEREBUF GonEridror-in the system of
FIG 11. [0019] FIG 20 illustrates an overlay of contours of constant

waf er voltage, contours of constant etch rate and contours of constant ion
density at9%I@hanbeFlpredsiiféugFraigg argrid-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.



[0020] FIG 21 illustrates an overlay of contours of constant wafer

vol tage, 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 ion density at a chanber pressure of 70 nT.
[0022] FIG 23 illustrates an overlay of contours of constant wafer

vol tage, contours of constant etch rate and contours of constant ion
density at a chanber pressure of 150 nil. [0023] FIG 24 illustrates an
overl ay ofoedbnloursrdé. ténsianttwates vbektpgecessntetr podhtconstant etch
rate and _contours of_constant_ _ion ep jty.at a chanber pressure of 200 nT.
[ 0024] FI%?“%%ofi?ﬁsf?a?%g 2K b8r Phy g?‘c%ﬁtours of constant wafer

vol tage, contours of constant etch rate and 5 contours of constant ion

density at_a chanber $ressyre gf 250 nr, &0025 FIG 26 .is a sinplified
bl ock di abP%hBbf a FpFasmh’rehtt 8Pdi h2attbraaheS Wi ERAPEGFELKEr enbodi ments of

the inventhoPat[9026be FFSBmed o322t HEPpEbcAsHr 96€SEol AE €BRASEBUCEIKNg single
vari abl e functions of different plasma paraneters for the variabl es of

source poertheiaenpewer JaRarehafbeér tpres¥arem PH0Z¥F-FL&: 27 depicts
processes for constructing the single variable functions of the different

pl asma paraneters in which the variable is the chanber paraneter of plasm
source poheplol FIG. 20 illustrates an overlay of contours of

constant wafer voltage, contours of constant etch rate and
contours of constant ion density at a chamber pressure of

100 mT.

[0020] FIG. 21 illustrates an overlay of contours of
constant wafer voltage, contours of constant etch rate and
contours of constant ion density at a chamber pressure of

30 mT.

[0021] FIG. 22 illustrates an overlay of contours of
constant wafer voltage, contours of constant etch rate and
contours of constant ion density at a chamber pressure of

70 mT.

[0022] FIG. 23 illustrates an overlay of contours of
constant wafer voltage, contours of constant etch rate and
contours of constant ion density at a chamber pressure of

150 mT.

[0023] FIG. 24 illustrates an overlay of contours of
constant wafer voltage, contours of constant etch rate and
contours of constant ion density at a chamber pressure of

200 mT.

[0024] FIG. 25 illustrates an overlay of contours of

constant wafer voltage, contours of constant etch rate and



[0028] FIG 28 depicts processes for constructing the single variable
functions of the different plasma paraneters in which the variable is the
chanber paraneter of plasma bias power. [0029] FIG 29 depicts processes
for constructing the single variable functions of the different plasm
paranmeters in which the variable is the chanber paraneter of chanber
pressure. [0030] FIG 30 depicts processes for constructing the single

vari abl e functions of the different plasma paraneters in which the variable
is the chanber paraneter of inner magnet coil current. [0031] FIG 31

depi cts pFBBEESSES Pbr CEBASERGCEPRgIERELITYi A§l &8 FARMBBFePrEREMILEnSTof t he
different,ghagfa 6 paraneters in which the variable is the chanber paraneter
of outer magnet coil current. [0032] FIG 32 depicts processes for
constructing the single variable functions of the different plasm

paraneter§obgsr?ichFﬁ§83%?rE?gé?S%gpgggéggagyggkpa&g %%TofOE gas flow rate

or gas conposition. epi ct an exanple in which contours
(i.e., suplaems)refctonstantceakrdenct foah phashar pabadgmenssarcd produced
fromthe %EQQESVVﬁEE§R'e functions of FIGS. 27-32 in a three di nensional
control space W't I rensi ons of source power, bias power and chanber
pressure. [0034] FIG 33 depicts a process for producing contours of

const ant for pl paraneter of wafer _ volta in.the three
di mensi on ﬁbgghtrolE2§50e2§F383§Fp¢F%.a32r885§8t505 698g§§§cfépgproducing
contours sohgtenstantbval gantenohlbeopl asmacpananplasmaf patrGhetatre i n

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



the three di nmensional control space. [0036] FIG 35 depicts a process for
produci ng contours of constant value for the plasma paraneter of plasnma ion
density in the three dinensional control space. [0037] FIG 36 depicts a
process for producing contours of constant value for the plasna paraneter
of wafer current in the three dinmensional control space. [0038] FIG 37
depicts a process for controlling three plasma paraneters using the
contours of constant value of FIGS. 33-36. 7 [0039] FIG 38 depicts the
intersection of the contours of constant value in the three-di nensional
control spacaEmetdrs henprbbtesstiod FhGaBYe [H04D¢ Eh&nb8Y psrameicew of the

t hr ee- di nepsi onal cogtgoéoffagercor£esponding to that of FIG 38 but for
the undePcon3tFaifdd 8ase®th mﬁlﬁﬁnohly two contours of constant value are
specified and therefore intersect along a curve, FIG 39 depicting a nethod

of varyin cha raneters along the curve of intersection. [0041]
i oo Ho- BO0RERS Cr BRCexApRERt RERhPERCESHESUFET (PRBTEOGEiTHcbEs o
constant yahgee ofafoalplpl agnatripasaset ens aierfpreducpdakmam the single
variable functions of FIGS 27-32 in a_four djnmensional control space with
di nensi onB2BFMeLRF 2el Do ChpFEE PaRerClgasSt FBG FAEBPESr PAEBRE6EEti on) and

magnet cohbt GaErenbw [QP42brFh&s 4BngeRietsna 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 [gh3gpnst apicyal ye_ker Lpecpl a8MBx AL #8e AT WAL Rt EBnEBLEsI N the
four dinensional control space.

(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.



[0044] FIG 42 depicts a process for producing contours of constant val ue
for the plasma paraneter of plasnma ion density in the four dinensional
control space. [0045] FIG 43 depicts a process for producing contours of
constant value for the plasma paraneter of wafer ~current in the four

di mensi onal control space. 8 [0046] FIG 44 depicts a process for
controlling four plasnma paraneters using the contours of constant val ue of
FI GS. 40-43. [0047] FIG 45 depicts an under-constrai ned version of the
process of FIG 44 in which only three plasma paraneters are controlled in
four dinensional control space by varying themalong a trajectory or curve

al ong Wﬂg@bg?ége thi-ee, C?ér8@;99895thQOE‘BE’HféﬁbE‘RSBSS‘Etth@ EeHrcou%m?nS' onal

space. | G 46 depicts a process aracterizing t react or
chanber and @@mﬁt@mtlngluﬁpiasﬁhepéhaﬁ@télmemﬁ@nn&ﬂ chafberl pﬁﬁéﬁeters.

DETAI LED DESGRL P éngfogygtlgn [ 0049] The present description pertains
to a plasma rea tor aV|ng a plasna source power applicator (such as an
over head el ectrode or antenna) in which plasna bias power is applied to the

waf er thr ort desta ave di ver a measur enent
instruneanQF%Lscr ?ogf ?haESng%hgh tﬂ e%ng @%ﬁﬁ%oﬁ%l
instantane@mstylaﬁﬂaaecuoatebponﬂasgreom@het uﬁIFage,38mbﬁerfomrteat, ion

density and etch rate, e neasure |n?trﬁnent uges only conventi onal
el ectrica n@%ﬁ%%?gtﬁ?ln? e“BPasPo ?anBﬂ Yt h4P §8Rs8“V3I Page, current and
power atcbheront publeé anei spedancednmahaehtdevecereotipkedstett Aeong

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.
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[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



real -time behavior of all these performance paraneters sinultaneously as a
function of control paraneters such as plasna source power, plasna bias
power and others (e.g., chanber pressure, source power frequency, applied
magnetic field, etc.). These observations have led to ny discovery herein
that the control paraneters of plasma source power 10 | evel and plasma bias
power |evel affect the set of perfornmance paraneters (e.g., etch rate, ion
energy, ion density) in the manner of a pair of independent vari abl es.
This discovery greatly sinplifies the task of controlling plasnma
proce55|néecbylﬁé?élﬁgrﬁﬁﬂFéMslBtHéﬁ 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 i§0@5ﬁﬂrolIédheﬁeiﬁew?ntﬁdoagﬁlaﬁ@abta§C§@d deurieg apower |evels.

have “SEdf%Q§ E0985998158rp% gﬁ%g?&' %He afit hi§ sRELhQnance paramet ers

(i ncluding e €, 1 on ener as uni que functions of two
|ndependemhstaumabtes;nnaheby sdaste powecelewebraaddbpa@stOWQQSIeveI From

this, | have enerateﬁt #gg |n %egg nS|gngba%%urégtg%@eﬁcg;%s power

space of 88n§ ant “et@ cOnSEEAT “ on “ener const ant -ion density,
for exanphethA pneeepswemnfeebbackrespmmds ﬂoopseplaehactads panges for the

f tch rate, . d t
'he curved 0P “LOREtaRt BPBI CPAEs, CoRGT AN 2Fon " RoRdiLy "EhtConst ant | on

ener gy tObetmébanhane@usb¢lbbmédatba@getvuabueoﬁomhbheo&owm@&ggomer | evel
and the bias power vel . This process contr prOV|g§s t he target

val ues foﬁtheeEPég eBGUYee "dRer VOLEGER) aﬁdeF§§n§CEP g6Wer 1 evel to the
f eedback cgeptiokkaketefiar redit @ iaBOV§. my measurement instrument.

Simultaneously, in the source power feedback control loop,
plasma source power 1is 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



[0052] As a result, a user need not have any know edge of the control
paraneters (e.g., bias and source power |levels) that may be required to
realize a desired set of performance paraneter values (e.g., etch rate) nor
a correspondi ng understanding of the reactor's behavior in this regard.
Instead, the user nerely inputs to the control processor his set of desired
performance paraneter values or ranges, and the control processor instantly
11 specifies target control paraneter values (target source power and bias

power val ues) to the feedback controller referred to above. Thereafter,
control ofeVRé PradshadSPRrobéss PSvEktiLREPY abfsmatf&€e &RE €4n instantly

aCCOUnDdabérﬁaYmghéegﬁ§rBﬁ@tH%@r(@??.LnEE@QUEQteEO&onGéﬂ@Eb9U ke user nay
specify different etch rates at different tines during the same etch step,

so that oflensét¥h iat 8hprBeAPPS &fir PngaiKecbednARPRGISAtava&tiéR FFocess and

anot her PﬁﬁYéiH§sE8$@E? tReaend afinbhe rRegcess, thQk oexampleoiihgguser need
not specify any contro paraneters, but only the results he desires (i.e.,

the perfpipaneerparafetians Suchoasdispckarares etbey. copfgedunent for
| nst ant an SUL| r |NCc Tet.er ncl udi ch Rate, lon
39?%%t@%§ HBhQQF§35§PEgg ?ro@@%@ﬁﬁélé?.k., wding AHt

Density a nergy: erring to 1, "a plasma reactor 100
has a chahbebeenpkesanesel0soentbosi ggsafvavuuatelanbenstadti souwltiech a

el er SUPBOLE Pedeatahobla SuBRAL! o, SRILEANANS! O cpafer 120 bei ng

processed: asima oWer om an ras” power ‘génerator 125 is
applied phroagh aa copedandednench reilyctintcbd® toet e awaferd sswpper t

pedestal 115. CEnve tional .sensing circuits 132 wthin_the inpedance nmatch
circuit 1BBYRAv eyﬁige Ogtgaye us%d tkls ec%nlque %o 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
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termnals 132a, 132b, 132c providing respective signals indicating the
power (Pbas), voltage (V) and current (1) furnished at the output of the

i npedance match circuit 130 to the wafer support pedestal 115. A
measurenent instrunment 140, which is the neasurenent instrunent referred
to above in this specification, uses the signals fromthe output termnals
132a, 132b, 132c to neasure, simultaneously, etch rate on the wafer 120,
ion energy at the wafer surface (or equivalently, wafer voltage), ion
density in the reactor chanber and electric current 12 through the wafer

120. The mpasufémentargstr gppntrold@arempleys vploessdés rigasedowpor an

el ectrical del qof . the reactor .100. This,nodel .is illustrat in FIG 2.
f0054] i BoM3e aapfoP SEnBbRREs R aae: 68 oerreschiel CoTeater Sdetai I, so

t hat the radevrddaktoebbonents Ohetrbeftwaf ecoatuppar b fpedestdlasiikS are visi bl e,
including_an electrod 1151, g th%n overhying diekec &ic (e.g., ceramc)

| ayer 115P§?C885uh8eFP§%ﬁs di 8M&C ¢ e 28 “2BerAfi-€ “rayer 115-3, and a
conducti vactemfiodagdkbuahpuahangkanahegigerndmplyat @ ttboudeat trre bottom of the
pedestal 115. The el ectrode 115-1 t%kes,tEe formof a conductive grid in
the illusEralBicenbBai HERE, "a¥d SREY 1HE FPipbiERERTed t P n T¢&SS0GS forms such as
a conduct gyersekhd phakte ahrasgatheoBduet k¥ehnmeskp,f e exarplee Wiile the

el ectrode 115-1 will hereinafter be referred to as a conductive grid, the
term " gri 8%ChsTERHI BY&Y3iLA St VS 18Fe bl PEELOR1IRET &fs a0 € TN PESSS St hat t he
el ectrodeaddSahofBYrt akevasuchtavagdd ¢prddchi e $aki ¢ Rlalse, @ora conductive
mesh, or a conductive screen, or a formconbining aspects of any or all of
t he foreg8KABPLEr ns I PO SEXaRFRE. NAILs §PRICSitH| 8NYnCOPLEOL2 is a coaxial cable

210 conneghi-AgetResoULPYt o0fi t RBe results he desires (i.e., the

performance parameters such as etch rate, etc.).

Instrument for Instantaneously Measuring Performance

Parameters Including Etch Rate, Ion Density and Ion

Energy:

[0053] Referring to FIG. 1, a plasma reactor 100 has a
chamber enclosure 105 enclosing a vacuum 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



i npedance match circuit 130 to the grid 115-1. The coaxial cable 210 has an
i nner conductor 212 and an outer conductor 214. An electrical nodel with
paranmeters depicted in FIG 2 characterizes the electrical properties of
the plasma reactor 100, which are readily determ ned using conventional
techni ques. Specifically, the coaxial transmssion |ine or cable 210 is
characterized by three quantities: (1) its length, (2) Zh, its
characteristic inpedance, and (3) VOh, its conpl ex phase velocity in the
transm ssion |ipe_equation. }ﬁe ma&er su ort edestal 115 i.s characterized
by el ect rFBAPUBROpBFt 'BECHf 1efe  SUEr IMGP Erﬁﬁﬁ Gnd8Fy ARG i é*dctric | ayers
115-2 andedgo}3 §ro§@g@eélgabbm upba undenkyingcdieheetni ofl aper 115-3 has
a capacitance CD, which is a function of (1) the  dielectric constant, so,

of the di 6PeEEPFclP8yer Thi8-B0dghdis Y 1pRETasRAuLT F&C-0s conponent of the
dielectric layer 115-3, tang, (3) the thickness, gap, of the dielectric

| ayer 115-3 and (4) the radius of the wafer 120. The overlying dielectric

| ayer 115I9°ﬁéi a cBpaci Eadepigpswhhehprlpsma tgaetiosn odf ECE)- tthént hi ckness,

gape, g?éagb?'SEEE&E Egy 8%1§h% Q%lvﬁgﬁaQ'%h% bhits eenshant, ep, of
dlel t

t he ctric layer 115 e conductive oss conponent of the
di el ectrisafayesuppsrg, pEdﬁgtaThélélagﬁaVlEZOles Gh&d&dﬂ@@i?@d by an

adm t1ancg, YpLasme (1a-RE o ound coueh anct Reciabenior chanber valls or

ceiling) t consi stfs 6f are e con uctance g)’ ‘and an i magi nary
part (thecsmsmepﬁahegeb)llEth ah thdse lyehgctiedalctparcanet.qgr-s has a role in

(Do oper oL aggE ey eoToNLaTeNl ol ISLEHIENL 140 005 k1L ust et
planar ground plate 115-4 at the bottom of the pedestal
115. The electrode 115-1 takes the form of a conductive
grid in the illustrated embodiment, and may be implemented
in various forms such as a conductive solid plate or as a
conductive mesh, for example. While the electrode 115-1
will hereinafter be referred to as a conductive grid, the
term “grid” as employed in this specification refers to
all forms that the electrode 115-1 may take, such as a
conductive solid plate, or a conductive mesh, or a
conductive screen, or a form combining aspects of any or
all of the foregoing forms, for example. Also visible in
FIG. 2 is a coaxial cable 210 connecting the output of the
impedance match circuit 130 to the grid 115-1. The
coaxial cable 210 has an inner conductor 212 and an outer
conductor 214. An electrical model with parameters
depicted in FIG. 2 characterizes the electrical properties
of the plasma reactor 100, which are readily determined
using conventional techniques. Specifically, the coaxial
transmission line or cable 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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processor 310 receives the Pb;as, V and | signals fromthe inpedance match
sensing circuit 132 of FIG 1 and produces respective signals indicating a
conpl ex inpedance Z, a conplex input current Tin and a conpl ex i nput
voltage Vin at the near end of the coaxial cable 210 (i.e., the end
nearest the inpedance match circuit 130). A transmission |ine
transformati on processor 320 uses the characteristic inpedance Zoh and the
conpl ex |l oss coefficient Vcb (in the transm ssion |ine equation) from an

el ectrical nodel 330 of the coaxial cable 210 to transforn1fron1z Ti n and
Vin at tRe neRfCihbrelénd £heaHNd8HlYLBACEITFERELLEN LAY Sthd 1Par cabl e end,

i.e., at the pupsbhenthetuween the gpad al mabkiteorrdF and thes grid 115-1. A
grid-to-ground transformation processor 340 takes radlus gap, eo and tang

froma nodekledt845 ObnEhengnl&M&D@Nﬁ&ﬂﬁlﬁﬂﬁﬂﬂHEHK%&%ﬁKi1ﬁimﬁweﬂﬂh
dielectri stanc and.dielectric ¢ pa ri.d-to-waf er
1 anst of i1 oh"fr GEBGKE 1580 PAReEPRANGE S Conbas. BhCaRE g JFYSh A model
355 of th@uan tanyaf e3) clapachiancesandgpp pducesha plassatresi stance Rp
and a plasma c for tlongﬁroce or 360

E C|tance ? A conbi ned trang

accepts tH@YSEti s3ofndl | QhEhStﬁéPlHF08é5§ PsW3s6r 1 €and conput es
the adm t bgeeeyYphagmaithreughther phaspankeom thgawakencleo cRFwgieund and
conputes the wafer  voltage Wafer ion energy) . _Fromthe_ plasm

adni ttancés anéuFFBHPPh@fméﬂértPSIFgéékn@ﬁé fS?P@mnﬂé Eﬁﬁngﬂﬁﬂégtéﬁé
conput ed: Q@gﬁe ?grﬁent ohwater 4;Lhe eth ¢ g%%tgﬂqfhg f iensity. [0056]

In summary, rical asurenents are ma of the inpedance
mat ch CIrdeﬂe&BQlcTheyetraﬂ§ﬁﬁsamdn(BUnEhErGD&HOCMHNEOHOBBOCGSSOY 320

transforms  Lhese Measyrements.at fhe,near ¢qd 9f the cabjg 210 Lg.an
220 is characterized by an admittance Ypiasma (to RE ground
such as the interior chamber walls or ceiling) that
consists of a real part (the conductance g) and an
imaginary part (the susceptance b). Each of these
electrical parameters has a role in the operation of the

measurement instrument 140.

[0055] FIG. 3 illustrates the structure of the
measurement instrument 140 of FIG. 1. An input phase
processor 310 receives the Ppias, V and I signals from the
impedance match sensing circuit 132 of FIG. 1 and produces
respective signals indicating a complex impedance Z, a
complex input current I;, and 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
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adm ttance at the far end. The grid to ground transformation processor 340
provides the transformation fromthe 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 fromthe conductive grid 115-2 to
the wafer 120. Using all of the foregoing transformations, the conbi ned
transformati on processor 360 provides the transformation across the plasm
in the formof the plasma admttance. Fromthe plasm adnittance, various
performance paraneters such as etch rate and plasnma ion density are

conput ed. 34p0057FhFheriflahsnbssioA FRAECABABFS380d PHEINEEEl 2of the

grid-to- ga%mgce?@e%gmg@aﬁéé an amedf@g@é B8PS Ofpalheagridef o- vafer

capamtance are not necessaril Yy a par e measur enent |ns?rument 140.
O, they gaydbeoiﬁaﬁeﬁntregsﬁptMaﬁ1phepﬁ@a§aseﬁeﬁ@0|ﬁ@kﬁ@n@ﬁﬁlyﬁa t hat

store, respectivel t he coaxi al rapeters (Vch_and_Zch), the

grid-to- ggﬁgh@‘%aﬁaﬁlFaﬁéegﬁ%TaﬂeT% %gg EEFh?a%% gaﬁa Fatfhs) and the
grid-to- w@égaceegﬁeétaﬁgep@aaaaegeasplégﬁaeregmstbae@ apdapadaus). [0058]
FIG 4 illustrates the structure of the input phase processor 310 of FIG

3. A del i pépeBapeaBRCiarNERNELi ¢ A ofPRP LR (RIS BAD e bAPUIt RECARFFIET ed

power P @%@”h&@@p?%tEHESobt?U@sPQEaélﬁrQﬂbtB%hb@pﬁgé%%%s%%%0@2OsenS'ng
circuit 132 as Pbias - A phase angl e 420 conput es phase angl e

0 fron1thé4aelﬁ@@réddpéﬂépupeén@hefﬁémﬂvtéﬁéelYa&a®o§hI@PBVH¢ﬁe An i npedance
ALU 430 ent éL% %ﬂetﬁgnwg?ér'qgeﬁ%ng?oénésaggyEbﬁ?ﬁte@h%ﬁ% Ma@érl)l'z AN

i nput cur conputes the I nput current to the coaxial cable
210 as [PrRetZyflV2reAndmpusn ansingge ALY 60 hsompitsas tamnitpnca/ol t age

Vin to thgnd from the wafer voltage, the following guantities are
computed: wafer current Iyarer, 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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coaxial cable 210 as ZHin. [0059] FIG 5 illustrates the structure of the

transm ssion line transformation processor 320 of FIG 3.

The transm ssion

| ine processor receives lin and Vin as inputs fromthe input phase

processor 310 of FIG 4 and wuses the transmi ssion |ine nodel paraneters Vch

and Zch (fromthe transm ssion |line nodel or nmenory 330 of FIG 3) to

conpute the admttance Yjunction as follows: A junction current ALU 510

conputes the current Ijunction at the junction of the coaxial cable 210 and

the grid 115-1 (FIG 1) as: (lin) cosh[ (Vch) (-length) % + (V1n/ Zch) Bi nh[
k&

(Vch) (-1eageh}es Wlth;puﬁbﬁu@ﬁaﬁ@rﬁagétAkwsszgmééﬁp ﬂ@st

& vélorage

Y uncti on;gLocthe,Luget Lan betueen theieopxighorablee (310 and 1o orid 16

115 1 as: cos (-l'en I nZch) si nh

h) (-18ngth)]

[0060] A dh¥i detd5360- gecehmeSabpumchhaa padaMeteeti ggapGoRpuUttesnyYj unction as

I junction/Vjunction - It s oul d be noted that each of the

el ectri cal

quantltleénﬂnr?ﬁéuﬁbréﬁél Be g&hpatarehs T ( EAPREAL ANGSEI PAGEMStRESdance,

adm ttanc

et ¢ a nypber having both a real part and an
inaginary?BaP iOOE%P F%%@pégéfTusfrates the structure of the grid-to-
gr ound transfornatlon processor 340 of FIG 3. The grid- to- ground
t ransf or I proc or  340.receivyes e rameters qa nD and rad
(the mafg?Bbggﬂus) §i§n14tﬁglﬁﬁi5§¥8§g&gﬁng ﬁngPrgr %eﬁ@?yl§?§ of FIG 3

conput es phBheedpebeetbbe Besi stamge.RB.and tbeigkekecpowercapacitance CD.

he diel ectil e capact Lance Co.1 3, 60mYLed By, 2.0 ALY, 510

as folloms (eo)
power

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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where so is the electrical permttivity of free space. An RD ALU 620 uses
the value of CD fromthe CD ALU 610 and conputes the dielectric resistance
RD as follows: (tang) / (CO CD gap2) where wis the angul ar 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 paraneters gape, ep,
tans and rad fromthe grid-to-wafer nodel or nenory 355 of FIG 3 and
conputes the plasma resistance Rp and the plasnma capacitance Co. The plasm
capaci tanéé>cp R§:conputed by a CP ALU 710 as follows: 17 (so)

(sp) 7t (rad) 2/sga I d | gct . cal it 4 it e space. An
RP ALU 720 u(s\glélptgﬁgﬂgélgﬁhgqofl%&%?l r)gm t h(eII loﬁh%ﬁﬁﬁﬁgvék}r?d( yiceg;r?pt{}pgs the plasna

resistance Rp as follows: (tang) / ((o CP gapoz) where wis the angul ar

frequencytl%sbze bi gsd%gggeg%too&ec%%,egf FlG 2..10063] FIG 8 illustrates

the structure of the conbined ~transformati ofi°gfbcessor’ 80 of FIG 3. The
conbi ned cbmanster at.tQp, PErOCBSSOIon 8BAnse6el V&S sha lpabanetogres! RiatCD from

t he processob 3?0 ﬁf FgG 3. recei vesc.%he para tetrfs eEp,i fromthe
processor ©350 §f Ef'& ©3°§hd1r8ce V8L e *Spararbfel VP3¢ %n from t he
processor c32guebtkbGs Jcuhrghitd viotpedancempedadte,canpittesnég,id (the

i npedance at the.grid _ 115-1 of FIG _2) .as fol |l ows: ~unction - 1/ (RD +
(11/ (1\/\1:a59§a~f-§ 11% %F@Ppﬁﬁﬁe&gﬂ‘g@@@)‘%@@ E‘P@éi] tahéegb;t B P théyr i d

i npedance iALYi83@yt paganput e Zwafer (the inpedance at the

[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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wafer 120 of FIG 2) as follows: Zgrid - 1/ (RP + (1/ (iwCP)) [0064] A wafer
vol tage ALU 830 uses the outputs of both ALU=s 810 and 820 and V7uncti on
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 conpute the wafer current |Iwafer as
Waf er/ Zwaf er An adm ttance ALU 850 uses the output of the ALU 820 to
conpute the admttance of the plasma, Yplasma, as 1/ Zwafer A susceptance
ALU 860 uses the output of the ALU 850 to conpute the plasna susceptance,
b, as In(Yplasma) . An etch rateg) MAYn87@dusesaphe wafer 18 voltage fromthe
ALU 830 and the susceptance fromthe ALU 860 to conpute the etch rate as b2
Waf er 2. Bhereneddmssitthe eAlagt88id-alks axe nihe tsahiet Yot put e e ocsddput At he i on

density fer3l2 I [ o ghy¥ep: bys, £23(2/32) (1/
[gEoA27[2%§T§g? yﬁﬁhgﬁésth§h5ﬁ2u§|Sgtﬁanggﬁﬁfgé? ¥i§L?h%lgr§égof t he wafer
120 of FI Gomutési shehplismquereysakntheRbi @as polkowsgenerator 125 of FIG 2
and T. is the electron tenperature jn volts. ,This relationship between ion
density and the measured quanf?%?@g}%)éhdgﬁ%hﬁer fol | ows from an

appr oxi mat formil_a for the.plasma susceptan and f | a . faqr the

pl asma shggFﬁetﬁi%Enégg.a%ﬁgl%ﬁa?%quﬁggggpﬁnggen§§a%bEﬁz F%?fﬁﬁ?éd as
EAW X, whepe Efi s1thezelectrical permttivity within the plasma, Ais the
el ectrode area, w is the angular frequency of the bias power signal and A

is the plasma sheath thickness. The plasma sheath thickness nay be

appr oxi magededs [ Terfc(ar) ki 11%/s2 rh2¥watar/ Te rlic3ide WeR@ el conlts releect ron
tenmperature, q is the electron charge and rj is ion density. Substituting
the expre§sppafpsrasheat 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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t hi ckness 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 systemthat uses the neasurenent
instrunment 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 inpedance match circuit
915 to an RF source power generator 920. The RF source power applicator 910
may be, foitteganpkem aheeRLing3€l eotr bde shatepgahnguﬁap@dthﬁoﬁLUthe

gr ounded r u T ower of 19 t source
power genggg?gg §§6ng§e$g g§c€o%§r§l§§tﬁ a&?na |%% gg%i?%ggag le the
power IevaLU088OtbeeQFtpbasameboasppOEBtogenepatertm251gendeabhyycontroIs
the ion ener theumaf r_su face ur enent i_nstrunment 140

recei ves Q% aéfﬁrvortagergn curren Sgg?%u S Fronyfhe sensor circuit 132
of the inpedance match cirepi’e/ 3301 ArRyrtdiese quantities, the measurenent
instrument 140 conputes the plasma susceptance b and conput es the wafer

vol tage Vwhfer, awhFcRhpsedaEpiPrashargmeaduienehe sirgralPt Thés#ademput ations
are carriedoopt bilg the Fanget hdeseeined ahove ikl BiLef gigace to FIG S The
measur ement i nstrument '140 can then conpute the ion sity and/or the etch
rate frongbnandtvwafép, OﬁnFﬂﬁe Zmandef e desctideel abovenwk ehpeeftneace to
FIG 5. A a t g hu r ced by the
neasurene%? |ns§runen %gcan EEES gg&%gg e%gagghg e t%gﬁ &g%p [ 0066] A
f eedback measuobhequeﬁﬁlmses bhendedsuceneritlows 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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signals fromthe neasurenent instrument 140 to create feedback signals to
control the power level of the RF plasma bias power generator 125 and the
power |evel of the RF plasna source power generator 920. The ion energy at
the wafer surface, which is equivalent to the wafer voltage Wafer, is
directly controlled by the power |level of the bias power generator 125.
Therefore, the wafer voltage neasurenent signal fromthe neasurenent
instrument 140 (i.e., Wwafer fromthe ALU 830 of FIG 8) is used by the

f eedback controller 950 to control the bias power generator 125 in a bias
power feetbacREcphesoh FoopcospoweThaeseupterp8ver ggaasratlor 920, on the

ot her ha”QOntQBE§C§h¥. 99%&$'§09'ﬁéﬁ@ikgnwﬁ§ﬂéiEXe B%E?fﬁ%%f&pb?sna hon
density neasurenent Signal fromthe measurenent ~ I nStrunment 0 (i.e.,
kb2VWwaf er 82 RFopléhmaAblJa88pocskrFhGne20t8) il85Sugedeby lillye cheddivack

controller. 950 to control .t sqQurce_power _gen tor 920 i source power
f eedback Eg%n%?gle 86%y9§§.QFSOggFe$h885¥§gepomg&gf388 ggﬁmgggtrol | oop 957
i ncl udes anpenomyn96040hatcstoresthespbeetredvol tdgsi red cuarget val ue of the

f | t i Vwaf er | TA bt ract 962 b t
rﬁigrt;?g8? ga?%e%9$W§ﬁﬁ%ﬁ§é§8h§eal§EPéFF€§gtSﬁé%ﬁﬁaﬁgﬁe@%“SFOH%ESEQﬁCefror

signal . Thergain 0B0therbbastpewer gheadbacksl oope9héaisaretener m ned by a
bi as power feedback g?bn factgéas%gred in_ a menor ltiplier 966

964. A
mul tipl i es"PhEUBFRbr 148 GREPY ﬁep%GBW?aEPBFeQéﬁnﬁﬁ Phé"gain factor in

the menoeymBRdetotpeoduEeravedtaget von.si gmalcrused dJoa:-mantaHla the power
| evel of the bias power generator 125. The path of the bias power feedback
control |B8pS959MPRtcEABRELed THFSEhECYPULagAARPeasCsIFGRELSSapplti éd to the

measur eMefhe 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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instrunment 140 to produce the neasurenent signal VWafer representing the
waf er voltage. [0068] The source power feedback control |oop receives from
t he neasurenent instrunment 140 the sensed ion density value b2Wwafer3/2 A
menory 975 stores a selected or desired target value of the ion density,

[ b2VWwaf er 3/ 21 TARGET A subtractor 980 conputes the difference between the
nmeasured 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
mul tiplieB) 980usuiltbpl Lbs ﬁhedéapbrcghgnaﬂlEroﬁﬁﬂhéosabnﬁa@ﬂoﬁh@8o by the

gain fact gf, LLOM.LNE, MEURL YA P8R bOoPEATUCE AR, cEOPEREL! 8cahdng - Thi s

correction sign con e power eve our ce power
gener at or co82001 Theopath8of the source power feedback control |oop 21 958 is
conpleted by the V, | and Pbias signals applied to the neasurenent
instrunment 140 to produce the nmeasurenent signal b2VWwateT312 representing
the ion deoesvny. [0@69]bAhstbewstaféedbaakpbasnmoprmoeps9§ﬂep such as an

etch rocess st e initial lLu for the power .|l evels Ps and PB of the RF
Source pondFlgeRe: atBPT6aY AN CRECRECHFSS SpoePCysfePst 6F 1289

respectivehyge€atabgespectheedarkl vbhesgei Bt iah vakwgy,are sufficiently
close to the optlnun1 val ues, this feature can av0|d undulﬁ | arge initial

correct i oh¥udsse lrket-eedb AP ATV 1% BB EIRGT S HiRS S iirste, VA HE bi as

pover feegdbagktheopeA8&di Rekudesoathyasy, ponelo GBRE RIPcassHr 992 coupl ed
to receive the feedback correction signal fromthe nmultiplier 957 and to

recei ve astdprgét vahBedpodp PﬁetBﬁaQlﬁémﬁpweFP@?&@F?R#CE?OPB@ﬁJrésplasna
processi ngebeghnsedt BEr§ bsaBopbedbaekdback 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

3/2 A memory 975 stores a selected or desired

value b%hamr
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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signal, and the bias power command processor 992 sets the power |evel of
the bias power generator 125 to the initial target value [Pbis] TARGET Once
processi ng begins and a feedback signal is present, the bias power comand
processor 992 controls the bias power in accordance with the feedback
correction signal fromthe nmultiplier 966 rather than the bias power target
value. [0070] Simlarly, the source power feedback |oop 958 includes a
source power command processor 994 coupled to receive the feedback
correction signal fromthe nultiplier 990 and to receive a target value for
t he sour ceSpowner compPebafickyl TARGET IBefidr Boipb ashanpkocersl hgdbegi ns, there

s 0| T eeflbagk.sl,00ak, a0 Lh QU ¢90POUSL CATHBNG B AGeSR0L,HRe sels the

power | eve our ce power generator to the initial target value
[ Psour Ce] $ARCET Eﬁcenp?6cessmagenbeggnshandoa fleedbagk signal is present
the source power command processor 994 controls the source power in 22
accordance with the feedback correction signal fromthe nultiplier 990
rat her thaooshg SOUAcetpemetatargétavgﬂaema b@@&ébslntapcemdanee wint h

anot her asg ﬁt t he soug and bIZS HZ g nngg rocesgorsl99§, 994 can
be instru€ted BYCERESUSEPPY 0P ghioPe VREPPSr e8peltfvEOrEEdBEYRScoRtrol | oops
957, 958 khaopghefitt HRICKE 0so@tde Opolde gPiOLLSSr SO2P and thst RRAppAENt ai N

t he source and bi as ower levels at the specified target val ues
[Psouroe]?ﬂREETgeﬁﬁHaFPB ASPTARGEPECFRECHYer CRANPENSRGE 1ERESe vdifues from

time to thEBeduhiRgaProaesskndrel QOF2Z) cRehenki Bgoke kbGtnht0opthauheedback
control processor 950 na npl oy the etch rate_rather than _ the ion density

as the ne&é&PéaprFéﬁe€§P¥Pﬁetﬁénséﬁpéé BoAELY faédbadkitdrtrol | oop 958. In
the neasupgpeBtth BSLr YYeRhe feedback controller 950. For this

purpose, the bias power feedback loop 957 includes a bias
power command processor 992 coupled to receive the
feedback correction signal from the multiplier 957 and to
receive a target value for the bias power, [Ppias)Tarcer.
Before plasma processing begins, there is no feedback
signal, and the bias power command processor 992 sets the
power level of the bias power generator 125 to the initial
target value [Ppias)Tareer. Once processing begins and a
feedback 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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140, the etch rate nmeasurenent signal is taken fromthe ALU 870 of FIG 8
that conmputes b2Wwafer2. In FIG 10, a nenory 975" (in lieu of the nenory
975 of FIG 9) stores a target value of the etch rate, [b2Wafer?2] TARGET
The subtractor 980 operates as described with reference to FIG 9 to
produce an error signal. The remainder of the source power feedback contro
| oop of FIG 10 generally is the sane as in FIG 9. Process Set Point
Controller: [0073] The feedback controller 950 requires a nunmber of target
val ues for various process control paraneters. Specifically the feedback
control | eRCO869BRCR| BLEH RS éeeﬁﬁﬁﬁkyC9756§Féppnﬁlﬁﬁélt5FQ§Et@&lue for the

i on densi fyjtiph2¥waben3t3 hARCERanandecasBRFBEY p9Q@ rStalriged tha ular get val ue
for the ion energy (or, equivalently, wafer voltage) [ Waf er] TARGET I n the

feedback controller of FIG 10, the nenory 975 is replaced by the nmenory
975" storiggrihe ZBIBaEQ%Brﬁ%h%% Kok nt Recehel habectl P2UBAIRRZLEARGET In

addi tion, the eedback controll’er 950 can enploy initial target val ues
[PSCUrCe]EARGETaan§OWPb|§§PmARGEPrp@ﬁS§ﬁéSs@QQGe9&ﬁdCa@l@§ power |evels

respecti V%)étEBc'tBBt b?' L7 the.f %f'ﬁg%rec%ter 1l L ek éo%%%lv%s e %f“ot ussed above.

The sel ection or mzation o se target valu can be | to the
user =s eftontsolmhpohsnﬁ@7bn@éBvéhanuah@ue amcbnorofalilr iodl thend error and

may be unrellagleste pg%gllﬁstg user .whq. tggegohgc%cgl%y% %%rtaln process

results (3 g, certalin Ehrate. 4 certa i"on energy, a reduction in
etch propewsmngeaeﬂbfa¢t$hsus@eaafsbd|abmga$ valmedudﬁk&maﬂ@mmﬂeatlng due
to wafer cur;i must conduct a t gran1o£ltrial and

error exp8PF P@S'%NFth ?ﬁeugﬁflﬁﬁﬂ1%b%%%%sg%%ﬁ?rgglggFanﬁP@rs Val ues to

achieve to time during processing.

[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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the desired results. For this reason, the alteration of an existing process
or the design of a new process nmust be undertaken over a very |ong

devel opnent period. [0074] In order to overcone this limtation, a process
set point controller 1110 enployed in the reactor of FIG 11 automatically
and quickly (or instantaneously) finds the optinmmtarget values of process
control paraneters based upon the user's selection of values for various
per formance paraneters. For exanple, the process set point controller 1110
may determ ne the target val ues gPsource]TgRGETzand [ Pbi as] TARGET based
upon a desfFe@teVeéhUfatar 5A8/ 6FCE dasfredPwhrér UVBREage OF ot her

per formanggdi paraNetpe speabhicRdcbyittBe1dseps0ThYS, edpney pHAEESS reci pe
can be designed nearly instantaneously. For _present plasma reactors, this

can take pRaEEL| HalhePI il §evondsiretsuBnEolFeibkrrpmael 9 bRSa8CF5SE 284

i crosecopdssi foneededvcQ078kpLReLGcaletHBAYiRLAGESS &ORL [FRlePACKTEL €T S
(i.e., 24 characteristics of Fhe reactor under direct user control such as

chanber presstpélesodple anddbisassgeRerbPEgel sTheepelpcAA@mRAy process

perfOrﬂﬁnsgtﬁﬁgégEESBSo%itﬁese %Q@ﬁ@%t%%habg6§a9fbgh@e@&a%gat%@d process not
suscepti bl 0 irect control such as etch rate, ion density, ion energy,

waf er curpearFseeéfprta, ugbi cbamagpésivby vanynonadugr amorato it hesel
perfornanggdp?F§§?t§h§ ﬁﬁgaﬁeoeh%gﬁﬁgﬁleiOfTgﬁ9bgﬁﬂgpr%0%%%r MRy, one or

group of or a control paraneters C be uséd to achi eve the
desired Weésbks 0b ehbipeef ormande pavarstersschoserneby.the gsertainThe

Question Lo phether or ngt the bl getsqof OB gLehe sgontig] parameters

m ght be 8epen58 upon ot hers o aranet ers % controlling the

per f or manpeocessing 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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paranmeters chosen by the user. Thus, the problemof selecting the right set
of control paraneters to achieve the desired results in the chosen
performance paraneters is conplex and there appears to be no particularly
opti mum choice. [0076] However, | have di scovered that the source power

and the bias power control the performance paraneters of interest and do so
in an i ndependent manner. That is, source power Pscurce and bias power

Pbi as are i ndependent variables and nay be thought of as orthogonal
entities formng a two-dinensional control space in which control of the
per f or raneéBapaFhfei 8E5ChngfhehexErarsed WRERrsdéReCle &L IFPRY f'OPhat no

al teration,of, gBeCHEHSEr P@Eggbrepageugaerénasbaggubeggr Thiyg1di scovery
greatly reduces emto only two vari abl es [0077] Therefore, the
follomnngeééstrapdlmﬂnMnpFOC@éﬁcéﬁﬁfér@éﬁ?ﬁopa§?§?éﬁﬁﬁn whiech the control
par amet er 8y 4L DL Be; excep! Lo Bﬁagagueae _PRdcBELasn,cag shekd seqnst ant
during processing. Thus, process control aneters 25 including chanber
pressure, O@a@lceﬂpospﬂtéﬁl ga§hf5§mﬁtﬁétéat§0uﬂ@€ gewer thredgency, bi as
power fre : | d nst an r r d_hias power
Povels  (PUebEYe BhEemoriyelfe siiraa s denreve osbePean A Nes rn
specifiedosemo@é pértbeaanperﬁamaaeterpa@emgteretah pat ebjand iiven density).
[ 0078] Thg Qroblen1of finding tﬁrget val ues for S rvarlou% Rarameters
given a séPfof HsEFIdBfPfed®val 48 POF °4 EhGSEn°® eP of ‘derForhance

par anet er sohsrsdl pedahygtthe cpnobesssset tporphieont takl ekesit*®d superi nposi ng
a set of _con tan% Bgranetgr contours in %he t dine%si%%al Psour ce- Pbi as
space ref eFVEUSt 8T abBiePCSHORTELMSt RAT PG ﬁﬁét csen 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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contours are obtained froma constant paranmeter contour generator 1120 in
FIG 11. For exanple, 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 enployed. How the constant paraneter
contour generator 1120 produces these contours using the neasurenent
instrunment 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 plasna ion
density i inPsodice- Phambesprcesborea gehambepopiessoregek Z0oml general |y

have a smal| ne atlve sl ope-and a_snpal t _posit i degivative
d( Psour cej® % %Efe p?Heg freﬂ%Schanogg gr?%skﬁg E %éyé %éonétant
pl asma deasetyebﬁ Sbﬁaﬁantonsﬁbaﬁsmbkbe pb@eboahdnbleenpouercdeweiponds to

1.5H1010 igns/cnﬁ The vertlcal axi, s Curc es frog10 tonlgoo Watts
whi | e t he (Pt zRtarraxi 2 {PoT 35S anget 19 285 % 4500 Vat 13,

ReferringspecEfEéd1§etaosepeeﬁoemahoer@aoémeﬁasbamé.@ateetZﬁ valteage for the
same chanber res ure g nl) have a positive slope and range from 600
volts (at2Pfle PBp?ePBl Y800 Volts (at the botton). Referring to FIG 14, a
set of contours of constant etch rate (in arbitrary units, e.g., where
k=1) have a | arge nagatlve sl ope. %0080 The process set p0|nt control | er
1110 det efRPABS EoPEPRUPFaRéo §P91§StF§F9665§91§§Pe59éd V& ues of ion

density, i9DigPEr gy randt8Lshyhiate. al kedoes hLBEkS- Q%flkéadWBgu%@efb@terseCt'0”
i n Psource-Pbias space of thé corresponding contours of FIGS. 12-14. This

i nt er sect fofilopadi eatesft Rerdprmanret RRGeetarged Sf 6P 186Gr 8¢ &RE bi as
process set point controller 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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power, nanely [Psource] TARGET and [ Pbi as] TAacET. The problemis sonewhat
sinpler if the user specifies values for only two performance paraneters.
For exanple, if the user specifies a wafer voltage of 1100 Volts and an ion
density of 3.5H101 ions/enB, then the correct point in Psource-Pbias space
is found by superinposing the constant wafer voltage contour for 1100 volts
fromFIG 12 and the constant density contour for 3.5H101 ions/cnB from
FIG 13 and finding their intersection in Psource-Pbias Space. This
procedure is perfornmed by the process set point controller 1110 and is
illustratedltagél Gribhensanechhbehberworeasves (EAt mfseckvienaPsour ce- Pbi as

space at the.po 0 7 M%. her r n this a e user=s
reqU|reneﬁ?s grg neg g V%ng gn etﬁg gogpgegb%&er gvé e Egggok30and setting
t he b|aslaﬁmeVoleselaattBé560w¢omhus RemethnsgcaseFﬂﬁe fldr, get seval ues

[ Psour Ce] TARGET, and [P urni shed to th ource —pover command
processor 59ﬁoﬂﬁauﬁfag¥pgﬁéﬁtgeﬁnﬁﬁﬁg 5?88e§%8ra§§i Sﬁrﬁlén Sare 850 Watts
and 3750 ¥agts, wheespeelvabhye ROQ81hel heghatulkd béopet.ed that this deduction

of the target values of source and bias power |evels may also 27 result in
t he deduction of a target value for other paraneters whose val ues have not

been specijbpbedjor | TRkt pdochyst BetupeintAsoanrblliest natigore tierrtihesf or egoi ng
exanpl e, the user has not specified a particular etch rate. However, a
target vaPg¥ FBrSﬂﬁélé?BﬁoPéﬂé sa&ipshy AT RE1ESELTSPSUES OFall@®s for ion

density aaéns§8§r9Yoﬁa@nQ%ggoﬁﬂé BY cBUREEEMPOSNGLRe teQRt @yrs of FIG 14
onto FIG 15 (or vice versa The point [850W 3750W I|ies on the contour

of a consfanflegchhpatBters2cioPn( iR Pagubict Fary SRRES)OHfLFEG 14, as
'nd'catedcg¥régﬁoﬁé§%g contours of FIGS. 12-14. This intersection

indicates the optimum target values for source and bias
power, namely [Psourceltarcer and [Ppias)tarcer. 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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synbol in that drawing. Therefore, if the feedback <controller of FIG 10 is
enpl oyed, then the set point controller 1110 wites an etch rate target
value of 2.101 in arbitrary units to the nmenory 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

determ ned by the constant parameter contour generator 1120 prior to
processi ng and nmade avail able to the process set point controller 1110
const ant | yeduttngnuskeofletihetireaotfor, tasgehdvedtedfom BEGerll. In this way,
a target _value, for %Pﬁarticglar Baranetgéaggx be found instgntL¥e%r

whenever P%aﬁ??gar?n &Smanner i I'Pust r h FPG& %?d f60 éﬁlln

€ manner i
oper ati onpyt heebuasrpowks eamrahdspracessapr in99R2ecafdreheisagur ce power

command processor 4 receive the,_ target.values [Psource] TARGET and [ Pb
o TARGe e R Bne prolSse Past 5i NPCEonibnl FOPTII0 ARG FAE0 ve foedback
signal s treat hrowubeirpl kerargs8 aadu8S5focrespectitvel yatburing system
initialization_ the feedback si%nals are_ignored, ., and the processors 992,

i
994 put tRRCPONI"PelBPsUSPIT RS ﬁ?teﬁeﬁéﬁﬁg6r§°f259n9 6764 hé far get val ues

[P111111] IARCEY and B8 EBQh@Sb?ABQEEriﬁgﬁgﬁﬁbiVQEYCOAEb@EsprCﬁigan begi ns,
the feedback signals are avail able and the Erocessors 99 can use the

2, 994
feedback ¢8nPPbP FéBpsl957oroBacenyessal of The PParget! 8vdfues '©§%ontrol the

source poyeesapf bhascBaAwBhr bevel sondkhaknaticueky et be powen qgmmand
processors 992, 994 may befp&&gragged so that the target val ues
ARCET deéer

[ PScnr ce] FARCETaEKHAULPBFASP ePAi hediRatsBubye tafd Mifas power |evels
not only atnihphthgl Ezati QRabyhqal sendukirBge, PreCessi Bgedpiidke the feedback
| oops 957, 958 are ignored.

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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[0084] FIG 11 shows that the user can apply to the process set point
controller 1110 any one or a conbination of user selected values for
performance paraneters, including etch rate, wafer 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 values but, in sone cases, target values for
other parameters not limted or specified by the user, which nay be a
target value for the etch rate, the ion density, the ion energy or the
waf er cur fBnbs] These ¥aFRREL vaf les a@%te¥u?ﬁ?%%%ﬁl@% bPReireedbBek controller

950 for U§@eaﬂal‘sn631gﬁemgra%sgrvb@@gb@reexheu%x F@ok@lsgo%e@lgle cafoigon Wi th
reference to FIG 9. [0085] FIG 16 illustrates the structure and operation

of the proeesyssethpofaedeeskr ebnérolligoss BPG, 298 Ansttiegst dfodine unit
1610 rece&é?ée%“vgiﬁgsr%ecggmndtﬁ'ef soﬁ@%% Ig'b%&t NQQU$8hs [;B%wfe%tChes from

a nmenory the correspondi ng contour nstant etch rate in the set of
contours okveonst ahliterchtizeey,ptéei puvky genmapatew rivge stsioe sc d¥our

ggneratorgégngxebgeéggg é%g%g uni t %QZQherﬁgﬁggQSYggge%n density command

(i1f any) from etches froma ne the correspondi ng
cont our oﬂPZﬁr&éﬂﬁﬁanandomPdﬁ@kt&@wl@et@emS@e bmecguunuesaoﬁ boastant ion

density preV|ou§I¥egener ed g%hln& Qgglzag%gﬁr%u%ralé%Z%ﬁ y?ird | ogi c

unit 1630PPEE&i v a maPer v% ion-éener comma fromthe
user and bebcbesanEOWhal@emheyfé&ﬂﬁatheloopsegﬁdndBﬁg aart dynmcafedconst ant
waf er voltage in the set of contours of constant wafer voltage previously
generated by the contour generator 1120. A fourth logic unit 1640 finds the
i ntersectijons4] 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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poi nt in Psource-Pbias space between any of the contours selected by the

| ogic units 1610, 1620, 1630. This intersection point is output to the

feedback controller 950 of FIG 11 as [Psource] TARGET, [PbiasJTARGET

Cont our Cenerator 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 perfornmance paraneters vary with bias pomer These incl ude

functions for the, performance %ﬁneters waf er density and
b

t
etch rat eCOAS AR 1BB HEREFHed Gw>Sthe 88@&?95?|85§%8ps5ﬁ§ﬁges in waf er

vol t age, ieRn @l@ﬁgntfy] prdvietehyr gtaewhthdbbgs tpewebnabarmadeciratotrhe cont our
generator 1120 b e measurenent instrunment 140 u3|ngFthe conflguratlon of

FIG 11. Lh?RtG 1Ehlfﬂelﬁ€é§uP8ﬁ§n963pn§FF8ﬁ¥ﬁF 2abatFAndMit€9enst ant aneous
neasur enent snokne gl er cuphhage,(ifoangensicbiy and ekeh hate re@chle contour
generator 1120. Thé cont our enerator 1120 al so receives the current source
power andfBPBsapBfBPr¥orfaRdS casCrirRgPORAEAII ROPFRUL1PE SONGNERG it to
correl at e hebavigi t9he thecper kekmarcecpanamet eks ohswaher wwaldage, ion
density and etch ra e with the control paranmeters of source power and

bi as pomeVOlBGQF098¢YlPP§#Ylgepﬁﬁa§?ﬁab§stﬁﬁeC@ﬁéP&ﬁl@ﬁn@ﬁaﬁﬁé cont our
generator 31330 ip %bﬂ%ﬂglwqgt Lans (i%fél'on'andQO\e’h%erﬁh%'e'}seQ%r fgr mance
parameters vary w th source power 7, in FIG 18 these include
functi onspbontt he ﬁamhgrﬁnnee8p®9¢ah@t®¢%no$nxa®értb©l@agépurén density and
etch rateg, . AlL$g4a8, ! pLEl OE%éiu%gt%h%6?B?r%%b%D %35.G r§d s carried out

usi ng the configuration o
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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[0088] FIG 19 illustrates the operation of the contour generator 1120 in
paraneterizing the separate functions of source power and bias power

di scovered in the operations of FIGS. 17 and 18 into conbi ned functions of
both source power and bias power. Such conbined functions represent the
behavi or of the performance paraneters (wafer voltage, ion density, etch
rate) in 2-dinmensional Psource-Pbias space. The contour generator 1120 then
derives the contours of constant ion density, ion energy and etch rate from
the respective conbined functions. [0089] The operation depicted in FIG 17
will now B898ddscri Bé&d-i ABdétais twptkSr &N6r eREE2Ld Choth HNeSCoPtcadd 17. In

the step gfen@&%ksrlﬂ@oofm%@nd%g theckrequeneires i n@f nidie Lirds i@nd source
power genérators 125, 920 of FIG ~ 11 are set to constant val ues, the

exhaust raﬁéf@rmanc\@a@amﬁmgaﬁgsu@@syOlefCHe SPEACEOPOYR IF| GASLLn ¢'1&ont rol | ed
to achi eV a 98”%%?“ 1ghapher E"n%i%‘dre,fu%@ %ﬁ%s £ OWh of & JfiAmgas

supplies are set throug a nmass ow control 'er 1186 of FIG 11
to constapﬁraabuess bfi wedersveptefehl ok 122616l ENG etzh treeepower | evel

of the ower nerat or._9 El tgQean dnitial . set

poi nt, #ﬁ ?hgﬁeg??relgfocesggﬁs erg&%%éag% EﬁgteQ8wﬁﬁh@aﬁg%EXceptlon

of the blastpomenglehelcohﬁ1@h&a$ﬁ@p odeﬁEocR11730 of FIG 17, the power

| evel of the bias power generator 125 of FIG 11 is set at t he begi nni ng of

31 a predeterm ned range. The neasurenent instrunent 140 then senses the

vol t age cyooesf andeGmeﬂ9ah1uhet&ﬁmedam©e ofatrel 1530 din tevedeforit@ureasur e
and etch . rate in the manner previ ously

waf er volta %gaalté ggescrlbed
with resfé& Frﬁﬁoﬁl PEILGER “EFAGL1OF ENE SEPPIoTRedd nts are
sent to thkeueest pulvegdenarabalhsl pAhedndiiscovered 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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stored in a nenory 1120a. In the next step (block 1750 of FIG 17), the
power |evel of the bias power generator 125 of FIG 11 is increnented (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 1760 of FIG 17 as
to whether or not the |latest bias power level 1is at the end of the bias
power range. If not (ANO@ branch of block 1760), the operation returns in a
| oop 1765 to the step of block 1740. The steps within the loop 1765 are
repeated in this manner until theT%nd of the bias,K power ranqgfis reached

( AYES@ br AnER<HF tBIBLREE766) I The ThFe 8GR U ST ERAL 10T E&EEs 1310 dat a

correspondhBg tenskdnehicORS10hgRi asirRewer adef biiveg Lhte thehavigics efe waf er
voltage, ion density and etch rate are stored in the nenory 1120a. Using

convent i offdlFClataOf i QIrg6Hi tRnE\CaSHE e ¥eRedur Ogéidtat drTUSER SN t hree sets

of data tgqnpreduge raakgehrahe E%%%%Eo@%s%Qﬁ%%%ng%%ﬁ%u%QQFhﬁjﬁﬁta, which are
stored in the nenory 1120a as follows: Wafer - fa(Pbias)i - fb (Pbias) i
ER - fc (PBERSFL teh&ld&Si-i 1i-§ dhaowk ilddOdedsifihy- BER)i-s @ ate and the
index i r [ r.r | eyel..Qf ur r r r 915

(bl ock 175 %‘?%Ftﬁﬁfhggnégte E{%té% oLy chhecny SRRy B EL o the
source powsprgdnénatomegd D3y ils Zi0acr edenttéd rexd méwpvalue oo Wt dibi +1. | f

th I |, t
(ANO® br aneh-of BT gk 1F07 " TROR RE Sher Shon P53 Fetbt he A T Tiobp. 1995 10

the step off BIGck11736, iand eimea test dpy wictimiamdt o€ [thep cbid5 liles. , bl ocks
1730 throygh o, 1{0) 21§ FeREALSY et 1118 3QUHEE PUUET BV Ela iRAChes
A determination is then made in the step of block 1760 of
FIG. 17 as to whether or not the latest bias power level
is at the end of the bias power range. If not (ANO@
branch 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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the end of the source power range (AYES@ branch of block 1790). The result
is that many sets of the functions Wsafer = fa ( Pbias) i fb ( pbias) i ER
= fc (Pbias) i for all values of i within the source power range are stored
in the nmenory 1120a. This permits an analytical determ nation of whether or
not the behavior of the three behavior paraneters Wafer, i, ER wth bias
power changes w th source power. | have discovered that it does not change
to a great extent, so that bias power and source power are at |east nearly
i ndependent variabl es. Thus, a_ single function of bias power for each of

t he par anBe&PENS\WES &r 1oPp, 1Eﬁ5géﬁegﬁlel ¥ L&Bf Pifc 83 ogk é7f3é)irr |2 da &G at e

predi ctiogc@hsbghayiar £R¥EN SLpe 18t 1@ 'éang%l%EkTshQ7%@urt@1%ou@Q1V"er level, at
| east for the range chosen in the morklng exanples given later in this

speci fi calli’8R) Fhesrerraétedodpti?oBhef sPUGCel PomRY AGHSBe r$EGh&@s y
necessarypel Bﬁhe@fﬁil ﬁ‘nte E’%r‘agl gggqurgt %‘éhgot%%%s%r%n%h”%fe pidge for the

source power |evel he md urce power |evel range in step
1720 and péePor.m The k@@pl@fl£76®a¢omapwo@@¢@ afsithgl € ugett iginsdata for each
of the three functions Wafer 5 fa ( Qb fb(Pbias) ER = fc ( Pbias
) These three functions of bias ﬁﬁﬁbr aﬁé 8red in the nenory 1120a.

[ 0090] The operation depicted in B G, (P8;w 1|1 now be 33 described in detai
with reference to both FIGS. 11 and 8. In the step of block 1810 of FIG
18, the frequencies c(Poias) s

for all values of 1 within the source power range are
stored in the memory 1120a. This permits an analytical

determination of whether or not the behavior of the three

behavior parameters Vyaser, M, ER with bias power changes
with source power. I have discovered 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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of the bias and source power generators 125, 920 of FIG 11 are set to
const ant 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 mass fl ow
rates fromgas supplies 1182, 1184 are set through a nass flow controller
1186 of FIG 11 to constant values. In the step of block 1820 of FIG 18,
the power level of the bias power generator 125 of FIG 11 is set to an
initial set point, so that the entire process is at a steady state wth
the exception of the source power level. In the step of block 1830 of FIG
18, the pdeefrike¢d| inf dehaidouice rséﬁéﬁngénépabéﬁhgfﬁGéf RlGantl js set at

the beginnpng of pE?QEtSE”bQSri§@Q@ o?hﬁzﬁea§@re%§@tf&%§h et 140

then senses’'the voltage cturreni and power at the’i ance match 130 in
order to nEasheebwaberndobpagee p@wedeggneyatamd éﬂéh Pale oifn Fllke manner

descr'bed19r3¥éogé£yt$‘EanE35939hlh85F'Qﬁe %xﬁaﬁgko%ﬁf%géQa%f FIG 18).

These neaSurenments are sent € Coht our generator nd stored in
t he menor yattgfapuinp ﬂhéOneittQEepe@btack0I85@G ofl IFEG. co8)rotiiedpover | evel
of the source _power %enera ar %g %f FLG. 1L, is in rﬁ gt%q &Py command of

the contrdl F&rtTITo) t6"3 splgﬁ ? ﬁfgﬁé?ssgfué that value. A
deterninath@asisrbhegaﬂadeppmlébelsﬂép Oﬂ84bb@eksé86®hmbu5h6a Bsas to

whet her not th est urc vel is the .end of the source
power raﬁé@ FPnﬁSP?E Bﬂigc FE% &Q %@66fn3tﬁ8toH@}3F|0n Sturns in a
| oop 1865the thepsbepbobchl 08R01840rIEhe 185t eps Wolkirn 1kke 1l @ap th865 are
repeated in this manner until nd_of the source pomer ranqg |s reached

( YES braﬁ&ﬁSoPOBFGCHefgééforTH@@ QEUFFGlslﬁhéF Shfe&Oséfs 151t
correspondieRgpb@ntyngbi @RS 0k heoLHES rROYRG ARk RisNG t bh%tQ%h@NthieOf waf er

vol tage, ion density and etch rate

with the exXception of the source power level. 1In the step
of block 1830 of FIG. 18, the power level of the source
power generator 920 of FIG. 11 is set at the beginning of
a predetermined range. The measurement instrument 140
then senses the voltage current and power at the impedance
match 130 in order to measure wafer voltage, ion density
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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34 are stored in the nenory 1120a. Using conventional data fit algorithns,
the contour generator 1120 uses the three sets of data to produce al gebraic
functions corresponding to the data, which are stored in the nmenory 1120a
as follows: Uwafer = fa (Psource) i = fb ( Psource) i ER = fc (Psource)
where fl is plasma ion density, ERis etch rate and the index i refers to
the current |evel of the bias power generator 125 (block 1870). In the next
step of FIG 18 (block 1880), the level of the bias power generator 125 is
increnented to a new value so that i6i+l. If the new bias power level is
not at therendtofedhénbihs pemeryr ahgéa(NOIsbnagnchngknbliockl1880R, then the

wihin thecl bepoinbaie . 878 GPRek® RaBePhFRagh  100B =2 2=, ERBabed unti 1

t he bias pemerofedetareacpesdnhe ehdebtathefubtasopewerrrangenYe§ branch of
bl ock 1890). The result, .is that many ;sets f the funct ns Unafer = fa
(Psource)g% the f%a§§SoﬁP&8§ RLERSLO %d(ﬁQOGESeTePOFXrEaP% aues of i within
t he bias peneswsange are stored in the nmenory 1120a. This permts an

anal ytical determ nation of mhether _g got t he behavior of the three
behavi or paraneters Wafer, Veger Wi the | Senure ichanges with bias power. |
have di scovered (as in the case of FIG,, 1), that it does not change to a
great extent, so that bias power and sour ce power are at |east nearly

i ndependent variabl es, as di sci&sé&d fabBswerceThus, a single function of

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 = fo(Psource) i
for all values of i1 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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source power for each of the parameters VWafer, TI, ER generally suffices
as a fairly accurate prediction of 35 behavior over the entire range of the
bi as power level, at |east for the range chosen in the working exanpl es
given later in this specification. Thus, the |oop 1895 of FIG 18 nmay not
be strictly necessary. Instead, it may be acceptable to choose a single
val ue for the bias power |level in the mddle of the bias power |evel range
in step 1820 and performthe |oop of 1865 to produce a single set of data

for each of the three fupnctions Wafer = fa (Psource = f Psource) ER =
fc (Psour @?aYﬁ8§eOFﬁFeggFuﬁ8FF6ﬁsr&Pg§08Fc§ So%é?sa%8w§F03§%§ﬁn F%e menory
1120a. Thusasdp@Brcerpl ekihge ehotske apetati adskahg EkGhplks aidel8, the
menory 1120a hol ds the following pair of functions for the wafer voltage:
Unaf er = f&tErP4BulFés) SPoRaferat PR Phi a8y ahdef SIPEWRY p&tr EJC f uncti ons
for the i9p fAaRshby: be=skRiRSAY eRkelBalyPbi asiskeand tike rfaQl lewi ng pair of
functions for etch rate: ER = fc (Psource ) ER = fc (Pbias) [0091] In the
oper at i on3FFPBSEPAEedCi AIPPEE 295ingde ¥ort6ulOgetEfattdr? S1 PR edonmbi nes each

pai r of fupgtions tRaViNGdaeSibTdleev@filaable,B3ouLcR] Fard as, Jregpectively,
into a S|ngle conbi ned function of the variable pair Psource and Pbias

Thi s prodd8e§ BRE PEFIEORINEGNENLOOPf GrictliBERs LoUREPECE PsSuhireee Pisitas)
of data for each of the three functions
Vwafer = fa(Psource)
= fb(Psource)

ER = fc:(Psource)

These three functions of source power are stored in the
memory 1120a. Thus, upon completion of the operations of
FIGS. 17 and 18, the memory 1120a holds the following pair
of functions for the wafer voltage:
Vyater = fa(Psource)
Vyater = fa{Ppias)
and following pair of functions for the ion density:
= Ip{Psource)
= fp(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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11 (Psourcer Pbias) ER ( Psourcer Pbias) 36 [0092] Contours 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 constant value and then solving for
Psource as a function of Pbias For exanple, 1in order to generate a contour
of constant wafer voltage at 300 V, the function Wafer(Psource, Pbias) is
set equal to 300 V, and then solved for source [0093] QOperation of the
contour generator 1120 of FIG 11 in carrying out the foregoing steps of
generatingooB2] conbbnedutwoovacbabltentupetrboaseandathes del.gi.ngat hem for
Psource as a, function of Pbias %t vari Qus constan val ues is |IIustrated in

FIG 19. RBPEPFFnginGR TE2RFGY216T Vﬁé “PPrst SPESOEBI 5&k DTGP s to take

t he singl etehrrabke anﬂﬁtbQ@So@fcwa%eanvohbagdensley) vwaféb@ﬁﬁobwce) and
VMafer(Pblagﬁ and blnd their . co |neg fun tlon g lstep % | ock 1920)
is to tak&Sthéndi hfPerFaPFSHEESt GHEF 6ﬁ§ 4 6R"d ﬁ§|tya e 3N 1(Pso"r ce)

and 1| (Pbtasy asdvihgdrbhepy,, coabi @eduhdlﬂ(ibhoﬂfTPb{aESOUFﬁe ei?b)mlasé,. The
third step (block 1930) is to take the single varlabl functlons of etch
rate, i.ei! ERAPEOGLP, afnﬁﬁatEREP5P8§?U£n8ff RASERBITT ad#Bi e€d F3@&nct i on ER

(Psource, aEbB@S)V[OQQé]fﬁh@ﬁaohhﬁgﬁng%HL§WQ%ngn&%a@%tvéhuéi &loe
generated. To generate a contour of constant wafer voltage (block 1940 of

FIG 19) 39Ph&/fanét tbRMVRREELI( BPSSuFemrcePbi as) is set equal to a constant
val ue of mafer vol tage and the resulting expression is then solved for
Psource as a function of Pbias. This step is repeated for a range of

const ant \RAP8RIvol t @gerwsigas ofo theneprateuy geneghtor 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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contours covering the range. These contours are stored in the nenory 1120a
of FIG 11 (block 1945 of FIG 19). 37 [0095] To generate a contour of
constant ion density (block 1950 of FIG 19) , the function r) (Psource,
Pbias) is set equal to a constant value of ion density and the resulting
expression is solved for Psource as a function of Pbias. This step is
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 nenory 1120a of FIG 11 (block 1955 of FIG 19). [0096] To
generate 40@8Riour &P e@BRSTahRE ét@ﬁnﬁapé ofbFEBRTE060160 FRESitY), the

function 556%?? ggggxgg ??E |§9 et %q% 9.2 Qgstant val ue. of?gﬁch rate

and the r essron Vve fo6rPsodrc aé“&”fuﬁﬁf oh~o bi as

This stepquslrepeat ednketna lva_mge off constankieychntat@evalued tihg generate
a set of contours coverin% t he ran%e of etch rate vaIu% These contours
are stor eB*PREPRECRemdr jOI1890406f PRvge % EbEBERT1965 0 Priss: 18)15[ 0097]

General | ystegchscoabineddt worvar iraphe béenebheRantei®n, dealser ( Psour cer
Pbi as) ) can be approxi mated by the product of the pair of |nd|V|duaI

functi onsVaéugs, towdeBrEPESurceftand CORGPErEPEPYS) 1RIFSeexamsice OLi gnori ng

al l ContrQBnpééﬁgﬁE§r§al§é%eptTEESEOW%Etb§¥§|a@@dsk%@gﬁlﬂ& GoRrst ants of
proportionality: Wafer = fa ( Psource) E&Psource 1/2 VWafer - fa (Pbias)
[

(Pb|a]1/2m§m§éYtﬁé?Oﬁh@fc5ﬁ§|néé tﬁépﬁér BPecfuliéi-on%)s approxi matel y:
Wafer = P a (Psourcer Pbias) fa ( Psource) fa ( Pbias) [Psourcell/2

1Pbi as]1/2 Thi s expression, homever is not exact. The exact function is
best found0B96éturvelbi gehrgate 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

Vuafer = fa(Ppias) . [Pbias] 1/2
so that the combined two-variable function 1is
apprOXimatelY! Vuater = Fa(PsourcerPrias) = falPsource) fa(Poias)

[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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techni ques involving all control paraneters, nanmely Psource 38 and Pbias, as
above, and in addition, source power frequency, bias power frequency,

chanber

expression for Wafer as a function of both Psource and Pbias Vwa
ter(Psource r Pbias) Vo ( Pbias/Pbo) 0.4 [ ( Psource/Pso) K1 (P/Po) 1 +
(p/po) o0.s] -o.s where Pbo is a maxi num bi as power value, Pao is a maxi num
source power value, po is a mninum chanber pressure, and p is the actual

chanber

pressure, and magnetic field (if any). | have found the foll ow ng

pressure. In the reactor chanber described above, the maxi num

source poRBf Paias weS 15007 WA 1S, 17 hedfhiki Puim B ASCHORYCPho was 4500 Watts
@E@hﬂyﬂb9teE§HEep99e96§r%%u%%cyThgﬁﬁmﬁékuﬁge@%Mr@bf%%U fromthe

and t he

f oregoi ng exanpl e” dependi hg upon cha

ef design and process design.

Voi s

det er ni ne#apheateofdande (Wt AnYi he fohPERi AGUPLocGuiel LOMa "Faxi mum bi as

power Pbo,i appbhed,toyt he q;:@ﬁgggt whid g he _sourgey pauer. is
egﬁfﬁe changgr i &Reld to the nfﬁ%ﬁﬁn1 pressuré Po. The waf er
this measured value is stored as Vo. Kl

to zero an
vol tage Wafer is then nmeasured and

hel d

is then determned by increasjn gpe sou%ce pawer to its maxi mum val ue Pso
g

and then neasuring the wafer VoIt

V!

%Fgagain, and K1 is adjusted

until the foregéi iy: aq®at)’ohl y?elds/RheKetwfmotw valméod)Sr® Viaf er [0098] The

exponents in the foregoi ng equati ons were
and error paraneterization

obt ai ned by an extensive trial
process for the reactor described in this

speci fi cavhene PJhese eexponentrs s hewessefudlfegr lbhes aemekodmudesi gns, or

t he user
r eact or

ish t t
d8etshe Payss] VEsR doRe

ot her ex ernts de d upo

19, 2T A et CRTPaE P ER AT 6 BOERY
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

39
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39 functions of Wafer and b, the plasma susceptance or imaginary part of
the plasna adm ttance, as described previously herein wwth reference to
FIG 8 2 bz Wafer and ER = kb2 Wafer3/2 [00100] Therefore, only the

pl asma susceptance b need be specified in addition to VWafer to define ER
and T1, for the sake of brevity. |I have found the follow ng expression for
the plasna susceptance b as a function of both Psource and Pbias b
(Psource, Pbias) _ bo (Pbias/Pbo) -0.25 [ (Psource/Pso) (P/Po) 0.65] [K2
(Pbi as/ Pbo) 0.62 (P/Po) (P/Po) 0.22] where the definitions above apply and
in additi ébnnblibpssaciréiesecavd bustept pheemaabuecepPhencef erence suscept ance

value b0 is_determ ned.in_.acgqrdan W . f.ol | ow I dure: the

naxinun1b%%§gb%ﬁé¥ B%Stigfagg iggaggatﬁégl&gggggpegggggﬁc%ﬁgﬁg t he source

power is petdibosierbeandn whehchafbeencs hel #IGo 8he m ni num pressure pa.

The susceptance b is then neasured @tXthezwafer support pedestal (using a
o

VI meter, for exanple) and this 'héﬁs ¥@ value is stored as b0. K2 is then

det er mi nednfly increasing the source power to its maxi num val ue Pso and

t hen measuring the susceptance g aga'l(g2 nd K2 is adjusted wuntil the
foregoi ng equation yields the c Rre val“a&*for b. [00101] lon density, T1,
and etch rate, ER, are then obtained by substituting the expressions for

Wwafer and b into the foregoing_expressions for r] and ER .
[00100] Thereforé, ohly 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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[ 00102] The results of the contour generator operation 40 of FIG 19 are
illustrated for various chanber pressures in FIGS 20-26. FIG 20
illustrates contours of constant wafer voltage, contours of constant ion
density and contours of constant etch rate superinposed upon one another in
Psour ce- Pbi as Space. The chanber pressure for these contours was 100 nfl.
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 I|ines. The source
power rangé FfRe Vér tireall laxiss rartedorfdirnatae)i cias ch ardrege pfregrawzerso t o 1200

Watts. The_ bi power, .r an (t Lizontal _axi s.or absc ss a range
from 200 3&t?§%§0 %9386wat?§§'T%§ §?§y§§r$§ﬁgeéogﬁouggh§1aﬁ¥§%h gﬁlvoltage
are RVS vekffsr Thétspat edovdlowes odf coomsshant iioon déersditty aarde 1010 i ons/ cnB.
[00103] FILGS, 20 21, 2%’t2%t 2% %nd 5 corresgpnd to FIG 20 for
respectivgocﬁgnﬁéroérggs &8 “of” “t00 "MrS SOPHET pﬂﬁeﬁngﬂﬁJQRﬁ 200 nT and
250 nT, raspedkeirvehy P {00 04].Queca. conpd efteamssdr b reont oar soof const ant
vol t age, %gnstant gtch rate 3Qﬁ%c nst%nt i on density have been generated

a

and per manéfitfy “81'6FE8d Si H4th ry CONERUTS, ftfo PFSEY at6 Sind even

the nmeasurenMeliel BSkr dRnict ey nbgddiiscaneded.. | TheuhraurPplsement ation, the
process set point controller 1110 would control the entire process based
upon the COREGEPS S8 EGTiSH Hhé Hfe f5Py CE20a 1itn dagdisshde N6 .uséq nputs. In

this casecchR@uRik06ES % oh@lt anROidcnCaRttolalrar gbhie teulidy applged he bias and
source power |evel commands directly to the bias and source power
gener at or 31125 93he BEYFEEt PPEISY, rSEdchdithehd sréd@isdcldxicomt ol | er 950

coul d al sg bengkiy pRaked &%n@%cﬁr%ﬂlzero 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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enbodi nent. 41 [00105] Wile the nmeasurenment instrument 140 has been
described with reference to discrete processors 310, 320, 340, 350, 360
that carry out individual conputations, these processors conprising the
measur enent instrunent 140 can be inplenented together in a programred
conputer, such as a workstation or a personal conputer rather than as
separate hardware entities. The contour generator 1120 may al so be

i npl enented in a programred conputer or workstation. In addition, the

f eedback controller 950 of FIG 9 or FIG 10 may be inplenmented in a

pr ogr ammed 00885gut eWhiler &dee e ashig epiedide 38 s¢aumsaitntl 4domasoliean may  be

| mplenent ed .48 b QARG SO el diQUL06L ThedImasr LR, I915)r ument 140

has been escribed in certain applications, as In a process contr ol
system |840s 3bYo uSef thags C@rtrdolollftorlndlf\fllﬁg@rlprqqfi‘tnu’ﬁgﬂ'tldrnSohar acterizing

a parti C“' L3l Rl ﬁz%essg%t Uy ﬁ@%l%Q.%%r \iHag o f%gu%te% il s d O HNSi 4y and

waf er voI tage asure nst rument selecte process setting
of source cpowee, 1bupasm|@@WeIOL tpresdwre ianc pat%emnp@rohrmnen&er[,owl@ﬂ Wi | e

t he descri pt| on 8 caqncer ned an nt at.i which etch rate is
conput ed as ErR"2 —rgftaa/mperof andS™ r?nd"elnéjlré?nfuas?rr rat%k rznc\RNar? ér'3/ 2 ot her
functi ons sefay ahe ara{mld@yaedz esudhtias,. f @heeXxamuloar [gte\ﬂmcfaefc]r n12xr [bWafer]
2, or gvvvaferSé (\é/n n th'dfs | ast exp r essi Oéj{] t.he conduct ance
defi ned pFé&vi 6usly °n 5”?]6%& iCaty c?r?) I RE &O“Uﬁuttﬁa "Afay of Chanber
Par anet er &or[k@@ll@a]onlzl GInZ@ddlﬂtlié‘dnl’ atte& & eplogsiak Teeadryl 1§AMdsr 4o that of
FIG 11 but havi n ter nunber chanbdr pararreters CoPabl e of being
fgg%b g@ may be 1mplement

controll eéfllg’y £hé& a programme
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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controller 950. Like elenents in FIGS. 11 and 26 have 42 |i ke reference
nunerals. In addition to the elenments of FIG 11, the reactor of FIG 26
al so has inner and outer annular gas injection zones or showerheads 912,
914 within the overhead el ectrode 910, plural gas supplies 1182a through
1182f, each containing a different chem cal species (or m xture) and
coupled to the inner and outer gas injection zones 912, 914 through
respective gas flow controllers 1186a, 1186b. The gas flow controllers
11864, 1iagb C%Etrol t he ﬁ@s flowrated ng_the corr osi tion or roportion
of gas fl ow<Frbft 84ERCE "PREAAdivi dital aé LOBubpl it8s B89 5594d i njecti on
zones 912r181411l npRe aedctout ef magnebocaillks hat0.inh2l5 aaie ccamrected to
respective inner and outer DC coil current sugplies 1%20, %225. An
optional BRNERAEKPAG VBPREGE CBUBPITS1250 SPSVESHEPES 0 rhe L %bi"ds 'ided cent er

conduct or tR12ovkRnwhHCB 162$@ 0deDG10i, SPliathon gedPatipipar k233 gi2% connected in
series between the center conductor 212 and the bias match 130. Chanber

Char act er FRaPPER £382ENnr 8CEh&RBER 1pdngmet 8id eI pOG1G9P™ e &r eact or chanber

of FIG 26,mBYyche (oehanasler))Zaddbycapartl k¥ Rt henkehaw o @fer for _
exanpl e, Pour pl asma paraneters (such as wafer or sheath bias _voltage, ion
density, eeehipaeetigaf @enegrPért) 93¢ thyrEoihors spr cthivée IFarfd&™ par anet er s

(such as sgyfce) 180wt 1 oBLas 19QMES. and.ohanhen off e3sunel i St cal,ngl e

val ue functions of the various plasm paranmeters are foun wi t h individual

chanber padénet epstaslt hbesigagl &1ovariaglel @gd ithet venmposddsses adepicted in
2001 of FPGTPRIFhP GEGp ars amser S rareter e euan T aE Sour ce power
Ps, bias popeiiBBlldRantier gpsessyeetRom, 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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i nner magnet current linner, outer magnet current louter, gas flowrate FR
toinitial (e.g., md-range) values. 43 [00110] The next major step is for
the constant contour generator 1120 to find single variable functions of
each plasma paraneter in which bias power is the variable, whichis
depicted in FIG 27. In the exanmple of FIG 27, functions are found for

waf er voltage, Wafer(P3), etch rate, ER(PB), plasnma ion density, r~(P3),
and wafer current, Iwafer(Ps) . Referring to FIG 27, the first step is to
set Pe to the beginning of its range (block 2003 of FIG 27). This range
may be betf0eeh0Zer oTaRdn&BOOMW4LIs saepl3s560rVEae asnenengossnglogrexanpl e.

The next step is to sure..ar, sanplhe plas ar.anet ers _of fer voltage
Waf er, eggﬁgr?§?§ Eggapﬁgsgénﬁoﬁlng%gi?ﬁr%ggé%dfﬁg %ﬁoggrfgﬂ% Qofer usi ng
t he neasupesent pastmerent 1h4@hathFbGas26ofklrodck 20@5yarithér,t he cont our

generator 1120, .through the. controller _95 i ncrenents PB_by smal
predeternwﬁéﬁgaﬁﬁuﬂ?ngtgﬂaFP %#FacgiOnIBfg?ﬁeeﬁﬁwgge(ﬁFoEEgéogyy. A
det er mi natugatisnst hea madadasotrowalietrheblthgeend,of, the bicashpower range

has been reached_( bl ock 2009)..1f not (NO brapnch of bl oc 2009 t he
process I665§'b§8&P?6't$ adfept oF %?Béktﬁoo%?PBh¢ g %ﬁ#%%ﬁc? (e~ has been

reached (YES.breanch ekrbkeckg 2009)XG.t hen the precesste@ntisnuies ske@ t he next
step, nanely block 2011. The step of block 2011 consists _of using the
sanpl ed d&eat® otReNReFLREIRUNGE | BRS TARFRr (PRYSKERYPB) OLf FEPB) < 7and

| waf er (PsypniwhirgRgar fast eedeicel@Bmiy o Ehese obunglhic@rs atmay lze construct ed
by curve fitting techniques, for exanple. Then, in preparation for

gener at i oMH&f REnEREORSSSAEPENEXAFPdSon FhRenC&farbEr pd&r &felERsUehe

Cha?ber B?rggﬁb?ﬁ gﬁagﬁarggg%%QQeE% IoleS wiaeld @b 1vale v, pref ecably a

m d-range val ue (bl ock 2013).
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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[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
vari able, nanely the functions Wafer(Ps), ER(Ps), fl(Ps) and Iwafer(Ps) 44
Referring to FIG 28, the first step is to set Ps to the beginning of
source power range (block 2015 of FIG 28). The RF plasna source power
range nmay be fromzero to 3000 Watts at 162 MHz, as one possi bl e exanple.
The next step is to neasure or sanple the plasnma paraneters of wafer
vol tage Wafer, etch rate ERB plgsgg,ion density rl and wafer gurrent
PnstAGmen

| waf er wi RRIEREIRBaSAr BhEnt 2 FSE46t€BI8%kt°26f? ofF EPG-N88). Then,

the genergtginiirQ/ eentegkler p8%@r iragremeBtdcRS20h50cle 20E9) 284 .
determ nation is then made of whether the end of the source pawer range has
been reafR8dRFHPAERM20S PRI CEf PRYET( KONEFaREN BF BIreFk 22621)° M€ process

returns tq,the stepeof ubhbocks20hZ. [Osherwise  ah¥ES br aneh nafthlsealp 2021),
the process continues to the next step of block 2023. In the step of bl ock

2023, thelssaaphedsdacactf serPBEoEke20172FMRs Pasaaete féordt M@dtet he single

vari abl e (IBT%BEQ”%WH\/\A@C LI )rat ERES)p 1 Pt vl ero (sl wasdd these

functions are stored in nmenory. PSis then returned to its initial value
(bl ock 2028Yrep00Ida}: PHe purposee asfundmerexin Priovesst WHi cHhieck depicted in
FIG 29, i 0 ki t hggsi ng ariahl f.unetions ,0f tiﬂgan?@m pressure
is the siggﬂz O%a??gbl2F§ﬁang$§%fhg%%uﬁgpfo%s 6mg?er/€%@ﬁ) , ER (pch) , rl
(Pch) andntwafmentRch) (bThekf2PsP) st ep dsteomsestPeh Lo bbhghnmeAg of the

gggnﬁgr gé%i%g%%hé§ngﬁe(%%%C%fZQ%é4SOEQE% Lange B hgPetugen 0.5 mr and
, possSi bl'e “exarnpl €. The next "step is t'o measure or sanple the
pl asma paeapktdr $babcwaber 1vol t age ndwaf(®io, betalkchr atfe bER.ckpl2dsxia ,i on

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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density n and wafer current Iwafer wth the nmeasurenent instrunment 140

(bl ock 2029). Then, the generator 1120/controller 950 increnments Pch by a
smal|l fraction of the pressure range (bl ock 2031). A determ nation is nade
at this point of whether the end of the chanber pressure range has been
reached (block 2033). If not (NO branch of 45 bl ock 2033), the process | oops
back to the step of block 2029. O herw se (YES branch of block 2033), the
process continues with the next step, nanmely block 2035. In block 2035,

the sanpled data fromthe step of block 2029 is used to construct t he
f unct i onsPVRE&Ker OGP ) theERrPP‘éfﬁ)s LoPPS( PERfc &Ad PhPwafER pchP At ch are

then storedoion NeRBEYwike RveekH2A3tn Rehibekr elunned the i ddyd ial val ue.
[00113] The purpose of the next process, which is de icted in FIG 30, is

to find t RENSLAGRE vathalhe NEUicHteRs GRIRAVCER IORK @@r3r5ent I6f ek nner
ragnet Cobb3512%geEEaﬁF@ed2 )i t1aS rr&?\ %'h%gls%e\ﬁar 'falgll%’ckn@@|9ylt§1%sefdjn0t'Ons

Waf er (Ii1nner) i nner) , l'i nner) Iwater (linner) 1n other
enbodi nents, Cphétafucrteﬁbecéuln@tb@n(sl Nsxfead)cht heERAEcrdurrrE(rPtchhp@Mi ed to MERIE

magnets i the&)ec reRLERS Ocktf%ég?t&ﬁﬁ&t Of - mELLSL. | EANBAi oLy 585410 the

begi nni ng “8F°* i't8’ f ange € next step’is to neasure of sanple
t he pl asnecparamsttersast Mafletrs violittaigel iwefwes., etch rate ER, plasna ion
density q and wafer current Iwafer with the neasurenent instrunment 140
(block 2041). Then, the generator 1120/ controller 950 increnments linner by
a small pgoedasgrm med pragisen odf tihtes neantg @ rdaleask m&)h iAs determ nation

5 e ebgthel pounl ol sgiher, e cand, ofc Lhe Jmanel, cgli current range

process Ifoapsibaek offo whhehsttelpa efurliledak c204he @nfm%rr\Mrr&@r(e\ﬁES:oil
1210 of FIG. 26) 1s the single variable, namely the
functions Vyater (Iinner) s ER(TIinner), N (Ilinner) and Iwater (Iinner) .
In other embodiments, the current could be (instead) the
AC current applied to MERIE magnets if these are present
in the reactor. First, TIinner 1s set to the beginning of
its range (block 2039). The next step is to measure or
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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branch of bl ock 2045), the process proceeds to the next step, nanely bl ock
2047. In the step of block 2047, the sanpled data fromthe step of bl ock
2041 is used to construct the functions Wwafer (linner) , ER (linner) , fl
(linner) and 1Wafer(linner), which are then stored in nenory. The | ast

step of this process is to return linner to its initial value (block 2049).
46 [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
t he outer net coil 1215 of FIG 26 is the single variable, nanely the
functlonSIORégéﬂ (1 8ieePRIPOER Efolihér Nertl PLOTEEFer PI45® Biaf er (I out er)

The first dé%.@@te% ta gek.layter Qob%gln@mtm sang'ﬂeS via@1g® 16! ock 2051 of
FIG 31). e next step is tO0 neasure or anpl e 't he pl asma paraneters of

waf er vol tagetivnaf ef ehékbr he ERIIGPésﬁﬁppéhedeﬁ§|¢@erO@ﬁ@IMefer current
Twof er m‘h@ﬁﬁer gggi?%%qu%f'@%bru@%”ﬁsl%%e(Qhﬂ%ﬁezgé%habﬁQﬁ Qﬁﬁﬁﬂglor

1120/ contro en i ncrenent Touter y a “predeterm néd small” fraction
of its ranbe FbhotkoRB55)areA Ideter nER&Tiean )i s NMadeeals amd whet her the end of

range has. been reached I t he progess. | to the
step of bl eER: 5@?Ftlh£$€ngggsghgzégo%ésgg S?%cgeﬂ§f&ﬁi%eﬁﬁgﬁhé§$ step. In

t he next sifeptEblreckie 20839k Q@élsaﬁpﬁé@ déﬂa f r Gimet mex3t eyregf Ud dck 2053 i s

used to construct the fu ct| fer ter R GlQut r f1 (louter)
and | waf ef"“€Toufery ° \I/T\}ﬁlrich are hen orec?f‘ %r?)rr?1sr(?1'§fr"’(a1 hl%g()ltagces

concl udes Vhy.f,etatran rtgaﬂe)tﬂEe,r glads dan tdai51n/3almear(dblmkeﬁ%d_w)rerﬁtOOllfS]
The. purpose, of 15 ML B 0SEta L ElLL S SEPI EAFILEL Qo2 T (o Tina
a|ternatlTQEYgenerator 1120/controller 950 then increment I uter by 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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the gas c

(fluorine

onposition) is the single variable, nanely the functions Wafer
(FRR , ER(FR) , rl (FR) and Iwafer (FR) . The gas conposition nay be the
rati o between the carrier gas (e.g., argon) and the etchant species

or fluorocarbon or fluorhydrocarbon species), for exanple.

The

gas conposition or gas flowrate may be separately defined as two different
for each of the two (inner and outer) gas injection zones 912,
exanpl e. Thus, there are four possible variables or 47 chanber

S concernlng gas flow that may be ngl % |nn§r zone gas fl ow
EPaPBRE BASAPFORT Sr SPECSTRASH QSﬁefES & ﬁﬁoEPtl ¥, outer zone gas

vari abl es
914, for

par anet er
rate, out
conpositi

eRp1dbedpr eaasltr exaepka soff 1bkGral?, cengernschke gadse 1efw a

parti cul ar one of any of the foreg 0|n% gas flow related chanber par anet er s,
e

which w |

neasure o

or gas co
branch of
bl ock 20
2071) is

const ruct
t hen stor
fitting t

Fafs. | ABBEFedOoPR JapOGOTEPST

Ofirr SULEFeFOBF GRE process of FIG 32
is to sekoRBok@thegi nnirpg gfrers@ragee&lalmg% 2063)c.The RHce@P tHes tO

r sanple the plasma paranmeters of wafer voltage Wafer, etch rate
ER pl asmiSEoRTdEnBREY 1EN amd onef €F 2@ PénthEWdPEL IR 996 Faa3ur ement

| nst rument o140, gbkﬂgﬁbe%ogggaméQ%r@exmh§%%pWlaltqs'a%%%qq%h FiR (bl ock 2067).
A determnation is then whét her the end of range of the gas flow
nposition paranmeter FR has been reached (block 2069). If not (NO

§B0952008),c ihe Progess d agps hagk Lo e asyr anent, step of

erw se branch of b

t he next step (bl ock

petf @RMed. beginhe nst ef abn@bodblzaklzoﬁﬁe saims ecdxdatsdaps used to
.t he functions Vwater( FR FR) .and | \Wfer(FR), which are
58 £ MRERBET: oFne Lot Fie: FOR OF ECR it Shs "y "o

on O
eohnbgeeyy.£or examtete e, fpnedmstiepn adensity n and wafer

current Igater With the measurement instrument 140 (block
2065). The next step is to increment FR (block 2067). A
determination is then made cf whether the end of range of
the gas flow or gas composition parameter FR has been
reached (block 2069). 1If not (NO branch of block 2069),
the process loops back to the measurement step of block
2065. Otherwise (YES branch of block 2069), the next step
(block 2071) is performed. In the step of block 2071, the
sampled data is used to construct the functions Vgaser (FR),
R(FR), n(FR) and Igater (FR), which are then stores in
memory. The construction of such functions may employ
curve fitting techniques, for example. The final step of
this process is to return FR to its initial value (block

2073) .

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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this process is to return FRto its initial value (block 2073). Process
Control in a 3-D Control Space - Translating Desired Plasna Paraneter

Val ues to Chanber Paraneter Values: [00117] The single variable functions
produced for the different plasma paraneters in the processes of FIGS. 27-
32 may be enpl oyed in subsequent processes (depicted in FIGS 33-36) to
construct a three-dinensional control space wth two-dinensional surfaces
of constant plasna 48 paraneter values for later use in controlling the
reactor chanber during wafer processing. In the exanple of FIGS. 33-36,
the threepehambéerpipanefefsrofladsyr €6SpdRe FONBIras 1 iponeh eak@act&vber

pressure %héﬁberpg rEﬁgaaqughlgr%%sé%%ct edn thQOLLi8hplhe purrese of the

process o I G 33 forme he cont our generat or 1120) is to exploit
the 3-D éénBﬁ@ltbpaéér@ﬁ PB@mp§ra@érﬁ@ﬁtﬁésppédﬁ@@rEEDP@WWﬁ0uﬁ§aS(surfaces)

of constagh, yvalen Ihesgewl bl-dig gecynulated,| np, aapldoetion of such

surfaces ter use 1 n controlling £hé rBact br urlng waf er
processingel?@@émQ] The first step (block 2075) in the process of FIG 33
is to correlate or conbine the single-variable functions Wafer (PB)
Wafer (P5) and Wafer (Pch) into a single three-variable function
VM&fer(PBJOB&lS?ch)Th@Upmeprbtbﬁgth@e@h@bQBGSOdfEﬂ@e Bﬁg@eﬁﬁammﬂﬂ to

earlier ip this specification oyed, X , to acconplish
this step.yN@bF,CSﬁ%OﬁaeQemematgry&q?pj lfeé SXBﬂgl% s i ng i =1 (bl ock
2077) . AncegyabiloBphsef @rfn@g,(bgca:d@ 2Q79) pyosetéi pgpt bentunesi on
VWaf er (PB, Ps, Pch% %u to the ith value in thf range of van;s
Waf er . TH@grfaces of constant Vyafer. These wil ccumulate

a collection of such surfaces for later use in controlling

the reactor chamber during wafer processing.

[00119] The first step (block 2075) in the process of
FIG. 33 is to correlate or combine the single-variable
functions Vyater (Ps) , Vuater (Ps) and Vyafer {Pen) 1nto a single
three-variable function Vysfer(Ps, Ps, pPen). 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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equation is solved to find the 2-D contour (surface) of constant Wwafer for
the ith value of Wafer. This contour is stored in the nenory 1120a of the
contour generator 1120. The index i is then increnented by one by setting
= i+1 (block 2081), and the process |oops back to block 2079 if the end of
the range of values of VWwafer has not been reached (NO branch of bl ock
2183). O herwise, if the end of range has been reached (YES branch of bl ock
2183), the current process is conplete and the next process is begun.

[ 00120] The purpose of the next process (FIG 34) 49 (perforned by the

cont our géRerapsredl1by) the £eNERBroBENSERECS- 9188htﬁélt§p§é@ 18EtPH, Ps and
pch to prgggcg B- Ebn%?@ﬁogbﬁc@SHEf@gesﬁ QﬂmPQﬂ§t@@tp§é§@céaPeD(ER) These
will be accunul ated in a coll'ection of such surfaces for later use in
control | i agnthersedstsfachanbet darishignhaférh paGedSifng. [[OGE21] The first
step (blo 083) .| S0 orr.el C i ne the
singl e vaggég g ?Egg%PgﬁEE% ?E EERFEE?lgﬁdbER%ggﬁ)Sﬁﬁggkggsgﬁgle t hree
vari abl e ﬂanetloneEROPlonPsoléth the iredexor ichampgirt Calriiagd wad eéne by
setting i=1 é%ggghg2087) Then an equation is fornmed by setting the
function Eﬁ? Pch) equal to the ith value in the range of val ues of
ER. This equation is solved to produce the 2-D contour (surface) of

const ant the th vaI e Thi s our tor in the
menory 11§§8§?gﬂock Ggdy s ¥ ggeﬁdgbl <k 2%%%§renen ed %Cﬁﬁb b?dsettlng i =
i +1 (bl ock12093). iA tdEEGEﬁbﬂatednomblhhemhﬁad&n@ﬂeWN@&h@blEhe end of the

g o sERcrfateschp, Peepusached, Gl pck, 20990 11, net (10, brapch of

(YES branghrokpbkoekn2@93h, ERN®;, Ps, pen). An index i is
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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current process is conplete and the next process is perfornmed. [00122] The
pur pose of the next process (FIG 35) (perforned by the contour generator
1120) is to exploit the 3-D control space of Pe, Ps and pch to produce 2-D
contours (surfaces) of constant p. These will be accunulated in a

col l ection of such surfaces for later use in controlling the reactor
chanber during wafer processing. [00123] The first step (block 2095) in the
process of 50 FIG 35 is to correlate or conbine the single variable
functions r (PB) , rp (Ps) and P (pch) into a single three- variable
function FEPB, 3PsispéR) coTelgtep ofay B® 184r tihed s 1@t cusiatd aurve fitting

t echni que 4 ambey, T i Xyl L8410 Lkakhze ane by setting
i=1 (bl oc%uﬁ%g%)oﬁ)é %ﬁgﬁ? ’ aﬂ?géq)ugaﬁ%nﬁﬁ%hérégt‘%gdgb%}gg%%i gatrt%ﬁe function
r(PB, Psyvapéhpleqdanctdorha (Peh Pal ueni n t Beer ahge ®fYvREuegrafedt he pl asma
par amet er Thi:s e I.0MF;i. S ; far e - ( C of

const ant r?B oggﬁﬁg ;&;é%v\(/eaI%detst(%?@gfé%%%?gu%%ﬁt gérpieg&g%%r%d W{rﬁe%&%m our
gener at or imgewry 151204 t(llldce R2099neThy isedexng iisli ndrlamntZdP Dy one by
setting i =_+ _(bl 21Q1).. rmonati N n le of t her the
end of thgﬁreghgggofe%‘éét\%o?‘uég ﬁar%%tb%gnb rgggﬁéﬁ%(b%%cf@%g%& Irwlﬁét (NO
branch of Pb) opk) 28038k, tiohe her déesealwopsn bdok tangdheosteploés bbbHck 2099.

O herwi se (YES.branch of bl ock 2103),. the cur.rent. process ) | ete and
t he next 6&’&8&?5’?“? BErfSIFTEdS. r['OO%)ZF’ZI»L]S 'Fﬁgéla%lon 13 e nfeox]:[ QC(|;"rrg(;cess (FI G

urpose o

36) (perbemnednhyutrhe searftaaid) genercatsarant120)fdrs tthe eXpl vhluetbe 3: D

control s% ce of PB, Ps and Pch t.o produce 2-D contouyrs (msurfaces) of
|%é emory

const ant ﬁepont?ﬁéséqmqloqﬁg in the contour generator
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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accunul ated in a collection of such surfaces for later use in controlling
the reactor chanber during wafer processing. [00125] The first step (bl ock
2105) in the process of FIG 36 is to correlate or conbine the single

vari able functions Iwafer (PB) , Iwafer (Ps) and Iwafer (Pch) to produce a
single three-variable function |IWafer(PB, Ps, pch) . The next step is to
initialize an index i to one by setting i=l (block 2107). In the step of

bl ock 2109, an equation is created by setting the function Iwafer(PB, Ps,
Pch) equal to the ith value of Iwafer- This equation is solved for the 2-D
51 cont ouropsanfadepréhceonstasenswandr Ihoe: ti itie vial usadke phafer This

cont our i§ t hen s[thqrseq: 'rpcotLﬂe icsonct}péi ﬁ%a{trprt}%%%&kma. The i ndex i

i s incremeft'®d by one y setting i | ock A determ nation is
made of whetherotrhmempndyofll2dage Ghet hadeal ned sofi niowsien tiegls Myeeme r eached

(block 2113) . _Lf .not .(NO.hra f ?I 2113 I ss J back to
the step éy BFSE%H§169. l%ﬁh@%%é%g %EgKbra%bﬁenggﬁS%%qgﬁﬁgf,%%%% current
process bb$ ebaphetre tardehhle ofextangroods $ hies vpénksr wdd. Iz Q01263 Hdwn sane
processes _may, b rfar f,or qther . ¢ er ra rs. chanber
paraneter§eﬁé§egngﬁﬁ8§kn§ﬂé33&5%FI8®tré&?gggﬁn%ﬁeO&ﬁkgpcgthggvér gas

i nj ecti onthzopescasd Lbepgadactnposithiconsepf otfhé ldicfd enért. gas m xtures

supplied to the.inne nd outer gas .injectiqn nes, for exanple. The
foregoingOﬁPSEgﬂﬁﬁeéQggngFépg ﬁg %&ﬁé%a%ﬁé%QZaE% n SO R Eﬁggf§ﬁ chanber
for the sekeecbaglctbanher tpar amsiers caee splias e nFararet.ers. [00127] The next
process is to exploit the chanber characterization information obtained in
the foregoing processes to provide a translation from desired val ues of

[00126] The same processes may be performed for other
chamber parameters. Such chamber parameters may include
the gas flow rates of the inner and outer gas injection
zones and the gas compositions of the different gas
mixtures supplied to the inner and outer gas injection
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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sel ected plasma paraneters to required values of selected chanber
paraneters. As one exanple of such a process, FIG 37 depicts a process for
controlling three selected plasna paraneters in the 3-D PB-PS-Pch control
space in response to user-selected values for Wafer, ER and r). This
process is 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 Wafer, ER and ri (block 2115 of FIG 37). The next step is to
fetch fromems2ynther ¢ -PheuzLfBcsuritaoé opeontducpnet agdnsedftr Weflddfol t age
correspondi ni.qu ser-sel.e _val r Rd | abel the
surface Sgo?%Fggﬁkgifg g? EF%.%§%§56T%§%? %?%g%ggﬁtygﬁﬁgrOf?f%a?étches from
menory then2- Dabuilf abe s(cdaceus) oObleoksthhi efchlEate’terrésponding to the
user- sel ected valu f ER.and | I syr bl-ock 9). Next,

t he contrgﬁFeFoT§f8§#§{cEéé%fgg%?ﬁ%ﬁnke%thehggg gﬁ?fgcép éﬁﬁ%%%?) of

const ant pkasrauironodersinty antortespaadiengotra esphendd ey $@l edteediswal-ue of ¢
and labels .th urface S. | ock, 2121).. .The caontrol ler O.ghen | ocates

t he pointSS#eFﬁF rggiPFoﬁf(g%'aFdPﬁa%thg e)sgg%gﬁg Sfﬁré%ﬂ%%ﬁfaces Sv, SER
and Sri i n139D.PReRs- pehespace rdhlleck 112023 ptchke Satonpaientorgornthreol | er 1110,
acting through t?e f eedback %ont ol I er. 950, .t hen set56§he.@F bi as power
gener at or 200t pUt LREFel L8 TN i MieFOESHANY PARGESPEBC T KIS0EK t¥2125) , sets the
RF sour ce cpewekpgaaenat @b @ulepulselresell scd ed ke liurt erfsectdren Malales Ps' (bl ock
2127) and sets the chanber pressure to the intersection_yalue Pch' (bl ock
2129) . Thit§ecEHBILEECEs SondPLBREr 6F2¢ycl eTBE ERBTPPOEBESITT 06%?@] The

i ntersectii@Ra@tst hhee p3unfraces i0ft GRRSARN (Py’, Ps’', pen’) of the

three surfaces Sy, Sgr and S, in 3-D Pg-Ps—pcn 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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pl asma paraneter values (of three different plasma paraneters) in three

di mensi onal chanber paraneter space of the type exploited in the process of
FIG 37 is depicted in FIG 38. The surfaces are two-di nensional objects
residing in three-dinensional space. The intersection of the three surfaces
lies at a single point whose location is specified by the 3-vector (PB

PS', pch'). The three orthogonal axes of FIG 38 correspond to the three
chanber paraneters (PB, Ps, pch). The three surfaces in FIG 38 are the
surfaces of constant value for each of the plasma paraneters VWafer, ER and
n, for whioHerthensakaésedré DhéODSéplsépééﬁed pabyadings agn@streéonst r ai ned
3-D C‘ontrgl.r a %ggglto vary the
chanber parafretefrs: ' : e nunber of plasna
paraneter$oamdouhe munhee ekampaﬁbeﬁ ﬁaﬂanéﬁer$hesnmm®ersadéplﬁwnﬁs possi bl e
to obtain_an adgltlona g% ree free n% und %%nﬁiralnl%% t he chanber
par anet er ST FAFS ST FealGr & & PS8 eﬁh@ne& “sel’ect ed pl asma

par anet er saig .l ess ﬁbapo%bebn@nbero@&aaalemtadddh&mhad d@@n&metérs FIG 39
illustrates such a case, in which the %hre o anber net ers &

const r ai nédSB¢ORsBY SBLELLCERS TF A RE Tof- N6l pP& %ﬁ?&ﬁetgﬁg' For
exanmpl e, irBa@urtheee sdisnensheralr Q@l@t lh@knb‘éﬁa@)& @felléatelasplaslma the only
constrai ned plasna paraneters may be Waf er n this  case, there are

only two §GF?§€é§r§nﬂ§r§€§?lﬁ@aﬁhéh§ BuméﬁﬁtpélS§6§6€edaﬁﬁ”@%%ﬂ:an

intersect AR REEWLS .al @G a3d iing @it rGltke subie aaldaees tike Wisesh tthevary the
chanber paraneters to any set of values (PB, Ps', Peh'’ ) lying on that

l'i ne mhlIéhééﬁtpﬁémﬁ@rt@aﬁégﬁtﬁﬁ§ GEr COBBECPER N RIYUES ForSaheF & and r

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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Alternating Set Point Control in 3-D Control Space wth Real Tine Feedback
Control: [00131] The foregoing chanber control process nmay be enployed any
time or all the time, but is particularly useful at the start of wafer
processi ng, when no real tine neasurenents of the plasna paraneters are
avail able. After plasma processing of the wafer is underway and
measurenents of plasma paraneters becone avail abl e through the neasurenent
i nstrunment 140, control may be taken over by the feedback controller 950.

The feedback controller 950 conpares actual real tine neasyrenents, of
sel ected CPFASRAIPEr SREEELs POHESM (TRE RESSUFEFENCT ASTY (FETt E¥408 i th t he

User'sele%%@@e&%HHsstEstB%%%rDQE@&EM%E%r The t abeedback seeiriglder 950
m ni m zes those differences by 54 correcting source power (for etch rate or

i on densi pFlagd iBoftPést iSRG BifdsFdwer Wifdr rﬁéﬁéﬁ%l tt&gd)LC%s Hescri bed

earlier i uhhg specification with reference to FIGS. 9 and 10. [00132] If

there is a significant change in one (or nore) user selected val ues of

pl asma paraneters then the change can be imediately effected by reverting

back. 10 8818991 0l PLERS 10f FliBe3T IR cHiGh fche e Shamber  paramet er

settings re instantly ascertaine ng Intersection in 3-D

control space ohsehesed@t¢@dsVahwmﬂsﬁbmdﬁﬁgﬁt@&ﬂﬂm%@ﬁm@ Ugean déleect ed

val ues of plasna Lanmeters hi.-s q on e 4 Ef en to nearly

. k

|nstantan§§3§9§ ﬁ?@ any Ch gﬁ§§§lﬁhe%%%€g§g i f% é¥%f% lﬂ% | Cant

advant age thkr ecass oCoptrioale sisn cef 410 .COt, r din SmwuhJUﬂﬁanﬁJamampeibsired

Pl asma Pa%%@%%%%e¥ag%%%1%%scg%%p%ﬁmgar%Hpt%%cefyalned by finding
the intersection in 3-D control space of the contours
corresponding to the (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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[00133] FIGS. 40-45 depict a control process exanple involving a

4-di mensi onal control space. This exanple involves 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-D control space of the chanber paraneters Pe,
P5, FR and Tinner- In the first process of this exanple, that of FIG 40,
the task is to produce 3-D contours (in 4-D space) of constant Vwafer The
first step (block 2131 of FIG 40) is to correlate or conbine the four

si ngl e valiiFabl(elbakcilRs - Whaf edugrBpPn, iswefrepterRsyy, sehafiéd (tPR) and

VWafer (i . toproduce a sipgle;foun- iable fynctiron, Mvaf ey PB, PS5,
FR, Tinnnggsk%ﬁbvgﬁ?FT th%%éc %fqﬁ%@”&a%%%gqeﬁglgy%dlin carrying out this
step. An ithdexangisoifniveilalkiszed Ve.rene Bihisetddquati®d ixis¢bvetkien32). An

equation is _created ettli t fu i Vet er (P - linner)
equal to F%g ?t va Eéu?n(S#%gaFgﬁggfo%%bgﬁggk 0 “ﬁ&a‘%? %%ﬁéﬁ%hﬂ tionis
sol ved forto the 3'Dwadnteourf (GuidaceThds consbvant ivwateredoinespending to

the ith value of Wwfer. This caontaqur, s staored.in.the ant. ener at or
menory 1156&%8%8&“%%)@ BB g 202 | P10 Zlnd eneriiey J%];L;Iesxgtlti ng i =i+
(bl ock 2134) thAn detekmendidomyi $arade gofi 2ihdt herl ddke 2arid )af tthe range of

val ues for WWfer has been reached (block 2135) |If t, the process returns
to the st&F-6FMBPGER ©2138 @ﬁ@ebfgh@&et rbﬂé@kkff%§¥?t%F%é?VF@%fD he process
is finishediard rhewext wdoaessn i sehegen (YESbrangh) of b ogkt2135).
[00134] In the next process of this exanple, that of - FIG 41, the task is
to producé&hs BrOGRSSUrE tER -1 DEacFRoPricHAE N 1ER M H53h st ep

(bl ock 213#) pi1$clko2100nTr.el aitd Qwicbite the dew i¥ male Mavd alle functions

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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ER(PB), ER(Ps), ER(FR) and ER(linner) into a single four- variable function
ER(PB, Ps, FR linner) . This step may be carried out using curve fitting
techniques. An index i is initialized to one by setting i=l (block 2139).
In the step of block 2141, an equation is created by setting the function
ER(PB, Ps, FR linner) equal to the ith value in the range of values of ER
This equation is solved for the 3- D contour (surface) of constant ER
corresponding to the ith value of ER This contour is stored in the contour
gener at or rrem)rg 1120a. The index i is increnent ed@’ﬁﬁl ock 2143) and a

det er mi natlP8A3Pd nadd ShewREHePIORESSt Ofafdd S G2EWCHE A€ ER) val ues has

been reached  (hhockn2145)kk lifs Ret sNQUbkanc ebrbloacks 2E45)4- nhe process
returns to the Step of block 214 O herwi se (YES branch of hlock 2145),

the proces®aice)f ohi shES tand the shet Ipredess The Hegin St5® [GULH] 1n the
next pr 00?%%70%ft s exanplie, tfoh%fo&fela*%l Goﬁ%,onibn%et agle ifpd0 produce 3-D

contours - space) of constant rl (etc rate). The first step (bl ock
2147 of FIS@HQJ@)-Vﬁglta@l@orfﬂﬂéllcétl@fkﬁr rdGiwbi nB (Phler fiolFR) s@%‘él%@amrébl e

functions 'tto( )srrL rle(P r- \far(la®learﬂ1n%t(lldnnme(r9) Pnt OrR, Stﬂl ere?-
four-variabl e function r PB, Ps, 1 nner) . Thi s step’ may enpl oy curve

fitting t&thsi ghes. mAry |em>é>o>4 cursfe‘ rﬁutltamgzé@cmlme?%y sDeTtlifﬁb?ﬁ =1 (bl ock
2149). In the %tl%a ?’Pg %P%Jy F%O:th‘% t| an | bs_Lchrlgaztle by sgt ty t he

four-vari abl " unctlon rj ner) equal " tothe ith value of the
range of |sarepd@rf5|btly>qkal2tlésl n.anml @1 agguat iien cries tsal \k&d a‘athJtI‘nB t3reD cont our

(surface) of const.ant corr.es on ngpto Thewcont our
is stored folur:f & 1EEHE Lfrurl erer at'br Bl’renﬁ’ryg@’ﬂ%’é“er hg e;(COl th 1

i ncrenment ec e @Etth@gnaﬂqéldﬂﬂﬂmﬁ<déﬂiﬂtyﬂuiﬂmes n. ThlS equatlon
is solved for the 3-D contour (surface) of constant n
corresponding to the i*™™ value of n. The contour is stored
in the contour generator memory 1120a. The index 1 1is
incremented by setting i=i+1 (block 2153) and a
determination is made of whether the end of range of ion
density (n) values has been reached (block 2155). 1If not
(NO branch of block 2155}, the process returns to the step
of block 2151. Otherwise (YES branch of block 2155), the

process 1s 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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determ nation is made of whether the end of range of ion density (rj)

val ues has been reached (bl ock 2155). If not (NO branch of block 2155), the
process returns to the step of block 2151. O herw se (YES branch of bl ock
2155), the process is finished and the next process is begun. [00136] In
the next process of this exanple, that of FIG 43, the task is to produce
3-D contours (in 4-D space) of constant Iwafer The first step (bl ock 2157
of FIG 43) is to correlate or conbine the four single- variable functions
| Wafer (PB) , Iwafer (Ps) , Iwafer (FR) and Imafergllnner) into a single

f our - var i abR€af. unTheoanpgaf ér (PBincpemepRed| paneRE bYAn Sieide®d s

initialized;tq QPESQX 25841 NG pl= %h(gl?%Kn%lS%)deE%r%n%a%EﬁglQT 2161, an

equation is crea by settln t he variabl e function |wafer (P5, Pa,
FR, ||nnemﬁdequabthertheel@ndvaﬁuea@@elwéféheTW@§U@@u@ﬁ;dmams Ratved for the

3-D contOﬁlsgsggfaggh 9%10%%“2&%%t I@Qf% tCkae%Q%%Q%”%ft%ﬂdH%' nh val ue of

| waf er contour i s Pstored in’ the “contour generator nenory 57 1120a.
The i ndex2i16i5$ ,i m@eemn@e@sbyearmentsy tsaettﬁllengstelp—lofl lgadck 1%163) . At this

point, a erm.nati [ nd f f .the val ues of
| waf er hag% 8§gﬁ5?eé§%§d%fﬁ %k gg CkI?qnot ‘( bf%%%% %?Jﬁ$ock 2165),
t he procegsniehedns Toitshecaipde tefs mm@cbhztﬁbr dﬂdnauﬂenad@ﬁi@dwanch of

bl ock 2165 th shed. Thi l.et th
chg?acterl%&#Fo%e%&3§E§§FgHUFP§d%HﬁiQﬂ¥§n§ﬁﬁ%%%%é%ﬁgngn%1 |on of user -

sel ected valivescaf vhauke splogs e uparaneier @a(r%n@ter\é\/\la(feerg [ERgazet) BRA VI) to
target values of four chanber paranet FR, linner) . The

processesnfépdpgﬁfoFﬁlH@rggﬁcﬁaéuﬁﬁaﬁ IQPP% g?@bﬁ6mpaé§8ﬁ C6&3 wit h

reference t0g.Fl @, 48,, FR, Iimer). 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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[00137] FIG 44 illustrates a process for controlllng four selected plasma
paraneters (e.g., Wafer, ER, r and Wwafer) in the 4-D PB-PS-FR-1i nner
control space in response to user-selected values for the selected plasna
paranmeters (VWwafer, ER ri and Iwafer) . This process translates the user-
sel ected values for the plasma paraneters Wafer, ER, r and Wwafer to
requi red val ues for the chanber paraneters PB, PS, FR and linner [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 Wafer, ER p and
| waf er (bRdEK) 2167hef cortEolagy. 1LA0t hetshep shebBodk SEEEGCe he process set

pornt contghler 1130 Lehchen. pouuhe ankBHE 95necRk ooy cb120a ¢ he

3-D surfacé (con const ant vol't age correspond|ng %0 the uni que
user - seleChedusakueeééctVWaWedueTbﬁsnsaﬂﬁaéebﬁé§ bael ghalfleed Sv. The

control | er, 1119,ah80 T elahes .| r ot e eonk 11308 the fed swd ace

(cont our) 8? consta cheraté corresponding to the user- selected val ue of
ER, whi chsmayabe |(abelbed)SER @bh@¢bn58wzfér)cufhen¢onpmabﬁﬁonﬁ1®@ fetches

the 3-D surface caont our) t I |on densit nding to

t he user- 8I§§Feﬁg§8Pﬁeu5Fr gcﬁa eI§8 fe surﬁﬁﬁéegﬁﬂ %%?giéeégg

Finally, @hefe@atsglkﬁloéﬁlﬁlﬂétches the 3-D surface (contour) of constant
waf er current corresponding to the unique user-selected value of Iwafer and
| abel s the surface Si (block 2175). [00139] The next step is for the set

poi nt conoohen 1318 hexlkocalke tiRke fRei Rhedlseitnpeiseciden(dBer Ps', FR
inner ) of the four surfaces Sv, SERI. Sn and Sl |n t he 4-p PB- Ps- FR- | r oner
control  spad@ (Bl dekazeTERE PRAINS RfurNtETSEsiioRal (Psf epPh'sr alfdl bgous to t he

three dimensionalor the four surfaces Sy, Sgr, Sy and Sy in the 4-D
Ps-Ps—FR-Iimer control space (block 2177). This four-
dimensional step i1s analogous to the three dimensional
case of three intersecting surfaces depicted in FIG. 38.

The chamber parameters are then set to the respective
values of Pp’, Ps’, FR’ and Ijinmer’ corresponding to the
point of intersection. This is accomplished by the set
point controller 1110 acting 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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case of three intersecting surfaces depicted in FIG 38. The chanber
paraneters are then set to the respective values of P5, Ps', FR and
Ironer' 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 power
generator output level to the intersection value PB (block 2179), setting
the RF source power generator output level to the intersection value Ps'
(block 2181), setting the gas flowrate to the intersection value FR

(bl ock 2188FcanticderBirAgerhani thes SPRGAEH Calipphy Wadihr &vt arenAse tO

i ntersect valkue,li I 2 atel it trol in
4-D COntrg?egpage§%nt%ﬂ%ﬁegeg$l%%%Eeéggggﬁé%%ﬁﬁgofOQﬁb§?ka%?ﬁg %g?e90|ng

st eps eprofEedgathec¢nDr©dn§N@WeHsp@c@hbﬁhn@h@W@e§ep&ﬁﬁ&$qﬁ%%na par anet er s

inline wth th%i ro4§eh:)S e!reethqganiédjetso e SrnfiaeCttlﬁ:@rblPPfé/Leéx‘%éé§d by

t aki ng reéF fifre diTect heasurenenis of the asna paraneters fromt
neasurenebbtw&shrmhenteb40tlA@ H&@swegﬁﬁmb@da@@rhm@rda%HﬁﬁQiQﬂﬁ&ﬁflcatlon
W th referen e to 9-11 uc rement s rmthe basis of
a feedbacRTcoREPSI sysP§§1FRIWﬁ%bh%l %a?%ﬁ§?§%§s " E g L) Ps and PB) are

changed t @om eixampéet h@;di 6f ehenged tbebmmeg EhEheeaERtDmenneasaeenents and

the user-selected or tarﬁgﬁ val ues fQqr %h I smB paramet ers Wafer, ER
r). For é&Xafpfe OB SSE lRanJed S5 B |%§ YR 0Ty osgr to the

cor r espondhaggesieros elreeied,yal L@Bos@.fldtcPB:hé c@m@adncﬁbn@rmgr Vwaf er
closer to the correspondi ng user selected value. [00141] Therefore, as one

option t h&SdR&HEEr VadHErol

[00141] Therefore, as one option the chamber control
process of steps 2167-2185 of FIG. 44 may be phased out
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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process of steps 2167-2185 of FIG 44 may be phased out and process control
turned over to the feedback control [|oops of FIGS. 9-11 based upon real
time measurenents of plasnma paraneters by the measurenent instrunment 140.
This option is depicted in the step of block 2187 of FIG 44. The
transl ati on- based chanber control steps of blocks 2167-2185 nay be enpl oyed
at the beginning of a plasma process (when no real tinme neasurenents are
avai lable). Then, after the plasma process is sufficiently underway for
real time measurenments to becone available, the step of block 2187 is
perfornedvﬁgeiraﬁsknkbnrchanber control to the real tine feedback control

| oops of ess control rarj.ly retuyr o the
transl atid hgﬁééid s?éﬁg gﬁgcﬁ 2f€7e§%§€%whene e%dldéﬂ%y% :%gkﬁ change
is made Iﬂebheeueerf$eba©medyvab@e$tdhg dmeaomhmnterp@a&mamﬂananeters Thi s
option enabl es tg chanh erﬁho nearcy nstan%pneou t %%y changes in
process r&ERHE, C4 SEGRIFICRRL 1&dv ERCEGE "G ddF- &5 &S se: Cbntrolllng
three sel echedophasimpl apaizamelens tee-sy. , TWiaS ars, aERourﬂ cblmemstmaér-

PB- PS- FR- | r oner control space in response t o user-sel ect.ed val yes, for

Vwaf er, ERSERdCH: I 06?&2]‘1“@166“3&’5‘5&5&1&9 &P EMISE 56t Ipridtitdi a#gedan extra
degree of ify eedomiby aperatiidhg the & hchddieppandeies a@pmnm‘tted

di mensional ity exceedlng t he nunber of user- controlled as par amet er s.
This is atPolPrdi ReRsidoralcuLyer Sitort 16 SHE i d&t- ST ntrol case
iIlustratedeRefkGnBRudtadehich the chanber paraneters are permtted to
vary along a curve or trajectory determned by the intersecting surfaces.
[00143] The first step in the process of FIG 45 is for

[00143] The first step in the process of FIG. 45 is for

the set point controller 1110 to receive the user-selected
values for the selected plasma parameters, €.9., Vpafer, ER
and n (block 2189). The next step is for the set point
controller 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

the set point controller 1110 to receive the user-selected values for the
sel ected plasnma paraneters, e.g., VWafer, ER and r (block 2189). The next
step is for the set point <controller 1110 to fetch fromthe contour
generator nenory 1120a the 3-D surface (contour) of constant wafer voltage
correspondi ng to the uni que user-selected value of Wafer and |abels the
surface Sv (block 2191) . The set point controller 1110 al so fetches the
3-D surface (contour) of constant etch rate corresponding to the
user-selected value of ER and | abels the surface SER (bl ock 2193) And,
the contr 6limensieng lf dpeRES Ofise 230D (ihade NELERENEr J° Tof P WEdRaHANNC DI asma

i on density gogr %ae%d' BY k@ bR oyser Theglagted ,valie Gfarbeand | abel s the
surface S. (bl ock 2195 ) The contour generator then |ocates the |ine or
curve of DRmEEESEES Bn, oPst HERt hiieersURYabesVEYicSERLGRE Shej RULVD PB-
Ps-FR 11 nagr ;3pace e@e'l%%k s%lgézatﬂyh% GUIEe a2l 9l s S8 e

di mensi onal” ['ocation , ltnner' ) 1 where the index i
refers towat[blalomlec@Ifarch@néoorfr-aimterﬁ@p@tallc@ldlyltl nfBeshi t €shunbRr / of

four-dine S|on ints I I r fo dters [ 00144]
The next § ggos P%qu%hngg}c%gﬁhnéFggs % 5%9‘%5 ﬁg%% i nner
concurrenQQ@lto any one of the four 61 dinensional Iocatlons al ong the

| ine/curve of intersection in 4-D space (block 2199). Thereafter, the
chanber paraneters Pe, PS, FR, Sinner may be varied along the curve of

i ntersect ixdnesmatthialy tohe mmmwarmﬂranaiameﬁ—dblmtctesl spade omeLlofd t he
four-dlnenS| linner')i along the Iine or curve of
i ntersect i% ‘he Under - constrai ned 4-D control

space net hediasith Re@ur-lﬁlhl& keadlack Cay ralansition control over
to the real time feedback control loops of FIGS. 9-11 in

the step of block 2187 of FIG. 45. Specifically, the

chamber control process of steps 2189-2201 of FIG. 45 may
be phased out 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 is depicted in the step of
block 2187 of FIG. 45. The translation-based chamber
control steps of blocks 2167-2185 may be employed at the
beginning of a plasma process (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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[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.
Specifically, the chanber control process of steps 2189-2201 of FIG 45 may
be phased out and process control turned over to the feedback control | oops
of FIGS. 9-11 based upon real tine neasurenents of plasma paraneters by the
measurenment instrunment 140. This option is depicted in the step of block
2187 of FIG 45. The transl ation-based chanber control steps of bl ocks
2167-2185 may be enployed at the beginning of a plasnma process (when real
time measip@rdhis Ihe avackalsies) deFlvenbedf 8o vEehd npltdsiPa process i s

sufficien I far real tine surenent s tq hecome Avwidiabl e, the
step of b%géﬁgggg?\élﬁ?npgﬂn&%ﬁé}d%@dﬁ%n?ilti on'cﬁanber contnrol tao t he real
ti me feedbackKoucedtimenhsliompd conkElr@s. spates.Prdeedacdontttr® may be

tenporaril,y returned to.the tr | ati.on- e f gﬁhﬁq 9-2201

whenever é%gfaﬁﬁppcgﬁy gﬁaﬁﬁéri%%ng g QEQ%ﬁh%n sggﬂgéléégt vakﬁég of one or

nmor e pl asparpakareters. sifls aoptdus yensklles echelechamiervaloigreard y

i nst ant aneousl meet _.any changes in process,reci.pe, a significant

advantage?néoH¥PBFFiﬁ Qﬁﬁﬁ PERTETET's 'Wﬁ13%a€ﬁ§h6§F%ﬂ§¥§ﬁ% ers: 62

[ 00146] Thebpretesses sdesardlked cabord uas ttaiys bes prediddteat | farore drteer n

t wo- di nensi onal , three-di mensi onal or four-di nensi,onal control_ spaces. In

fact, the95oMPerti &1 3787 BEEHSHEF Sl using mitth & D3 % Hdnber

par anet er g,atr@ rSividlltzargousry dealiitagd idesined valies fte anys furber of

pl asma paraneters. The plasma paraneters subject to user-sel ected val ues
%aﬁAfngi

may be sel¥EtEdthr Sthe e IGupy 10ty rpladishe er & " 4MS udes i on

energy Or parameters to that are controlled may be selected from the
group that includes source power, bias power, chamber
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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waf er voltage, ion density, ion nmass, etch rate, wafer current, etch
selectivity, and so forth. The chanber paraneters to that are controlled
may be selected fromthe group that includes source power, bias power,
chanber pressure, inner coil magnet current, outer coil magnet current,

i nner gas injection zone gas conposition, outer gas injection zone gas
conposition, inner gas injection zone flowrate, outer gas injection zone
flowrate, and so forth. Preferably, the nunber of selected plasna
paranmeters is the sane as the nunber of selected c? gg r ranet.ers.
However , ﬁﬁésﬁuﬁﬁér§fn§yC@@FE@F.F@&F“@§f§ﬁpﬁgﬁqcﬁ % ﬁuﬁﬁg$15¥“§%V%cted
pl asma pararekensdted l@samddapdhedtwianiafe sehgdtiedy echardierctpat anet er s,
then the systemis under-constrained and at | east one %8gkéfonal degree of

freedom | ®1peBseRE PR SFS Mt S (HE "EFSTENdr st erd Qaried while

conti nui nghedreebosthe useletafcied Pl asTmprRr Aretele ttalesll Idf t he nunber
of selected plasnma paraneters exceeds the nunber of selected chYtanber

par anet er $het NeshER® gy Prgmned e a o e aisfed chse t e dase Y the contours

or surfaces of,¢ GRRStARNLJIN a¥MR RANANBLEN Valiies,dmy did efseate at al ong
several lines or points and control may require choosing between such

poi nt's or dhaméepolpattiams tsetnden aeHeaft qDOAACKTHE PHocass Bfe FI G 46
requires ractenizatd f hanb i i i t step of

sel ecti ng%ra}%%%sf ilroéj éo(r?l)e%co 1ﬁ\rltgc}rﬁzfcr%ber %Oa%%?sﬁg%%k%%g%%d ranpi ng
t he sel ect2@d Schafidre marsenetdrS whidrechs arfpld kar MM Bet edhe g iaesems par anet er s

e ARSI IR A48 o 0 G5 RO A geter gty on L made

I f not (NQArlanchHrofthe cdde2207)qlddie 2iEXt, dre ofeasherddl data from
block 2205 is used to construct an N-variable function of
each of the M plasma parameters. Each of these functions
has all N chamber parameters as independent variables. 1In
the next step (block 2213), for each possible value of
each of the M plasma parameters, the contour generator
1120 constructs an N-1 dimensional contour of constant
value in an N-dimensional space in which each of the N
chamber parameters is a dimension. This completes the
characterization of the chamber that will enable
subsequent steps or process to translate the M plasma
parameters to concurrent values of the N chamber

parameters.

[00148] The next phase of the process of FIG. 46 is to
translate a set of M user-selected 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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chanber paraneters is selected (bl ock 2209) and the 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, nanmely the step of block 2211.

In the step of block 2211, the neasured data from block 2205 is used to
construct an N-variable function of each of the M plasma paraneters. Each
of these functions has all N chanber paraneters as independent vari abl es.

In the next step (block 2213), for each possible value of each of the M

pl asma paraneters, the contour generator 1120 constructs an N1 di nensi onal
cont our ofl1¢6ngeanhesyahge cion rgs PRNdilmen sooRal r's pdc €ong haitc i adadh of the N

chanber par S IS +a i iR, SLHi.§ GanRl etes 4he Bharachgiizati on of
t he chanbgP%?E%?waFltgﬁayrgﬂ%gu%sgéugﬁF steps or proééss to tréhslate the M
pl asma pavamet erfs ingecsrctiioenti nv al-désenss iohe INselaeber Thsar.arfétcer s.

[00148] ' The ABXLAPURRE 0% 1khe dRiORYS UhFiCerdlned [ rdfilals, a set of M
user - sel ected values forthe M pl asma Tparaneters to concurrent set of N

val ues forthihe Mecbhachere parlamet erts.thEhipeipltasd bediarsadtiient he recei pt of

t he usergﬁﬁle%$5g1§glues for the Mplasma paraneters (block 2215). [00149]
1 f the nunbefS I'dsrra and chanber paraneters is the same (i.e., if MN)
then the next step is the step of block 2217. In the step of block 2217,

the contraller 64 1110 fetches the %ﬁ&respondin cont our of cq:stant val ue
for each dP%R&IM pilldsirdep Tord set & Seitr® 1oihit b

intersectit@R infimiNedi ENSIHARMe 1SRPAGRNeREY (e . f eedback gontyradd er 950 sets
the N chanber paraneters to their respective values at the pojint of
i ntersectityg system is under-constrained so that there is at least

one extra degree of freedom. For the case in which M is

one less than M, the following steps may be performed:

[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.

65



(block 2219). [00150] If the nunber of plasma paraneters is |less than the
nunber of chanber paraneters (e.g., if MeEN-1), then the systemis
under-constrained so that there is at | east one extra degree of freedom
For the case in which Mis one less than M the foll ow ng steps may be
performed: [00151] Bl ock 2221: fetch the correspondi ng contour of constant
val ue for each of the M plasma paraneters and determne their line or curve
of intersection in N dinensional space; [00152] Block 2223: vary the N
chanber paraneters so that their respective values are restricted to lie

al ong thelQ0Ld¥]lcur vihidfe jtiteerisectritoimn [0 58eThie Soridyod ngn sdepsi tonpl et e
the configuratiqne o dhe N ehamher. paramel o 40 T8l 128, aio8l, 9fquser-

sel ect ed values Tor the plpasma paranmeters, or ~‘(conver sel y% the

transl ati amaof ware arsiemss el ret tegl Vil aresi orof  ttheer d Plressyreopamadet ers to

requi red cancurr.ent val ues f t N .chanber. paraneters. In_ the optional
step of B“ilonC E7al ,péﬁﬁlsngprfgrcoé%rs]ﬁ%%ytrﬂ‘be tsé??p]glracaram Srceopﬁeac%% %ﬁ/e the real
ti me feedhasleraandr.ol process di scussed above with reference to the

f eedback | oops of FIGS. 9-11 based wupon real tine neasurenents of plasma
paraneters by the measurenment instrunment 140. 65 [00154] Wile the

i nvention has been described in detail wth reference to preferred

enbodi ments, it is understood that variations and nodifications thereof may
be made w thout departing fromthe true spirit and scope of the invention.
66 What is clained is:
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1. A nethod of controlling plural chanber paraneters of a plasma reactor in
accordance with desired values of plural plasnma paraneters, conprising:
concurrently translating a set of Mdesired values for M plasna paraneters
selected froma group conprising wafer voltage, ion density, etch rate,
wafer current, etch selectivity, ion energy and ion mass, to a set of N
val ues for respective N chanber paraneters selected froma group conprising
source power, bias power, chanber pressure, inner magnet coil current,

outer magnet coil current, inner zone gas flow rate, outer zone gas flow
rate, inner zolbagasscerpdsied é3,° outer zone gas composition, wherein M and
N are integers; and setting said N chanber control paraneters to said set
of N values. 2. The nmethod of daim1l wherein the step of translating
conprises: a. flor eachedhedofofsaiom tatediiiey pauadt @hambaranpi ng the | evel of

the one chanher paraget or Wiide Samling £ elgehical,nar Rt gley; at an R
bi as poweP i'nput” " to said wafer support pedestal and conputing from each
sanpl e of vaaiue sRE felpdairrilc @l aparaapetrers telre ,valoares isfingsl ural pl asma

paranmeters, and storing said val ues wi.t.h .t he corresfpg?qi'en%]{eea/el s of said
ata; b

|
1 d
one chanber paranet &° a8 L LG s fERETG ChdmBer Paranet er for each

one of saiv@dlchkanifer Namam&har$ﬁramytﬂﬁsupeﬁadnadtﬁrmmﬁfeﬁnnnding.chanber
paranmeter data, a sin%le var.iabl e f.unctj on .for of saidéﬁéural pl asma

par anet er SRR "Fai'd L6ife YEHAART dé?hﬁ%?fPiég %h%ﬁiﬁﬁgﬁ@nd% 5

vari abl e; c.
from conbicatreons eftc$aisd fddtdtiians, idw energy and ion mass, to a

set of N values for respective N chamber parameters
selected from a group comprising 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, wherein M and N are integers; and

setting said N chamber control parameters to

said set of N values.

2. The method of Claim 1 wherein the step of
translating comprises:

a. for each one of said chamber parameters,
ramping the level of the one chamber parameter while
sampling RF electrical parameters at an RF bias power
input to said wafer support pedestal and computing from
each sample of said RF electrical parameters the values 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, from the corresponding chamber parameter data, a
single variable function for each of said plural plasma
parameters having said one chamber parameter as an
independent variable;

c. from combinaticons of said functions,
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constructing surfaces defining sinultaneous values of all of said chanber
paraneters, each respective surface corresponding to a respective constant
val ue of one of said plural plasma paraneters, and storing said surfaces.

3. The method of Claim2 wherein the step of translating further conprises:
a. for each one of said plural plasma paraneters, fetching a rel evant
surface of constant value corresponding to the desired value of said one

pl asma paraneter, and determ ning an intersection of the relevant surfaces
whi ch defines said N values of said chanber paraneters. 4. The net hod of
Claim?2 wﬁ@ﬁéﬁﬁuﬁﬁén§téﬁréﬁce§0ﬁ§ﬁﬂ@épﬂn§l?ﬁ#ﬁé@§§u§eM%%Wﬁf:ﬂﬁnﬂ neous

val ues of &l ls,;qf c%%hl%e%h%%&ne%r&nefe%@ GREREEas < heifrldeoow ng step
carried out for each one of said pl ur al pl asma paraneters: conbining the

si ngl e vacialseerpPafénidons ad EESREETHL VEp SR EESPE e Vvl S RIntS8Ye Rt ameters i nt o

a single comPaskief WACH:ON NAVE A alnd/aliAlles <ofi ek chamer

paraneters he ne of "C'aim 4 wherein the step of constructing
surfaces defining simultaneous values of all of said chanber paraneters
further comprises theJfoll oWy s $hel £ Lied QY ey gne of said
plural plasnma “paraneters. setting the conposite functi equal to a

successi ortr rahsvaltues dmrmm@rresmmﬂnuaﬁﬁ plasna paraneter 6. The net hod of
GaunSvmmelnthest%)m Gohstructd ng % afi)ing sinul t aneous
values of all of s&i'd chander paramne ers onprises the foll ow ng
68 step C@m&ma@t@ub,fdmteanhmpnﬁ:mﬁlemamt;ﬁunﬁﬂcqﬂqﬁnupnstant value

corresponding to the desired value of sald one plasma
parameter, and determining an intersection of the relevant
surfaces which defines said N values of said chamber

parameters.

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

combining the single variable functions
dependent upon respective chamber parameters into a single
composite function having plural variables of said chamber

parameters.

5. The method of Claim 4 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.
6. The method of Claim 5 wherein the step of

constructing surfaces defining simultaneous values of all

0of said chamber parameters further comprises the following
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paraneters: for each one of said succession of values, solving for a
surface defining a set of simultaneous values of source power, bias power
and chanber pressure for which the respective plasnma paraneter has the one
value. 7. The method of Caim2 wherein the step of sanpling RF electrical
paraneters at an RF bias power input to said wafer support pedestal

conpri ses: sensing 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. 8. The nmethod of Caim
7 wher ei nSthe se&pier oEEMIGE K Sty Omce&dh SsdfpPd Vg s HlE B2 el ectri ca
paranet er §the yalues of plural plasma paranmeters is carried out in
separate conputations for each of said plasma paraneters. 9. The nethod of
Cl ai m 8 wherein the fotegagh caenmdt isdg I BHRCEEEH Cfadl &3dfUssai d RF

el ectrical; ,paramelers Ghe psalues M plunals ! 358 RANABILIS conpri ses:

conputing a junction admttance of a junction between said transm ssion
| ine and tvhé uelsectfr sda nwiet Ipiowe it/ hé 1vesf @ovsadesiCalchfampas AESSHHR | npedance,

i nput curyent  and input volt and from ter . d4he oAd ansmi ssion
i ne. 10.f?%ehggfﬂ05%%fgeﬁ Fﬁ?%Qﬁhgﬁéﬁﬁﬁtﬂgﬁﬁﬁgﬁﬁﬁ c—i(:orrputiong from each
sanpl e of vadiueé .RF el ectrical 69 paraneters the values of plural plasna

paramnmeters further conprises:

7. The method of Claim 2 wherein the step of
sampling RF electrical parameters at an RF bias power
input to said wafer support pedestal comprises:

sensing an input impedance, an input current and
an input voltage to a transmission line coupled between a
bias power impedance match circuit and an electrode within

the wafer pedestal.

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 is
carried out in separate computations for each of said

plasma parameters.

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

computing a junction admittance of a junction
between said transmission line and the electrode within
the wafer pedestal from said input impedance, input
current and input voltage and from parameters of the

transmission line.

10. The method of Claim 9 wherein the step of

computing from each sample of said RF electrical

69



provi di ng shunt electrical quantities of a shunt capacitance between the
el ectrode and a ground plane; providing |load electrical quantities of a

| oad capacitance between the el ectrode and a wafer on the pedestal. 11. The
met hod of Claim 10 wherein the step of conputing fromeach sanple of said
RF electrical paranmeters the values of plural plasm paraneters further
conprises: conputing said etch rate, plasma ion density and wafer voltage
fromsaid junction adnmttance, said shunt electrical quantities, said |oad
el ectrical quantities and a frequency of RF bias power applied to said

el ect r ode par2meTka snitisod adfued SiimPLihiHe Paias$aitd pdeddteri I Y kai d
transm ssiop |iine comprise a length of said transmssion line, a
characteristrc i npedance of said transmssion Iine and a conplex |oss
factor of said trapswivisiionw Ishweit E3.ectiyd audt o rdfitded M2 viterdi n sai d

sai d shunt_ el g¢trical, Quanti ties Ars GoRULEd T ApRdigs Sizmef an
electrode-téigroun gap length, an area of said wafer, an
el ect rode-t o- gr ound pdioslieGind d aeshstlatt g lamuarddittricde-o & & gr@ifhd

conductive | oss corrporllo%r%tWeeJhA The rethod of . d aj rw(fjf%]_y\/rbq{egf% said | oad
e-to- wa

electricaﬁaﬁﬁgﬁﬁﬁpfgé are conﬁheééﬂfron1an él'ectT o er gap |length,

an area ofpadesstwdf.er, an el ectrode-to- wafer dielectric constant and an

el ectrode-to-wafer conductive | oss conponent. 70 15. The nethod of Caim 14
wherein the step of conputing said etch rate, plasm ion density and wafer
vol tage conprisas: The method of Claim 10 wherein the step of

computing from each sample of said RF electrical
parameters the values of plural plasma parameters further
comprises:

computing said etch rate, plasma ion density and
wafer voltage from said junction admittance, said shunt
electrical quantities, said load electrical quantities and

a frequency of RF bias power applied to said electrode.

12. The method of Claim 11 wherein said parameters
of said transmission line comprise a length of said
transmission line, a characteristic impedance of said
transmission line and a complex loss factor of said

transmission line.

13. The method of Claim 12 wherein said said shunt
electrical quantities 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.

14. The method of Claim 13 wherein said load
electrical quantities are computed from an electrode-to-
wafer gap length, an area of the wafer, an electrode-to-
wafer dielectric constant and an electrode-to-wafer

conductive loss component.
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first conputing said wafer voltage and an imaginary part of a plasnma

adm ttance conprising a plasma susceptance, and conputing said ion density
and etch rate fromsaid wafer voltage and said plasm susceptance. 16. The
met hod of Claim 3 wherein the nunber of said plural plasnma paraneters

equal s the nunber of said plural chanber paraneters. 17. The nethod of
Claim3 wherein the nunber of said plural plasma paraneters is |ess than or
greater than the nunber of said plural chanber paraneters. 71

15. The method of Claim 14 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 computing said ion density and etch rate

from said wafer voltage and said plasma susceptance.

16. The method of Claim 3 wherein the number of said
plural plasma parameters eguals the number of said plural

chamber parameters.
17. The method of Claim 3 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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