CONTROLLI NG PLASMA PROCESSI NG USI NG PARAMETERS DERI VED

THROUGH THE USE OF A PLANAR | ON FLUX PROBI NG

ARRANGEMENT BACKGROUND COF THE | NVENTI ON [ 0001] The
present invention relates in general to substrate
manuf acturing technologies and in particular to

nmet hods and apparatus for neasuring relative nean

pl asma potential in a plasnma chanmber. [0002]1n the
rocessing of a substrate, ., a sem conduct or
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[0003] In an example plasma process, a substrate is coated with a thin film of

hardened emulsion (i.e., such as a photoresist mask) prior to etching. Areas of the
hardened emulsion are then selectively removed, causing parts of the underlying layer to
become exposed. The substrate is then placed in a plasma processing chamber on a
substrate support structure comprising a mono-polar or bi-polar electrode, called a chuck.
Appropriate etchant source gases (e.g., C4Fs, C4Fs, CHF3, CH,F3, CF4, CH3F, CoFs, Ny,
0,, Ar, Xe, He, Hy, NH3, SFe, BCl3, Cl, etc.) are then flowed into the chamber. RF

energy is then applied to the chamber to form a plasma.

[0004] To avoid confusion with concepts to be presented below, all RF energy
applied for the purpose of forming plasma will be referred to as “chamber RF”. The
plasma created by application of chamber RF results in the formation of ionized species
and also neutral molecular fragments (radical species) derived from the source gasses
which are then directed toward the substrate to initiate surface chemical reactions that
etch the exposed areas of the substrate. This RF energy can be applied either by

capacitive or inductive means. This RF energy may be applied at one frequency or at a



applied for the purpose of formng plasma wll be
referred to as "chanber RE'. The plasma created by
application of chanber RE results in the formati on of

i oni zed species and al so neutral nolecul ar fragments
(radi cal species) derived fromthe source gasses which
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a plasma over the substrate holder, the sheath
potential is given by the plasna potential m nus the
chanber bias voltage (Vchanber sheath = VP Vchanber
bias). In the instance of a plasma over a wall surface
the sheath potential is given by the plasnma potentia
m nus the wall voltage (Vchanber sheath = Vp - Wwap).
Note that since the plasma potentjal is tine dependent
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theoretical bases and proposes various techniques for indirectly ascertaining the absolute

values of and/or for detecting relative changes in certain parameters associated with the
plasma process. The invention further discloses the use of the measurements and/or

detection results in controlling various aspects of the plasma process.

SUMMARY OF THE INVENTION

[0012] The invention relates, in an embodiment, to a method for controlling a

substrate processing process, the substrate processing process being configured to process
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a substrate using plasma in a substrate processing
chanber. The nethod includes providing a PIF (pl anar
ion flux) measurenent arrangenent, the PIF neasurenent
arrangenent including at |east a PIF probe that has a
surface exposed to a plasnma sheath of the plasma while
the substrate is processed by the plasma. The net hod
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process being configured to process a substrate using
plasma in a substrate processing chanber. The nethod
i ncludes providing a PIP (planar ion flux) neasurenent
arrangenent, the PIP neasurenment arrangenent including
at |least a PIP probe that has a surface exposed to a
pl asma sheath of the plasma while the substrate is




detail below in the detailed description of the
invention and in conjunction with the foll ow ng
figures. BRIEF DESCRI PTION OF THE DRAW NGS [ 0017] The
present invention is illustrated by way of exanpl e,
and not by way of limtation, in the figures of the
acconpanyi ng drawi ngs and in which |ike reference
nunerals refer to simlar elements and in which:
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method includes providing a PIF (planar ion flux) measurement arrangement, the PIF
measurement arrangement including at least a PIF probe that has a surface exposed to a
plasma sheath of the plasma while the subétrate is processed by the plasma. The method
additionally includes alternately creating a charging phase and a quiescent phase for the
PIF arrangement using an energy source that is configured to provide energy to the
plasma via the PIF probe. The method further includes ascertaining a time tpoine, the time
tpoinez T€presenting a time during the charging phase of the PIF measurement arrangement
wherein a first potential difference across the plasma sheath equals to a plasma potential
of the plasma. The method also includes ascertaining a probe bias voltage at the time
tpoint2, the probe bias voltage at the time tyinp representing a second potential difference
between the surface of the PIF probe and ground at the at the time tyoim. The method
also includes ascertaining a time tyoinsa, the time tpoinsa representing a time during the
charging phase of the PIF measurement arrangement wherein a second potential
difference across the plasma sheath equals a floating potential in the presence of an
applied RF signal to the probe, the floating potential representing a value of a third
potential difference across the plasma sheath during the charging phase when no current
flows through the PIF probe. The method further includes ascertaining a probe bias
voltage at the time tpoinsb, the probe bias voltage at the time tyoinsp representing a fourth
potential difference between the surface of the PIF probe and the ground at the at the time
thoinb . Lhis fourth point represents conditions at the moment of removal of the applied
RF to the probe surface. The method also includes ascertaining a difference between the
probe bias voltage at the time tpoine and the probe bias voltage at the time tyoinep. Still
further, the method includes generating a control signal to create at least one of an alarm
and a transition in the substrate processing process if the difference between the
difference between the probe bias voltage at the time t,in and the probe bias voltage at

the time tpoinsy meets a predefined condition.



current sensor. [0022]Fig. 5 plots the sane data as
presented in Fig. 4 but as a derivative respect to
time, according to an enbodi nent of the invention.
[0023] Fig. 6 plots an exanpl e probe bias voltage (Vb)
as a function of tinme for the sane conditions used to
obtain the exanple data plotted in Figs. 4 and 5.
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS
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representing gualue pe thad potqyg@ltdlf.,fpr@nwcross the plasma sheath during the
charging phase when no current flows through the PIF probe. The method also includes

ascertaining a probe bias voltage at the time tyinb, the probe bias voltage at the time
thoin3b representing a fourth potential difference between the surface of the PIF probe and
the ground at the at the time tpoinisp. The method further includes ascertaining a difference
between the probe bias voltage at the time tyoim and the probe bias voltage at the time
tpoinsb- The method includes ascertaining an electron temperature of the plasma using the
difference between the probe bias voltage at the time t,oinp and the probe bias voltage at
the time tpoint3 and a effective ion mass value. The method further includes generating a
control signal to create at least one of an alarm and a transition in the substrate processing

process if the electron temperature meets a predefined condition.

[0016] These and other features of the present invention will be described in more
detail below in the detailed description of the invention and in conjunction with the

following figures.



[ 0026] Addi tional benefit is gained if a neasurenent of
i oni zed gas species arrival rate can be inpl enented
simul taneous with the nmonitoring of an indicator of
charged speci es inpact energy. Since substrate charged
species inpact energy is primarily acquired by during
transit of the sheath above the substrate, there tends
to be a direct correspondence between charged species
i npact energy and the substrate sheath potential .
[0027] Unfortunately, direct nmeasurenent of sheath
pot enti al BW@E@%&IH@ON@EEWWGY ., as
previously noted, the substrate sheath potential can
be derived fromthe difference between the plasm
potential and the chanber bias potential (i.e.,
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rel evant applications. A new and nore industrially
arrangemaet dccording dol at embedimentxfitheinyendionr enent of pl asma
potential would therefore be desirable. [0028]In
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consequence of the tine variation of the sheath
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know t he nean ion energy that one could have derived
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di fference between the plasna potential and the
chanber bias potential (i.e.,
Vsheat h=Vp- Vehanberbi as). In instances where the
chanber bias is invariant, one can also infer such
changes from changes in the plasm potential only.
[0029] I n many applications of industrial inportance,
it is only the detection of deviations from nom na
conditions that is of interest. Thus in the case of an
ion energy neasurenent, it is often sufficient to have
a nmeans by which shifts in nean energy can be
detected. This can be inplenented by any relative
i ndi cator of nean ion energy in lieu of an absol ute
mean i on energy neasurenent. For exanple, if relative
changes in sheath potential could be detected, this
can be used as a neans to infer changes ion energy. If
the chanber bias voltage is either neasured or known
to be invariant, the nonitoring of an indicator of
pl asma potential change could also neet this
obj ective. [0030] Applications of industrial inportance
al so occur in which the Iinkage
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bet ween the detected changes in plasma potential and
charged speci es inpact energy does not have to be
establ i shed. Such applications are called "chanber
fingerprinting" and are inplenented by recording
rel ati ve changes in a variety of chanber paraneters to
establish the "fingerprint" of the chanber for a given
process. \Wen subsequent processes are run, a
fingerprint outside of that which has been established
as nom nal often suggests a fault condition. In this
DU EAHBBSCRETRON OF THE BRERERBEDEVBEOIMENFnt | al
can serve as input for chamber fingerprinting with no
further effort needed to |ink such changes to physica
behavi or occurring wthin the chanber. [0031] Si nce
[0024]many ditelprgsemidesstion wilhhew badescriketbyvdetad viith lgﬁqngmt: |tQ/e

el | on_ener
few preye eageament et o o o b Ra E b g
followiR e c@iptibhl Quinefouk kpetifandbtdiBrard s forth ih bftict &t rovide a
an in the nean energy. delivered to the substrate

thorougtswn%r%@dm dhe preseatinyvations owidlhgepparpntphoyegygr, to one
skilledRRIHRUH BHat s f"es&ﬁ%ﬁ\f gm)r?m'ag gé gﬁt:@cred%ltlﬁh@é&?e%r' all Jritese

mean ener gy BelTvered to t ubstrate. Furthernore,
specifi¢ tletaids. & stbeladstameag’mbldsm’vmrprodws statsmld'sm@l efEeatsl aadioa d

<tru ctu%s %nt elglflfl’ eg%lﬂ?e g{ §?ta§ gn[t&t Ian §18 %ce%%qntlg Sbs%gncel'{fl S sma

presenfi@i@itiohal (either relative or absolute) at |ntervals
of less than 100 ns is desirable. Additionally, it is

[0025]2] SO afly adopRIeQISy the i@u@r BerdRAAR thd process B3ult depends upon
arranaenent or a techni y which ion flux and ion

the rateaeyiigh OBIFPHSBESPAEPS 118 Flgb"e’éﬁd th the ypstrate §-cofonspariicde Guor

As dlsélfggedseldﬁé} ﬁs o%‘f@@gb&g&y&m 5&?5 Hﬁgxﬁ %@@H?{f @dgdaq for
PPl tandous! y det ecting | oca an | asrma

sensﬂvp:d)jl apiin the ezngly dediverfed m«thersubstlpateamrfacqh}otoe@sd 2 Scph%lﬁﬁbe r

. at,sanmpli frequenci.es. of i.ndustrial inter
impact R4 o 5 AT kil o b Bl e n
etch pro®e8§ihY) providéssoneehiédteasaehphyintthue changedindon besrgy i thfs&hset dne

derivative with respect to time of the neasgﬁg (ggange
well knopvn; t élQ?ﬁlVrC@’ﬁ?la‘}Sé’%lQ} %h T3t @ dhe promeiry of thet
cross s&ftiofi! EI‘PE e kg E&&tﬁ/}’tzto?gﬁ biRpRARYo afhrf¥a d%h‘&@@mfﬁ%ﬂt

e analyze e met hods di scl osed hereinto obtain

energyancrtezlaws avlesm:eto dptmmd inmitof sighedghish ican gsiressasendicators of
h g Further, if suitable neasurenents of the
charge ﬂggFﬁ"?P%%F??%Vvoltage or the RF chanber bias voltage

and ap Led age are aya il.a

[0026] g o CRATRGS eonry ostiRufiin it S alfisse an

arrival 238 M&mm&m&m&@&&%&ﬁ&e mgbrietihg kM@vmdicator of
rel ati onshi ps between nean ion energy, .plasm

charged ses 65 IAPACch FRETEh a FEE S‘EhS%te\FBFIBﬁ‘b FIes irapas] SHTHOEs bl e
AR HEAL HRNGbMNate, HRACIRES foh
mnnmﬁga&ﬂég%ngatloﬁgkg 5ustr?§8@|npoP&§ﬁ%e a refgtﬁfe
direct donetsmatiensa bofweph abmaeqmem inglac energyfahid thesywbstrafhisiteaths,,
t he neasurenent does not have to give a fixed,
ecific value, but can be calculated in conparison to

10027 o KRR Eieata e chelp PubRL oS PN or

practlcéln OLIBREveR) B phEviRREyabdd theNBBsHtat IRt pbentid ke bé dérﬁiekiV e
the same reference at a later instant in tine,

from thm dﬂﬁfepmd@tvw@p\ﬂmiaw potertiak gddhe phanbes piag §%‘ﬁ{1§alt(’n"e=
change in the plasma potential and does not depend on
know edge of the referen used. Changes in plasm
potential can, in turn, be used to infer changes in
the nmean ion energy if the chanber bias voltage is
known to be invariant or if its change has al so been
nmeasur ed.
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[0034] I n an enbodi nent, ion flux and plasma potentia
shift are ascertained froman analysis of the neasured
coll ected current and the probe bias voltage froma
planar ion flux (PIP) probing apparatus. A PIP
apparatus is commonly inplenented using a current

coll ection surface (PIP probe) that does not extended
beyond a plasnma chamber wall into the plasnma chanber

ViheatiT Y5 ¥kimber it Theschatnper bigspotensiakis gagadiy naqgpgekle gpantityy In

1nstan&? W}@%ﬁe Wl eI' Qﬁs % fgi‘lsclaﬁ’) %5 be Yf ﬁ aﬂfe’ det?]ctl rT’B
alternatively, e recessed Into a asma C

changesdh plastih @otehtial pammve & aggawd nfpicatarfof. ahmigasm cdlﬁrgod SSCES

obln t hods, cpl.l ecti vel n n
impacl R MO b BT ULRNA P 8 CRGEEr PG PRicaly
been vte@rdlﬁﬁmtdﬁa gbracttféaﬁfopfdaﬁj" indasteially td@hm%ﬁhdfhﬁbﬁd nAew

reference atent 5,936,413). However, the

and morge dnfusiiatiy u@ﬁfulpn@hqﬁ fopa r@ﬁe\featlﬁ:aéwealﬁét of plasgemetential; o

wouldttﬂla‘?etﬂfeeo%‘?f%hddb‘i%’em' on. [0035] Referring nowto Fig. 1,
fied diagramof a PIP probe is shown,

[0028]aC cor Fqgtuhlgpr%ﬂlc The gﬂ (ﬁeh@gr glﬂg feh&vlgﬂ tlrhgeﬂ:tmé the substrate
genera e 1S n‘pr se a cur t
surface:s;jahm tange oﬁValmnst (hhe nma ayamgiicf thy eupbdriof pamidleampacting

the SUSHR LA GV SRR AJE Y Ui (B ERRY DM SO
(IEDFW”'Tli‘e'"dléthblhtﬁ)nQﬂ*ﬂ%ééi ibrgid@hd m)ft) Bs & Ebﬂé@qdéhcé &eh@um& ent

collection structure s enbedded is t%F;
variatignpiihe shegthptential. dp aAskeiraymstangss of peac lgmér@ﬁfdé dp not
r 1
necess%‘g' gﬁn%v?f] tﬁigfc%“g?ééﬁ%et#%}’iﬁ‘ﬁ?l 1 hI@th\fl(ljez1 13 %pdrﬁee\g Qufficient to know
the meemtvacdergy thdtene mtﬂéhaveciahtfatfromrknewtedgdz offthe IETI)B Abheay

r at urface. The current collec
be expQR o B SR e P heh R B (% DG Bf gered from
change @ e mbksah &luefof theCMcbEdeibé vt theysl @sntd entidBaridté | s
copl anar or recessed with respect to a plasma chanber

chambe JipaantE(i Breatl onBngmper sy 1B tstaggssy here g chamber bias
is mvaljope el{:r ais02nfbSsubh it @é' frérﬂ cBarfsR 2 ?Ikﬂe Qﬁmﬁ Setti@bnly.

icon with a I zed ceto h a mnre

[0029]M8Y b%ﬁ{a&lgﬁﬁﬁgméﬁér&f s3] Inffo &18(%{ (\BAiﬁr Hﬁ%eﬂe@ﬁoﬂ St

further to conductive pat In turn,
deviatibss ﬁmrmromhryal camnlitéois ¢cht isoofpiterest, Jdwns imthe edse ©f aw mingpergy

not. sho t hat. neasure the,v e _and current
measugight, HgbIGY LA IS 1 P AGHEarr b VDLt e e SRy e
detectedh A€ EanBedHiptbnshtedl bY\ink rel BV eSRdic KUF SBNé 68 BneY @ inazas
whi ch charge and di scharge the capacitor. CHF (206)

of an apspiyg megn [t angrgy drgaswameRo Fos examae, 4f relaéiye, ?@ngeﬂznéh%ﬁth
potentlgﬁég)\%mﬂfﬁé d’e@ec%t {Pllsl&ﬁ bk %F%Hy&sfﬁﬁg@%n@%ﬁf&%ﬁ%@g 1<JL1rEQErgy If

I's an electrica ating barrier 104.
the chaarbeebia® dolt@n is ¢ither mk@sotadior &hdwn imlsasinzgriang thﬂnpmmnng@ﬁ

an indigglg e bolrBakshphes coriARras B R Es e 104 | s

conpri s of an_el.ectri.call ulatin e c.such
(0030155 B Lfrapﬂa%ﬂqnﬁ O Blgsis i GRpAE B gecur ap phich eSS
betwee TIROGHERAL cha8 & plasiAd pd)t&&iﬂl ahd &ﬁrv\%@rsgé&és ikPdctieBergy does

rised by an air (vacuum is smal |l enough
not ha‘tedrrgﬁ estalfisher. aSweh applieatiags wetcml@d ‘chembrdingpprinting gad

6
T e L
establishi the “ﬂugeanmt’hmﬂ thé cleahbeti fugyragyivenfpraceBd. F Wirenlsebsequent
measur enent
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apparatus is shown, according to an enbodi nent of the
invention. In general, PIP probe 208 faces plasma
sheath 213 and plasma 110, and is generally
constructed of a conductive surface area that is
coplanar with or recessed with respect to plasma
chanber surface 212 as nentioned. In an enbodinent, a
pul sed probe RF source (an RF burst source) 202 is

procesges dFfanctifiRgermind Auisidaeb Bt whish Aas besa cotpllished 4 pminglt o
often sg%eﬁs gcf%.gf]%)lnﬁﬁﬁ)ﬁp' I&l‘?ﬁig g?’furgs‘?a@rce, fedtibH QEHLREEs G2 jor

stinguis rom and not confused th the
potentibl olstrvg as aypaciot cranghree fingerptintingevith wniuthetheffoutpecddd toh

ol TP LR,

connegted to the PIF probe 208, which face asm_ .
1003115t WISE S FHRERTFsY o450 MATJBAERoF b° S EvB ke ipgees in
jon flug QeI HE RE cASrel WPisHaYBltddebudtb RaeSa MMl dih@th AR

I nsul ated fromeach other by a dielectric material.

simultgngorsty mopiterdheion Kl and meniercansindisatay ofxhangen ghegmean
energyt&%ﬁ%&{]tottpg stﬁ)lséftga AdReangobd %]eﬁ%Uﬁcfna(gechﬁ{geE 1R&be.
I'n ge , a p conduct @a curren

nera asma sheath Wi t in
potentinleis paasimbledindicatot dfahiengesior the srexn anergy delivieredAo el ubgiete.

Furthebf B S AR R EA A b b S B
over thé @bir886f th8BICE PEREssAtH PaSicllesaflpAaFof BheRk And pRasins

referred to as th%ﬁgrobe sheat h voltﬂge (Vpr ehe
potentigh(igharyclative orgbiolytakat apferalsof less thap il @@msds %ﬂrﬂbleanc e,
Additicsrﬁﬁ?/,qpfs'a[s%taﬁv&ftﬁb@éﬁa%g midEs (p?., L EGe g6 e@or B8LdRfique)

equi potenti al . I'S equi potential, when neasured wth
by whiclempdhix and iahenetgyrcogidcheronimredret n pheildy o€sitasoversthe he

| asma_potential. (Vp). If it wer 0SS Lo vary the
substray, S5 et homry g e S GO Ry Aeblifi %4
change§ @Npldgihd fotertial aklibn Wk Gha pRishl) proceing@tahberfat @hpling
t hrough the sheath will vary in accordance with a well
frequeneigs\oh Indyptrighjotessst predesiFableat i onship (I1-V curve). A
representati ve exanple of such a voltage-current
[0032]y | at iVBhikeriop wishing telepeynd by eeryy i idielipyedhyghe mventor
. i Ol . ' | E.OMi 0
herein {EAEHER P o el 18 i R HicdslireB iR ieCER e
passing apross tHe plasmacshtath emeban Qéutric pobmgpiterebiaséd byan REipglse

convenjence, current, sensor. 204 i.s C n desi.gne
may bl oG P scioilecein g orr BB B Agh
changeb Rifpladial Fotériat eF@thef, iLAHEHIE nBAsureh &b Sthe Bhdatteflddting
ragge of frequencies (faor exa above 500 KHz) .are

|
voltage qrshe RF chamlegr biss valtagesnd apﬂ@@%ébw&ﬁ Yes prevaidabls
well krdwaWalitidfio f%%rﬁ{ﬂ.%%aﬁ Qﬁ&seg g(?]{l&r;llq%ve Sh %ﬁﬁﬁutg Qfta % 3§ﬁent.

measures the current throu sma sheath 2

(00331 004 11()%11%-%41 B rggao&hf g;m%ggegah%tﬁu} g&eeg%%gﬂéﬁsdﬁ data

col l ected by current sen ata was
potentiglaint eharabbr bidsvgltagelibimaRepessilih tRREH chxgeainliht eteamion

system configured for etching a 300nm substrate. The
energy TR et an ) SPEICAGGIS sl RAEr < R e gE:
plasmalpdtERAAIaS MifBcieRd THAPR! tha hRadREmEt Abél Bt Bhved0 Gived ek,

operating paraneters are detailed in Table 1 bel ow

specificyrvh b1t Rpds salcplated i cempryispr torprefgrepce value. For example, if
a plasma potential measurement is taken relative to a reference and then another plasma

potential measurement is taken relative to the same reference at a later instant in time, the
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27 M |z Power Range: about 1700 to 2300W Argon Fl ow
Rat e: about 200 to 300 seem CAF8Fl ow Rate about 15
seemto about 20 seem 02: about 0 to 5 about seem
[0042] Table 1. [0043]As a nmatter of analysis
convenience, it is comon practice to divide the

difference between both measurements represents the change in the plasma potential and
does not depend on knowledge of the reference used. Changes in plasma potential can, in
turn, be used to infer changes in the mean ion energy if the chamber bias voltage is

known to be invariant or if its change has also been measured.

[0034] In an embodiment, ion flux and plasma potential shift are ascertained from
an analysis of the measured collected current and the probe bias voltage from a planar ion
flux (PIF) probing apparatus. A PIF apparatus is commonly implemented using a
current collection surface (PIF probe) that does not extended beyond a plasma chamber
wall into the plasma chamber itself. That is, the PIF probe may be substantially coplanar
with the plasma chamber surface or, alternatively, may be recessed into a plasma
chamber wall. The PIF probe is a member of a class of plasma probing methods
collectively known as “Langmuir Probes”. This “PIF probe” method is described in
further detail in a prior patent included herein by reference (US patent 5,936,413).

However, the highlights of PIF probe operation are not germane to the present invention.

[0035] Referring now to Fig. 1, a simplified diagram of a PIF probe is shown,
according to an embodiment of the invention. In general, the probe is comprised of a
current collection structure, a conductive path, and an electrically insulating barrier which
separates the collection disk and conduction path from the region in which it is
embedded. The region in which the current collection structure is embedded is typically
comprised by the chamber wall or the RF grounded counter electrode. However there is
nothing fundamental to the method which would prevent embedding the current

collection structure into the substrate surface.

[0036] The current collection structure 102 faces the plasma and is generally
constructed of a conductive surface area 103 that is coplanar or recessed with respect to a
plasma chamber surface. In an embodiment, current collection structure 102 is circular in
area and comprised of doped silicon with a metalized surface to which a wire may be
attached. Current collection structure 102 is further coupled to conductive path 106
which, in turn, is commonly connected to power/sensing electronics [not shown] that may
measure the voltage and current characteristics of the ion flux probe with respect to
chamber ground as slow transient currents and voltages which charge and discharge the

capacitor Cprr (206).
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coll ected current by the area of the collection
surface 103 to obtain a determ nation of the current
density (current per unit area) collected by current
sensor 204. Follow ng this common practice, Fig. 4

pl ots an exanple collected current density in units of
mA/ cnR as a function of tinme. [0044]Fig. 5 plots the
sanme data as presented in Fig. 4 but as a derivatjve

[0037]wi t h- riselpiéng curisnt qoMection; srueuea MR ewne cquhsbye bty 1 Gt from the
plasma?&f&h‘%@le of 810(&;;1 E%% %llg ﬂléﬁﬁﬁlg%'gérﬁef A9 & embodlment

requen oW current
the elevtaucal&t msmﬂa;nmm;mi my ct)rlnpnies laldidRectnivy wedhoasquar®z. Idwani ng

he RF .erva interv bet oints. 1
embodigit Flegtical nsu il itied TG bqphined pr T HESRGuR Shilhatind
ceram15fsﬁ(ﬂﬁdsla‘ﬁﬁﬁﬂ1um\/hﬁt@1ﬁe [ a$urﬁﬂﬁﬁwb)d1db EicO$n arfferabsdlientSeléditical

current obtained as a tinme average qver. an RF cycl e at

insulationdarsi LA¢ is qopumisedRey wt i Wgﬂcwn)ma@ whych s small eaqligh 1@ hat

nsor
preven) i Kt iR G 1B S
condudtivg Ipathrijfé chad plasmae chagter et siowr(]210) is conmonl y
designed to respond only to signals ranging from DC up

[0038]t hr oudteftrhiag aoml it® Figam,gesimbliﬁecbdiagmﬂ « . PIBpgbea Inseasurembe

RF.ran of fr. uenc f | e, 5Q0.
apperafisid S Shopyne b cumodipeghol iR TRttt I8 Efacdal BHEdye
208 faded [lppa)smﬁ ISRGHKIZE AdPRasIAr 18 004ndlib Senepdityr@stRictddde a

lection surface 103 with respect to chanber ground.

conducmp surfasetagrgehatds epplangewith gr rreesspbwih sesaed tfaslawr chagber
surfaceé%’i?% as rﬂ_é?l%oﬁée%’ kiﬁ all 'eﬂl%ﬂeﬁﬁl tagZ)ufsy@ g robB Y s@m*eS %ﬂ%ﬁ bilst y

I 'ngul s romt she pot ent | probe
sources208aik h&»nnentd:d bettvesein bhanlibeg grodnd wid thie tmmm:@bf abf hlgckkmg

capa01to|1'J 8})1{: Sbé a’Phls gﬁ)c %g Catlprzi.%ltgl‘l s% lrﬁ% belzi 1nguls e%'from and not

confused with the blocking capacitor previously mentioned through which the chamber

RF is applied (not shown in Fig. 2). The DC blocking capacitor Cprr 206 is then in turn
connected to the PIF probe 208, which faces plasma sheath 213 and plasma 110. In
general, Cpir 206 is configured as two metallic plates separated and insulated from each

other by a dielectric material.

[0039] A plasma sheath (probe sheath) 213 exists between the plasma 110 and the
surface of the probe. In general, a plasma sheath will conduct a current in response to a
voltage impressed across it. A voltage impressed across a plasma sheath is referred to as
the sheath voltage (Vaean). The specific instance of a voltage impressed across the
plasma sheath 213 is referred to as the probe sheath voltage (Vprobe sheatn). In most
instances of practical significance, the entirety of plasma 110 may be regarded as being
equipotential. This equipotential, when measured with respect to chamber ground is then
referred to as the plasma potential (V). If it were possible to vary the sheath voltage
(Visheatn) across a given sheath, the conduction current which is then caused to flow

through the sheath will vary in accordance with a well known voltage-current relationship
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[0046] Fig. 6 plots an exanpl e probe bias voltage (Vs)
as a function of tinme for the sane conditions used to
obtain the exanple data plotted in Figs. 4 and 5.
Since voltage sensor 210 is designed to respond only
to an audi o range of frequencies, Fig. 6 does not show
vol tage variations due to the full RF maveforn1during
the RF burst |nterval the interval between points
(I-V cypg)- A @prep;rﬁetl\@)explgp e\ Feah at\fpétagg:cqrgenéﬁéqq%@m (I-v curve)
1sdmg5&ﬁﬁ9ﬁF§Fby’ what is shown is voltage obtained as a
t1 me average over an RF cycle at each point. Fromthe
[00407di SC Ufﬁ% %h@&?ﬁf’at a ¥1s§#)ﬁ&1&9tt€ n{eQ%e {RRuiEf Rblected
bi as voftage 1Is re e probe sheath voltage
by surfad4 1(3rio e foheaf hl)rr@ln slemd)’le’l(hl aAsranpiteritanallysi§ Wpjvelignaes e
of th Xpressi on Vb = Vprobe s t h+Vp, [ 0047 The
curtent3gnseBd0 S FEBE R L O USRI QI © MBI FRE oG PC 1P

througﬁ wel | adol iingel dTHequédcRE U eSignalsh (e RF iranpd oﬁff@d{dehbié@(féﬂ he
F burst interval) followed by an interval duri

examplwb,oweéﬂ% Kiktz) pee tyamca&lyaﬁx@eteéo qte that,anpbigatigwof (Kméoff‘ s
current?g\k/% G that cﬁltn%gf/ @hdor 209%1sb ReaSitamE @uﬁém ﬁg'bﬂ%rﬁlas ed

taint ata presented In Figs. 4,
sheath2iBquency was fixed at 11.5 MHz during the RF burst
intervals for which the RF was turned on. In this
[0041]i nst arfie 4 pmwig;i arepresentativo yxavaple of dax aolfrceed btyh:arrEiE

nt er was fi d at. 2. h
sensor .o FASFEAIE it s Ol IeAG AR PRt REREDRAL0 BRAS yfieh
systemfdoﬁﬁghréd fod thl’ﬂd ld ﬁ)@ﬁ@rﬂ Slibstrdtbe ThHeIpREHERRasisOétEhEby 2MHz

commonl osen to be long enough for the systemto
chambearRE#f| 4 é‘ﬁméﬁr tegpetatus @nsirﬁugﬁrﬁtfr tgmparaisn 0bF0°€] Lher ¢
operati] g Sﬁte;%:ag?dct?t ild b BLbMD gligd.r i bution of charge will

ere i's no net flow of conduction

Chamb%ﬁwes through—the—system arsow%gr%w%ﬁhd”b of —the

|str|but|on are det ¢ e details of

hao ~chandbar nad hao
27MH|§{ OWSTg%{ng i's apgl i ed V\hen gl'ﬁ ;7@“‘8 achi eved
thi-s—equi-H-bri-um-condi-tion condueti-en—current
Argon FlogRatging t he vol tage acr os*ak%ﬁgqmsgﬁéath 213

flnn

- _(the sheath voltage) Is saifl to be at the "float
CiFsFlgwtRate i al " (Vvf). This quant | 880utd> sesietp qyqucgp

illustration as point 3a 5 in Fig 3 [0049]1n actual

O practice, direct neasurenent aksut DS wboutaemn acr oss t he

pl asma sheath at any point in the chanber (including
the probe) is very difficult and rarely done. In the
case of the exanple data set discussed above and used
[0042]t 0 obfTable IFi gs. 4,5,6, the voltage across the sheath
was not neasured and thus the actual value of floating
[0043] pot entAisal matfer Whsnalwis cvedricilob.dt is Hommlrpradtms pedivide ttheof

Fig. 4 shows that zero cur at
colleoteg it ty the arepiof teicslieatiag B@r@ﬁtﬂﬁ 3% Sp @b e Bt
current'd@fsityQLiAGR P@rclﬁﬁ’tsa?eef) Q@ll&ke@%@ct&@ﬁ%ﬁs&tZOmhF&tbﬁlﬁgﬂﬁ% ' 5
no cuarrent tlow, points 0,3a and 5 of Fig. 4 theref
commongsacsise dtig. Apindian iesampla colgetedivurmeat dengibeingmisaefmA/om as
aﬁnmnogh¥?g§ has achi eved the floating potential. Note
care ly also that t hese sane points are al so shown
in Fi ts 0, 3 _and [
1004411 g r Sigo Pl 18 HF dite Bt il APy A L g fitive win
respectp@tige! Saice caterd@ensbr 204 ifdedgiddad rapendi@ly i’cﬁdrﬁauﬁfdl’ﬁﬁge of
bi as_vol tages, (Vb). During the quiescent rval ,
frequengies,igs Hafl R dociot Shavs cyrrephyaTiaiopy adsed by th s?u E%F Rav OPH
Fig. 6 corresponding to probe bi as voltage of about
1 volt. During the interval when the RF is applied for
the exanple given, the sheath achi eves floating
potential at point 3 in Fig. 6 corresponding to a
probe bias voltage of -67.5 volts.




[0051] The shift in the probe bias voltage required to
achi eve the sheath floating potential during the
application of the burst RF may be understood as
follows. The application of the RF burst results in an
RF vol t age Vsheat hRF appearing across the sheath.
However, as evidenced by Fig. 3, the probe is a

non- | i near device, It can be shown that th

dunngﬁlaﬁﬁlf Rert nteyval ébg itervalbetvese PoRIts | andy3 %@g% H@é@ g) for

t [ n 0 | o
wich RS SILL BREST bl §ichatl Nl gl o

obtam@fuatttlmavrrag[e@@&za]m/m%cyﬂér & cach pdint. el ectron tenperature
and VsheathRF is the anplitude of the
[0045] Returning to Fig. 2, it is seen that there is also provided a high impedance

voltage sensor (210). As a matter of analysis convenience only, this high impedance
voltage sensor (210) is commonly designed to respond only to signals ranging from DC
up through the audio range of frequencies. Signals in the RF range of frequencies (for
example, above 500 KHz) are typically rejected. High impedance voltage sensor (210)
provides a measure of the voltage of the collection surface 103 with respect to chamber
ground. This voltage is defined to be the probe bias voltage (V). The probe bias
voltage (Vy) should be carefully distinguished from the probe sheath potential (Vprobe
sheat) indicated in Fig. 3, which is defined to be the voltage across the plasma sheath 213.

[0046] Fig. 6 plots an example probe bias voltage (Vy) as a function of time for
the same conditions used to obtain the example data plotted in Figs. 4 and 5. Since
voltage sensor 210 is designed to respond only to an audio range of frequencies, Fig. 6
does not show voltage variations due to the full RF waveform during the RF burst
interval (the interval between points 1 and 3 of Fig. 6) for which the RF is applied.
Effectively, what is shown is voltage obtained as a time average over an RF cycle at each
point. From the discussion above, one may also note that the probe bias voltage is
related to the probe sheath voltage (Vprobe sheatr) and the plasma potential (V) by use of

the expression Vi, = Vprobe sheathtVp.

[0047] The pulsed probe RF source 202 delivers an interval of typically single
frequency RF of fixed amplitude (the RF burst interval) followed by an interval during
which the probe RF source 202 is turned off (the quiescent interval). For the example
embodiment used to obtain the data presented in Figs. 4, 5, 6, the frequency was fixed at
11.5 MHz during the RF burst intervals for which the RF was turned on. In this instance,
now given only by way of example, the RF burst interval was fixed at 2.5 milliseconds
and the quiescent interval, during which the RF was off, was fixed at 30 milliseconds.
The quiescent interval is commonly chosen to be long enough for the system to establish
an equilibrium configuration of electric charge. This equilibrium distribution of charge

will be such that there is no net flow of conduction current through the system.
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vol tage oscillation across the sheath. This voltage

shift noves the sheath voltage away fromthe floating

potential which then causes conduction current to flow

t hrough the sheath in accordance with the |-V

relationship of Fig. 3. This flow of conduction

current results in a charge accunul ati on on the pl ates
The capacitor will continue to acquire

f .
[00431c har el hastails pf np b e disaibyom e aterhcd by idetais phfic
chambb ki35 o teBHRS G hich 1S LHARBR L POLERN, Bt Ficrthe

systemdmar deieved shis squeBbralh cedddtibn andwioi cohduchien eurrent lows ahd the

current f.low indi i t hat the .pl as sheat h.has
voltag S A RFRELETER e (P Shep g BB B ERAP, B, e foatng
potenti@P VY IThid Ueh@NeEn&Ed byRap ¥pilibteatidatadpoiht 3,95 Fig. 3., 6,

the systemrequired the capacitor to charge to a val ue
[004910f - 67n BctMAIpkatib® direbtUhdhshdficatuTatdvol@bs Ad6ssttRe plagna

floating potential. [0053] Consequently the instant
sheath gf angyrpoRit in the ghaynbas dinthudingpie H@bgtls veryideféiculo 2nd rarpby done.

i j r 06

inthe S b HE o5 B SRLIE0R 0B L6103, L1 B0
voltageaqupbsis tlat shoath w@klRoi€asiued aad thuk dregrethabvedueodfidating patential

DC potenti across its termpals. Furthernore, at the
Vewasi i PHED o1 g Pt Revckfiph PEGE: DcbiReit 10 e v a
points 0,38 ail 9DesiabeRt Mo eSodntihl is HOBRA th Be BRSIoltage across the

I mpl ement ati ons, the probe RF voltage anplitude is

plasmagheath af which {hereis ge cusentdlow, points M3qndpeofdiig  therefore
¢ ¢ b ! : he
s RSP Bhy A ALpSHL LGUEPERANASS] B BB 1
potentialn Noig.cai®ful Bailsot thdt these Bargs poiBisdyrdalfo shematie §ig. bas points 0,
3 dg’ nstant at which the probe RF is first applied. Thus,
ad Ypon onset of probe RF vol tage application, conduction
current.wll flowto Cpw 206. |f the, probe sheath
[0050] pot entl; aﬁ%%tmnfi?réipr%i}h?cﬁ@%ﬁ%ﬁ tpe Sheafhy ARG R g7 RLOTHE
at mor&h8Cre@dn SefoUsrahd Kk le%@ﬁé’@?ﬁ' Dufifg Bfe dult@c &l 8t N Ithe
o the

)
current will be limtedto the "el ectron saturation_ .
probe sheath aghieves flogsm] prientiel @ @ein A is Higup seirespording kg probe bias

voltageLoq' abOStA ol rﬁu?mg t%% fﬁ%eltg{éﬂ g\ih%lq el i %nclpglg&f bop ﬁleer&arﬁﬂlet he

asi ¢ paraneter asma such el ectron
given, tthe ssdath/achirded Bogoimg abtential al peint'® ahBigi 6 eoreaspomiigts alprobe

bi ﬁhi C fgﬁzjégctﬁron saturation current nay be cal cul ated
123 voUpge YeRer P known to practitioners of the art.
Furth etai l.ing of .the_ nechanjsmwhjch |Linjt he.
[0051]curre eg}&htlﬁ Qleé’?i?t_tﬁ‘%’(?% m%ta%{ea@r@n fogchigye @sgﬁf‘éﬁbﬁ%mg
potentiéél'?ﬁﬁhé Hﬁ:ﬂiﬂbﬁ'&tﬁ)ﬂ Sf {H3\barkt R@'%J}D&ﬁﬁﬂda&fdoﬂgs l?(hfc‘)ws. The

_application of probe RF, by convention, electrons are
applicatipwof thg Rifrtounst resultpinanRE selthge Kanamdr 2npsagragyess e shagh.

[ f . F ] c ge '

HowerSEAE Blkercb PSS ERARL DEREIRGPARELE D ol Ao
this nonlagadity\resutth &r gPCashiftimthatheath menpbbihacdté withiths char ge
. confi uraf?itqn on Comin turn causes the magnitude of

relationshig glYfRDEIY f | owi ng to charge CH to decrease.
Eventual 'y an equilibriumccopfigurati i s achi eved.
Thi s céé}% be under st o'bﬂe Eﬂi o bF point 1 to
poi nt anshrReR €V €\'E‘U ?s U‘%F"W— » 5 1 N Haulkiorst
[ 0057] I n accordance th {he| gerneral scription given
above, the potenti al
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across Cpw decreases frompoint 1 in Fig. 6 until
reaching point 3 in Fig. 6 sufficient to offset the
probe sheath voltage shift induced by the applied RF.
Note that to reach point 3 in Fig. 6, the system nust
pass through point 2 in Fig. 6, which represents a
probe bias voltage which can be related to the plasna

potential. This significance of this particular probe
[0052]bj as W¥heradeisihe plegieondpmperaaqiandnV gairatiethe gaphiude of the

: r ' . in
voagD LMok R0 GESIRO I MLTLA Tl DR, RO el
from tlenfibatihg ppentid whichshemdanssgeonditiion esrant toaflave thvbughethe

which results. i h rqbe sheat h. potential near its
sheath {1 PR T PR RRSVEPFF Bt dRRel of copidiog cpent
resultsfitli ERRge AR AtALTE0E BRTHEDIatSIB N athe leApacibrSwitiadiifieas ,

the capacitor has charged to a potential necessary. to

acquirepehires Wil §neashesapaientiet of appesiteaign t9dkeRF induce By

o i BBl S UMY L
is estatdshedie wii¢h theretismmeet cofrént flomeinBieatimgpihatable plasrha shieaththae

hea oltage | .hen renpved. At this,instant .in
bean retie e poRmbily iny 7 RS et of e ARG dpef
Figs. 41308, € dyslematqiidd tROGipaditoe fo efrgabatvalieion -67.9 volis tokbiugn
I's al so represented as a di scontinuous junp from point
the sheath violjaggfoithe foaiing potemidl. pr obe sheath voltage is driven
maxi mum negati ve val ue by the probe bias voltage

to a
[0053]and i $onprapenthythe gistapt aftan R is apnjicd depnhREgursTsags ¥Be
| ! . ; S ot
e RSENBELLo AR By ATk P CER P 081 e
first ingart wif buisORF pggicatore Crin 0@ o rioh cldrged @id ekBibE9 b ®C

. ni tyde of the current flow ng .t r d 203.is .
potentigliisn l rBimals GErG Mg ey iR B AR Kb APtk ehtereds
a shift ini thé Biobe St Sot&@i@NON| y at the maxi mum vol tage

ni sheat h to which the sheath 213 is driven by the

[0054]changey hﬂsﬁﬁ?%é_ﬂiaﬁ%né{ ANd 6 RP v6RagR Gedplifudehiesuttifient3F
is turned off. li-sat represents a limting condition

large taoishilt Mgamebaheath @otsatial shiftbelsneficeans magnifude to bias tig sheath

. . L4V a0 t . ' d

o hESELEELAQRGSNSY BASEMISES ey s hanl g

the instasad at sthixheble probe BEnefisst applied.owbhispupgrasetiaf iporbeRY afltage

. t.he art. .Further ai | i t mechanj sm and .
spplicaigy cQRaHoBh U ML BT B bEr A0S df G GrahR RS ppotentil
shifted if@ie{cht @AEhiBge &l inAMBOEIeGFon daQRERIN the ARG dTekE NS

_to discharge, the probe bias voltage Vb also begins to

chargingeggrpntvall pedintpdite the “glectremsatygtionewreat” drawn from t he
plasma. Eventually this conduction current rel axes to

[0055] zer o. Timpelectronesatigafthacaurient, ek Tepresentsy kg Lendition| ue,

i . ti . . th
coningpf PRSI PEAILRO ARl e NEATRL B!
temperaturel €Tlie théchanisthiaad imeand by whichrekcardn satadiign Oetenemay béie
decay current and the, probe_hias vglta can b
calculafy Gre geBeF 1S Kopera P HBES Of e ARt BATEheE Aelplae OF 5i ng

mecharfi$€ wkichSHits the Eurfe Pthe sathifdfoh VAIBAL, iPRstideRRarito t e
current decay frompoint 3b to point 4 can be anal yzed

understepdipgthgiinveatiobasur e of the ion flux incident upon the
current collection surface. [0061] Additionally, the
[0056] non- | Pudng thewppligation eEpipb¢ REnbypennyentipn elegitingarsilowang

from thg %lasma and toward the PIF probe. As current flows, Cpr starts become charged,
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anal yzed to obtain an estimate of plasma el ectron
tenperature. The nethod by which such anal yses are
i npl enented is a well docunented aspect of Langnuir
probe prior art and is well known to practitioners of
this art. [0062] Recall that during the RF burst
interval, the PIF systemw || charge until point 3 in
Figs. 3, 4 5,6 is reached. The inventor has observed
with apRsitive eharascpumpdnting @ plafe ﬁﬂ@gnd anegagvechargreacsymulating on

plate ZEHStThg %ﬁacrgé Qé tiof] 'oH 1ﬂ thrrF BSes the tha éll gnélﬁrde A?Mg% %gx?eﬂt

represents a s eath VO
ﬂowmgm d’[argerﬁﬁuetmdscrem diwveatualdy aleantmlnlomdn ccwﬂgatatme ig(ahieved.

n t he pl ot f Fi At, this u ue .
This cqpPRndbigr s Bovemen tiog LA Qe e e RGO Poin
3a,5 inSH1gad.h potenti al becones equi valent to the plasna
potential. As the system passes through point 2 of

[0057]F1 9. 3n abd¥@dank&fth tRd %%ae@ﬁ&b%slsptﬁmcgﬁén%be@% pofentibe
curvature éslope) of The current as a function of

across Sipiplecroases fge. polriilgn Higs 6 unbibrsechingspgintch indig. éssuﬁfts:ilm top
f
oftset il pR4H snében J1faE AR BLAEy e abifedPD RotEhhd Fech pping
3 in Figli 6 ther dystamemast pasa thiresgh poimf2 ia Rgr@w&mﬁpbpre@htsdi probe bias
averagi ng effect of the inter on.of .the fuJl ti.
vottag ¥R duhbe SLaElof wistiaotieh, (i GiePisench e o girtouter
probe Bh&FdTR: Qfll?ﬁé didtusseling ghtateRiétail 8tlohi OpalVRh g e PbleRiEdl
are no gernane to the invention. [0064] ] n accordance

noted aipoint drin higo bcthe ewrrenh drapneryerr haqgap Reghigiblerand the probe
bias Vogﬂra]l% %Up?éggsc %yalﬁé 9%, Y d\%vﬁﬁh %ghlrtg in4hd} %1% ¢ sty She fﬁ%téﬁﬁalfﬂé'élt faer

rrvativ ecurrent
floating 'pgtaatlial W tvhereasthe c:ipatm:ortceatses toﬁunhexacplhlra‘ ¢haegei dVote that in

. | t h | -t o- '
is copfif, e seiaon jpreet e s Bon ] pie SEPu Sl o bess
shift inCshBath @btent@d) Gdueed by e apSiieatRa FRH dquiledrRet 448 is Ritéd as

[ 0065] An exanple is given in Fig. 5 which plots the

point 3g; Him kigrG-vati ve of Fig. 4. Fig. 5 exhibits an easily

di stingui shabl e ak | abel ed as point 2, which
[0058]corre 81, pace b@‘stsaoufcsaﬁ%es turned joff, theRFaindyced sbifteld

e BB e B, By LS AL DS

determpried by tiof ptdreiaPdIFCie206 ginenan domed ér Bigl §. Bluis iy alscrepresated
the.t t he. RF d t time.

a5 8 dSg RGO B0 S soa Sl 1 e @teahoadh velfagt s Given

toa mefxﬁrﬁﬁh'n@%tﬂ@ﬁlﬁﬁé b khe(;fi@lbd’ﬁlasgs)olt endi R ﬂ?ﬂtl@ﬁy é’(ﬁial fbg e

this occurs is found by consulting F at

Vineatr-mderi € PrObe shegihispltageachiened isdymieally suffigiest fa bigs f&aﬁ sl;rqagh 4
into a cggglgl‘éﬁ g&&g& ad e isafiAon BT hRS nbfda tid PR, & pOint 2 of

[0059] The magnitude of the current flowing to ground 203 is commonly referred
to as the ion saturation current, or I and is commonly at the maximum voltage (Vsheatn
max () to which the sheath 213 is driven by the change in probe bias voltage which occurs
when the RF is turned off. I; qrepresents a limiting condition contingent on the basic
parameters of the plasma such as electron density and temperature. The mechanism and

means by which electron saturation current may be calculated are generally known to
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[0066] Thus it is believed by the inventor that a
nmet hod i s achi eved by which a relative neasure of
pl asma potential may be nade. The nmethod, in summary,
is that of the follow ng: [0067]Find the point at
which there is a break in the curvature of the probe
current during the burst RE phase. This is best done
by differentiating the probe current wth respect

practitiqogss ofifhg aste aFwitien getpidipg phihe meshanisom gndhesbgulationtoh ghis effect

d th
s ot {ERkl o Sap A Ton 0068] Not @ the (e at i ch

the br -nr | pe
10060), 02 <ALl Pl e PR ARG SPas Rt be
decay pealking mmdbcreasmg eueit rdm\tn filexn itheeyilasnen. [E\&tn)ually this

[0069]Ins ect the prgobe voltage. as a fu tion of
condugtign SBTERFHREESER gerpr SPhenhy qoagection HEPUARTRLS 7P éﬁq&p e
probe ﬁweat%oféﬁﬁ‘alqyﬁil'ﬂaee hdhisved RlelfRAANE PotBiftiaV W, 3eHEReil EHeRITE ha!

- probe [0070] The inventor believes that the probe
furthertsjugrent 0w. afee funetinnalyelatipeshin brtwerirthe dersy susrent gnd the probe

S
bias viiEbPHME AESRLE Bloy PRI pRALERH Baraclefizhig e fihla, Pror
examp]eathd:&mezﬁr mﬁﬁbmfhh@&ment degpe frbhlepoine t3baa paiatd tdvebe dnelyzed
that after tion.of RF

made abso cal | ljic
o ] et o b iom i neidist by g S g Bolein S8 ge
oint 3 in t _whi ch I th t
[0061]| s f oﬁffﬁo tﬂ%la % “é‘li n%légﬂrar Gﬁq%haeca% it 13041%64 fp@%ﬁ?%‘ﬁﬂ
analyz&Pfo Ot b Ebtiinut DS PRI RYroh RGeYatureh €ThE MEAHd Yy vHiGP

bel i eves t hat
such analyses are implemented is a well documented aspect of Langmuir probe prior art

and is well known to practitioners of this art.

[0062] Recall that during the RF burst interval, the PIF system will charge until
point 3 in Figs. 3,4,5,6 is reached. The inventor has observed that to reach point 3 in
Figs. 3,4,5,6, the system must pass through point 2 in Figs. 3,4,5,6. As seen in Fig. 3,
point 2 represents a sheath voltage (V) at which there is the onset of enhanced curvature

(a “knee”) in the plot of Fig. 3.

[0063] At this unique point, there occurs the circumstance in which the sheath
potential becomes equivalent to the plasma potential. As the system passes through point
2 of Fig. 3, the “knee” also causes a disturbance in the curvature (slope) of the current as
a function of probe voltage. This disturbance is plotted as point 2 in Fig. 4. The exact
value of the probe voltage at which this occurs and the details of the shape of this
disturbance are a result of a very complicated averaging effect of the interaction of the
full time dependent behavior of the sheath voltage and the plasma potential. The details

of this averaging effect are not germane to the invention.

[0064] In accordance with an aspect of the present invention, this disturbance,
plotted as point 2 Fig. 4, may be further amplified by taking the derivative of the current

signal with respect to time. This amplification results in a signal with a high signal-to-
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the difference between Vplasma potential - probe and

Vb-max al so represents a neasure of the difference

bet ween the sheath floating potential and the plasna

potential. This observation advant ageously has

di agnostic val ue since the well established Langnuir

probe theory asserts the following relationship for

the difference between the sheath floating voltage and
noise 1pliqsheblngraPHdatipns fieh apBitematicerrpresseantigl. (pd-oinEp sygtem

ame reference. This relationship is shown in

fault dg&:ddﬂf %tg 2 (Braithwaite, et al. J. Phys. D. Appl.

Phys 3 4 I FOyas ion
[0065]2 abov%gse)%ﬁ’%?e %ﬁé’%ﬁgggi%oé XVHEC% p%YS ﬂ{elt{;&e)eoﬂz%%gggﬁem e 40
Fig. 5 axhﬂarsmn@psﬁlmmngﬁifshmet p@kmabded ax polvet 2 whichrogespbnds to

| e.ion species e ratur and
the disfpfbancp i EiP Roigils POt B AL i Rt RS GoBhL 7 obyeen
dunngla& BiirbtlphdR AR 1001 1, PheAhARASUPHRERHN thOPIF §/stehd, ahd gy
hat M can be inferred fromdifference between The

occurs é?ﬁ@éﬂeh thre tivag tha & Fis furagseoramainp | bandehpome durig whirh the
posf SRR St B TORGAPLELTAT 11 D0 B Nl

which thissadcbisas foppd by adrisching dfig. ©rdd edhiahrenis seanf thathike voltagedf point
.herein ul arl for ontrol|i trate
2 ot Fig 4 costiondigh s B slee el i oot AR a ol asma

h troll fo d
10066155 *par ko IE0R EHEL DB EESE B EFRC SARAGHEE BY PHEH S
relativéRbA e FHRmIPRtnAAI Hy be%’ﬁdee MHedthod) & @‘fﬁrh , is b of

to monitor, to generate an alarm or to affect a
the followiresi ti on in t he process. The transition may include,

for exa initiating an e oi nt handling procedure
Fg?éﬁp betsk

[0067]i f an opeint afovideh there is 8 gcthe gurvairgeighéprobe
anS| I on
cumen ERRAR IR RS el R OBL b bR g

with reé‘p‘ecamidi\@ind@&ﬂﬁ]img forttheresulang péakan theaderivmbleldehe current

rting a qBMISUb step of the plasnma process. These

(mcm“Pg Hang § HEPHﬁVmb%ﬂ%%$#g?nEd if, for exanple, a value
det ect ed usi ng enbodi pnents, of the |nvent|on fal]

[0068]wi t hi ANoke the Egerat wdirhihe brsak inj Qurerfirarvatge @sypresgriped above)
occurs gtﬁé Bi%ak Q&re% &ﬁﬁqﬁ SPEBNMIE il el u}ﬁ? i LG ALEMtive

xanpl e, |at|ons In e tine erence between
plot). time tp0|nt2 (e.g., point 2 in Figs. 4 and 5) where
the break in the burst RF phase probe current
[0069]cur v aﬂmﬂpectmlmicpmbe mitage aste function of time to determine the probe

voltage RGPt B WPR 0L R i vgﬁ?%?ggbst A

the byrst RE e rox for
[0070] ¢ hangdd® me?tﬁgg%egsﬁﬁgﬁ B pETEbES Yol el ben Reruce
above 19 @8kt VB eBredEHRGIE PofERIIA. If the details of the sheath voltage can

also be ascertained for this value of probe bias voltage the method can then be made

absolute. Recall that after application of RF bias the system will acquire a probe bias
voltage Vi.max (point 3 in Fig. 6) at which value the sheath is found to be at the floating

potential.

[0071] While not wishing to be bound by theory, the inventor also believes that

the difference between Viiasma potential - probe a1d Vi.max also represents a measure of the
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reliably by techni ques such as taking the tine
derivative, as seen in Fig. 5. This tine difference
may be conpared agai nst a predefined wi ndow or a
predefined value to ascertain, for exanple, if the ion
energy reflects an acceptabl e operating condition, if
an endpoi nt of a process step has been reached, if a

rocess fault condition has occurred, etc
dlfferqne@b@mﬁa & slsath Joatipg ppigatial and the nlwam&gqmlﬁlu ddhisf t h e
obsersRiGp G 0lLARS AL BEBRANELAe biled B8 ool cShbiThed LR
probe thstnaa assaitsite followmigatlatignshiprer the diffen¢nct between the sheath

. af emsntl ned bre in the burst RF e of
floatiny Sl oBFR prfeRRe DR ol 4F mieosird Witk bl REARE sefe,
referertcbe Taisqblatidhipd showwd ivdqusitton 7 @raithwate! & ab JNBhys. D: Appl.

ref erence volta%fe may al so be enpl oyed as a proxy for

Phys. 34,@R8L 8373844 blana i on energy. The magni tude of the
probe vol tage correspondl ng to the burst RF phase

probe currerngr br i nt onpar ed agai nst a
pr edédf,i T#d + e"aeg(;v—n val ue to ascertain,
for exanple, n e | ects an acceptabl e

operating cond| ti on i f an endpoint of a process step
[0072]h as belerEqnetamrﬁe@bovc,fMais mcma@ssf ﬁlapb&iti‘@dnm spectsn ohars
approp%% gfegﬁl\’% ISES% flnE %CIJIZS ? tlp?? ]ﬁ) ges%eé Pt tTIIS glgatron
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Obtameﬁ%eaarra@ﬁlﬁ ok &t irsean t?lﬁ% e Recipfegiad gmeﬁéf B bweane
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such as end-poi nting (such as determ ning wheén a gi ven
from theayethod ef the intvertiandisaugtell abene: omat i ¢ process control,
mai nt enance nonitoring, and/or systemfault detection,
[0073]As di Sldewssaseimany bossible apipbications ef enbwlibettswetthe plenisorn
X rese neasure of .
herein RtRHor D forcrRlS e Aatne P s ERE BRE B T TR BS KRt in

a plasn&ﬂp‘i'otcﬁ@m@ kgitier POheEdnt@llingl mayt by perfolhied 4§ Jakteyfateatic
bet we he, sheath floating, potential and the plasm

procesheand oatl-DP o BE JUREnANGE TR ERRS, 9YSI5TR frulfglstechip gic. to

monitoEGH @Ehte 4n alafin Yrh&hIFLR %Qx%nmﬁo&ﬁatﬁ? obfss! e ﬁgﬁsﬁﬁ;n' &y
I'on“mass M affects the val ue of sna potential -

include fastsaamplg, Wisiating an asdmmﬁ henstling g’rqchéurq iff fnendpaiet ehdition

a nti e _and er tdi
s deteelRl R TR ERbn T e P GRS ARRATy B a P

procediuerif aifaiticonditien AfdeteerdnA$ aneltbr @pphple ahe ﬁﬁl&ltlc{nﬁﬂaYmiblﬂde
Ive I on nmass

an enbaqdi nmen the effe
starting e 8 Sthrefi 9 %\g}é@flﬁ BIONEY; %ﬁi‘ﬁ%ﬁ&é@“%ﬁ mﬁséb%w&msﬁ if, for
exampfeeérpeﬁﬁ@HéiE&edTlﬁlﬂ?éfnﬁlﬂllﬁ&{té Y8fe Mo TaH HifhRla gredditheline
fference between the sheath floating potential and
wmdow,heecpnaétmar fols belowaor qxaprds Rome predefimedonbnd, rel ates to
the difference between V plasma potential - probe and
[0074] Vb- mekpr éantplis; Rariatonb aoiheeintesli tiéreideeetwisen mimedty,; o @, de

a technlque for detecting changes in the el ectron
point 2tip figsr henst D v(hrey the\hfﬁakhnt aﬁn)é\meambmﬁﬁ%vawré

ey e ol e

achieves the floating potential during the burst RF phase may be employed as a proxy for

changes in the plasma ion energy. As discussed, this break may be detected more
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par aneters di scussed above (e.g., ion energy,

effective ion mass, electron tenperature, etc.)

derived fromthe relative plasma potential (which

pl asma potential relates to the probe voltage as

di scussed) may be enployed to nonitor the chanber

condition as part of an ongoi ng mai ntenance program

~_Aternatively or additionally, the burst_ RF phase

reliably py rehpigpessyeh agfakige thefingderivative appegs an Bigobe ThiS timgge
: &%ﬁﬁ%r GhAIRE art
mﬂhﬁ%§%2§92%90|ng&ﬁggﬁgg% ﬁg%ﬂggogran15%§ hgﬁ%???ﬁg?ﬁg may
ascertap, o cxemplef ditheaion energp rdfleets @p ecaptableafpetatieg poraitiee, if an

ot LS8 B PR s, 5500 LA Bl 5 L

mai nt epance tasks. that. y need.to.be rfaornmed.
1007S] Do 7o R UL G phhR i oL e R RER PRI 1 ¢ er s
correspind @ 16 HR| bubdt RiFgshbethrebdasieienres pdiﬂteﬁwmdlr;ﬁobe_ voltage is
alterations, pernutations, and equival ents which fal
obtained hyh¢anrelatiog siomde thaf the hfaementiontd bieak feoursar dmuast REhi | e
Fig. 2 discloses an arrangenent that may be enpl oyed
phase ¢fghe probe pyrzani Peyaturrevities similae tipe s wethe piob v pligge cpfvature)
. accordance with enbodi ments of the |nventd o ot he
relativEf A ARE TPt Lo BRES B tpbloyeitds » B e hanh iEhe
plasmadios fshdagya 'lc“)l%b Iﬂﬁghﬂimue af tha qbglro@b |v©}ta’gé| doagspon g eethe Gulst lRF
surface 103. This variable voltage source may, su y a
phase Rrgbg @irienbbregk pRinfepL uePaiRd AgrBFtAPreeeled vadpat &
predefinbd RN Alscerdid) ¥ Uxdble, Blife ibn EhaLy fPkES aﬁﬁcdégﬁglet 0
effect a transition frompoint 1 To point O, 3a, and 5
operatipg cetiditions if anreatipyoiudlayprocssd stefbhas been reaghedeifia prasess fault
..pagsi ve and/ or active conponents may al so be used to
cm“h“§%§%V“§“%FQSQVO|tage to surface 103. As anot her

exanpl e, al,t hough .the etch.a i cati.on is _enmployed for
1007617 | P U PRI SRR IROH OO B ey bl vk BRecyaegte
differefidel e @AV 1 YR S8R | 288 VB, LePRS tilnk Ay HEynpidyea thadnedti t

fromthe invention. It should therefore be noted that

changes futhe plgsea cheryisy + ERmdRparion RAgRanges inrfps Rigwmt shegithemay
then bd BAHIOES 18 %@at@@ §1r?;dgltas !eﬂﬂ-ﬁgfn'tiﬁg (sub® Q@@tc’:’r‘ﬁl\fﬁlﬁ% when a

~ disclosed nmpl e enbodi ments anhd the best node,
given laysdiif ¢tcteeditimosglanaitoraaticatrpenss condipl, lieaintaokmce monkiering,

di scl gsed odistents wWhile renmgj.pin i t hi he
andlor 155 PR FARRORG ARG Rs o, B B Yabiel gy
probe andl O, L. Q\epigseaitsal MEasure Gf MeMiridibade bebwednahdr@@athSloatidg A

.nethod for controlling a_ substrat rocessin rocess,
potentiglng thq ipfasmapaiensiab cladumn e diigaere EYQ‘?@ ﬂaf‘oﬁlalﬁﬁ%b tiogina o
potentinréi’xﬁffﬁeSplﬁsﬁé‘;%ﬁéﬂtﬁi RIHS DU R A% 108 ntass NP EQlafion 2, In

processi ng chanber, conpri sing: provi di ng

other words, F cligpiga irathe ieGrctiviedon) massad atigets the vatuean{ )6 n@notentis arirobk
Pl F gyrea e t including, aty,/| ea | F

w Vog P R ARSI B LSS R

changes$ & e pifagive inhinks canbe aswhsihedioe ubsinphiosforatttionedsai d

) ?Iasna;
applications.

[0077] In an embodiment, if the effective ion mass M is independently
ascertained, changes in the electron temperature Te may be derived using Equation 2 and
the difference between the sheath floating potential and the plasma potential (which, as

mentioned, relates to the difference between Vyiasma potential - probe ad Vi.max). As such,
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alternately creating a charging phase and a qui escent
phase for said PIF arrangenent using an energy source
that is configured to provide energy to said plasm
via said PIF probe; ascertaining a tine
tp"",a, said tine tptha representing a tinme during
sai d chargi ng phase of said PIP neasurenent
arrangenment wherein a first potential difference

embodipenis of the FYW%‘F(&SW&VI% a4gchnigue far detefing Ghpngssdn pistelsqtrpny|
tempexq{uré gl’ eg Vpllu 1m ortant pargmgte?fbcﬁf)ﬁlﬁirnﬁ Hﬁn glto'clég.é%s

t pol ti a representing

[0o781dur | Nt %p&ﬁ%o%&%a% %§s1 t g e‘}taﬁgf é@e?&?gfécgrg‘ég{he

arrangenen erein a s po en
parametens dmeussed abqyk és grichleaergly, effmmfesma nidsg&tdctign p:emmranira,l

cte) ISR forpe B BaLAEe et B DL g

probe &ﬂta@e eh@b@isstd) RRRSE cHPRIYed B BorifdR e J}ﬂaﬁl‘ﬁﬁr donamiee s part 6
Pl F probe; and generating a control %na to create

an onggIng|REHRENAHER PIETATH élt@mm‘eﬁbdoraﬂddmnélbt, urst Rphgse
probe %Hgﬁ{ Ll gt oY ARS8 ﬂ% Ex?)%@gﬁl ddg% gl?agtc{nl{ﬁn(ﬁdfté ﬁfoﬁ Gihe

tween said tine neet s
chamber qunditieh ianpatt ofmnbrtg]omg maiﬁtcnéﬁhepmgrdmmdSmh mdnaiomng may

providf Bufialof 1 e Gadthion B (e lsiia DR rTle S Seor A cptfeh Har
of the plBdmRIgHANBRY £hdRirfpaRts BRIl posEibRAIPGoEINAEAI tgndNI8 &sks that

said tinme t1,0",t2 being ascertained by detecting a
nmyn%@a%b¢ﬂﬂ§ams time derivative of said current that
floms t hrough said PIP probe, said peak occurs between

i me_ when_ said chargh@g phase begins and said tine
[0079]; p0| ng¥hile§isripyention hastpeen descrber @f‘e@%fﬁ?‘FWﬁ’é‘f ferred

embodSAdnts, BREL &X aﬁ iﬁ&ﬂ%t E&gﬁ&?@ﬂ% ﬁn&‘e & Fhide |f£1ﬁ9§hm the

source e al m er eln sad
scope afdhis abfleetnmal Roageamlda,r\mla g chdif¢lones enl atranggment thatgnay be
nden C
emplofg T5 ARABIHEE e SR B e peirtl RO iyl Mfonss
of the idliérftion edtﬁa arﬁngwrﬁefmtsrara algd poustbild) efbrwkmephe; i0is posdible to 7.
The | i ? of cIa|n1| wgreln saj d pr.edefi ned
employ:3 Faifapleoipltage sauesite biagsurtace h3 ol his ypdaRle voliage gorre gy

supply Avafi&§ S8 e alepERIBT WARFMRIUE, square, triangular, sinusoidal, etc.)
that could be used to effect a transition from point 1 to point 0, 3a, and 5 of Fig. 3.
Analogously, suitable arrangements of passive and/or active components may also be
used to apply a bias voltage to surface 103. As another example, although the etch
application is employed for illustrating the invention, other applications (e.g., different
types of plasma deposition) may also benefit from the invention. It should therefore be
noted that there are many alternative ways of implementing the methods of the present

invention.

[0080] Having disclosed example embodiments and the best mode, modifications
and variations may be made to the disclosed embodiments while remaining within the

subject and spirit of the invention as defined by the following claims.
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8. The method of claim| wherein said predefined
conditionis net if said tinme difference is equal to
or is below a predefined value. 9. The nethod of
claim1 wherein said transition represents an endpoi nt
handl i ng procedure. 10. The nethod of claim 1 wherein
said transition represents a fault condition handling
procedure. 11. The nethod of claim1 wherein said
transition represents starting a different substep of
CLAIM&I d substrate processing process. 12. A nethod for
controlling a substrate processing process, said

W%mi?gﬁﬁ&hﬂge processi ng process being configured to
process a substrate using plasma in a substrate

A R e R R L

proces$thprideess beidpesifigii¢ 0 Ppesoesy a substratelisigg plasthemst substRité-
probe that has .a surface exposed to a plasma sheath of
processing ¢hagibst CAMPHASINE sai d substrate is processed by said

pl asMiroviding a PIF (plarfdl IRMMAY Bleisubdntdit Laﬁ&g@nféﬁ@ 5414 PIF

phase and a” qui escent phasée for said PIP arrangenent
measurggicnicareang et fneluding afdeastmb I proksdthatihgs psurfacs eppesed tea

epner. R I : .
pesoEOEL Y b AR MR R i e

r epr eakanately credtinga clangingphase aid ahymiaycent pisa e soikd FBiI d

Pl F neasurenment arr ement. wherein a first potenti al
arrange o B A b HEPORE A1 1T REA G HORK e gk (g plas
via sai®PPESpBbLOt enti al of said plasmg;

ascertaining a probe bias voltage at said tinme .

t 1, oi BsRrigiaing atirod ko, said liBlctiageraresenting a timedurpg said

. c . ) . . .
RS2 B SR LI SHESPESERRHE By
across tdidrplatrposheath agoals to a plasma potegtéah of sdid plgsma;cont r ol

signal to create ai |east, one of an a%gr

m gnd . .

{1 ans PECHATITS APE e PR e BRI A Qe said
chargirehdsd$fRRR FIF afea¥i@bhaiQrdhgchfintlwhére® 4 debend Ritértiap

predefined condition. . ) ) . )
difference across said plasma sheath equals a floating potential, said floating potential
representing a value of a potential difference across said plasma sheath during said
charging phase when no current flows through said PIF probe; and
generating a control signal to create at least one of an alarm and a transition in said
substrate processing process if a time difference between said time tpoinr and said time

tpoint3a Meets a predefined condition.

2. The method of claim 1 wherein said time tyoine is determined by analyzing
at least a time derivative of a current that flows through said PIF probe during said
charging phase, said time tyme being ascertained by detecting a peak in said time
derivative of said current that flows through said PIF probe, said peak occurs between a

time when said charging phase begins and said time tyoing3a-
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13. The nmethod of claim 12 wherein said tine tpaint2
is determ ned by analyzing at least a tine derivative
of a current that flows through said PIP probe during
sai d chargi ng phase, said tine tp0Oint2 being
ascertained by detecting a peak in said tine
derivative of said current that flows through said PIF
probe, said peak occurs between a tinme when said
3. char giThg mtleskofistaginrswhanein said iepergy pOIre eAreseus byrptiRl
sourcel P& representing a time during said chargi ng phase of
said PIP neasurenent arrangenent wherein a second
potential difference across said plasna sheath equal s

aflo oatin otenti

in ot i.al,, sai.d fl i al .
4 opr egdinRHpe A WRTan SEE SHpER PO FBE e KEiABSS
voltagSlugceP| asma sheat h during said charging phase when no
current flows through said PIP probe. 14. The nethod
of claim 12 wherein said energy source represents a
5. b urst 7gE S ER clairh> Wﬂ-cgén Py CLaeTe RTC V&La%b Rk MSﬁﬁgtﬁled
sai d energy source represents a vari ablFe voltage
to genesata tiow-deperkdent wineforetshod of cl ai m 14 wherein said
vari abl e voltage source is configured to generate
ti me-dependent waveforns. 17. The nethod of claim 12
6.  Wher eiThesadtibdurethehiinekkreif REd predefih&l dvabitioh is@etdf pridbe
] bias voltage at said tine tly,",ais within a
time digfernes isrvathing pedolingd windere of valge. The net hod of cl ai m
12 wherein said predefined conditionis net if said
probe bias voltage at said tinme tpo int2 is equal to
7.  or exdbedstidmfethihilnelbreinisaid predeéBuedidoadition ionetaf said

. claiml2 rein sajd predefined condition is nmet if

time di 5768%]?38@5 E‘? 3%6"\98%?3 e‘%gn%daYaguet'i me tpoint2 is equal
to or is below a predefined value. 20. The nethod of
claim12 wherein said transition represents.an . .

8. endpoilhe medindl af slpip rlowisein gaid ppeglefingeoRatRB s et iE5ad m

time differefBEfs @l 8300 bEBWS po@ink@RAIgseNt s a fault _
condi tion handling procedure. 22. The nethod of claim
12 wherein said transition represents starting a

9. differ gtme%ﬁ'lo Sotf%fjalirgfl \%eirglngﬁgﬁaﬁs{ign fnoeg&%ssélp&ldpoint

process.
handling procedure.
10. The method of claim 1 wherein said transition represents a fault condition

handling procedure.

11. The method of claim 1 wherein said transition represents starting a

different substep of said substrate processing process.
12. A method for controlling a substrate processing process, said substrate

processing process being configured to process a substrate using plasma in a substrate

processing chamber, comprising:
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23. A nethod for controlling a substrate processing

process, said substrate processing process being

configured to process a substrate using plasnma in a

substrate processi ng chanber, conpri sing:

providing a PIP (planar ion flux) measurenent

arrangenent, said PIP neasurenent arrangenent

including at |least a PIF probe that has a surface

ex pos duoviding a Bk eenas ioafluwr) sreasygraens paangsmant pad BHi ¢
measuHRR! &G BARERER Toolts P MR, aTRs  suface exposed o
plasmaxheath of said plasmda White said subywate s prosssseg byrsaidmdasga; sour ce

that is configured t rovi.de ener to,said.pla

Vi <RGN e A PaBna s A futlest i 8hg o s e
arrangéiaérl ubihgn bikPgy HucetBN IESRMiplRE t@prlovide efétpl Rsatdplésma
. .chargi ng phase of said PIF neasurenent arrangenent
via saihRET PRSa first potential difference across said

pl as m%sc%pt%ﬁ'ﬁﬂk aetﬂH@Jcp(?mtzté &i@tiﬂeqsﬁ%mgpés@rﬁ dgaal tikd dlfrfﬂig@aid

}
pl asma; ascertal ni probe bias voltage

chargirggg pheisg of shidiRIF inprasyreiBent spangemenbehéremsa finst posepsiabdifferenek

ti. villa.representing a . secon tenti.al difference
across i Hlasfe P GRS LD P B BT B OREMES ot ouna
sai d abcestainthgtd probd fiad Wilfge at said time tyomne, S8E pobabias Roltage
. time tpoint3a, said tine tponga representing a tine
at said {pejtpgn mﬁe@%@qﬁ@mﬁiﬁ?@%gg%wwﬁ aespferd filk
probe AU RAHATE Mid Waldime 8, seaand potential difference
across said plasna sheat h equal s a floating potenti al,
sai d feewaaatingp qootrekrignal torareatestdeast oip of analama apd ag
tansiiyh) 4P QG R drving BRASEr A ADRe B o iR Rug BB
meets 4 predeftied sanditidd. F pr obe; and ascertaining a
probe bias voltage at said tine tp0Oint3, said probe
bias voltage at said tinme tpoing representing a fourth

13.  pot entripglmioldfoRCRilA 2 RcVaLihid Bnd t3L fs¥eRrminegsyd PIF
probe and said ground at said at saird tine tpono;

analyziag eleas atimeglenivefiviefod e ententiskatilows thrangh sardbBIE mspkesduring
, Lt at_.said.ti e vi i i ge
said g iisq il Bl roped Beind AR RE 57U RO Rl A%
derivatBie@ifiadid torran dat Soat threahtsaRIF piobensaid paaknoacids between a
. ransjtion in sajd substrate processi nq process i.f
time wheH YLD RIESS BRETRIEN S4TShrlvp FOR e HBRRETLEE &
time du?n@ QﬁidQ}lﬁ%in\gCﬂhhﬁﬁﬁ s@itl PR nfbabirfBert RhtemeANth&ainth seEsde

bi as voltage at said tine tpoint3 neets a predefined

potentiglehiferenegracropd whe plasmghpadr cquplgipfloptingpriensiah saidifloatingre
potentigljre;grggeglané ﬁvgﬁé &f ﬂ)&%ﬂif difference across said plasma sheath during

said charging phase when no current flows through said PIF probe.

14. The method of claim 12 wherein said energy source represents a burst RF
source.
15. The method of claim 12 wherein said energy source represents a variable

voltage source.
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anal yzing at |least a tine derivative of a current that
flows through said PIF probe during said charging
phase, said tinme twi ne being ascertained by detecting
a peak in said tinme derivative of said current that
flows through said PIF probe, said peak occurs between
a time when said chargi ng phase begins and a tine
tponoa, said tine tpoint3a representing a tinme during

16. said dhamgthed obelaie 16wherinisam yarighlesigHagaespurce is configured

€ 'ﬂmﬁ second potential difference
togmu%%%%@%%%@?@c@ﬁ%%ﬁg sheath equals a floating potenti al
said floating potential representing a value of a

potential difference across said asma_ sheat h i.ng
1. Dot o ahémsthiog SHESE TaRd s Rl Paintd FRdars B el
probe BPAsvata £PR said M 6.6 is Within A peedeBAIONin@bw OF Ralie.23

wherein said energy source represents a variabl e

vol tage source. 27. The method of claim25 wherein

sai d [ ¥ ' ; at e
18 Fe. JEE RN oY ab 92 wAGRIF Y] Srefdiheh ol S oRENSAD,
probe bidseroitage & aaid tipredgheh ineglalto vd exdeeds 4 mredafined falsai d

di fference between said probe bias voltage at said

time tpOint2 and said probe bias voltage at said tine
19. t pOi nfBe hiztholdtofiching 1P ixberRid sagDprafdtihewcodditg i et if3%id

The nethod of claim 23 wherein said predefined
probe bigsrigitageoH spid tigsttoin isogual tgiof sdielave e pisdeliedryaliigi d

di fference between said probe bias voltage at said

time tpo lila and said probe bias voltage at said tine
20. t poi niTBe insthed witlainp 12 whescoesaitbtransitios deffressatd ap ghdpwint
h mfso. Eae met hod of claim 23 wherein said predefined
ACERR Y Sn is net if said difference between said

di fference between said probe bias voltage at said

time tpoint2 and said %robe bj as voltage at said tine
21. i pso if&emgthed of plagp 12 ¥hgwimagdirgsitigarsmegnaigdt 31,
comﬁﬁ&pﬁuﬂﬁhg?gwaﬁuglain123 wherein said transition

represents an endpoi nt handling procedure. 32. The

nmet hod of claim 23 wherein said transition represents

a fau bt kon. h LN s re. . et hod
2. 5 o1 The SRR RL P L WU AEFERCE reprile S
differerst isabistdpnd said dubstrateqrdcessinspepessf sai d substrate

processi ng process.

23. A method for controlling a substrate processing process, said substrate
processing process being configured to process a substrate using plasma in a substrate
processing chamber, comprising:

providing a PIF (planar ion flux) measurement arrangement, said PIF
measurement arrangement including at least a PIF probe that has a surface exposed to a
plasma sheath of said plasma while said substrate is processed by said plasma;

alternately creating a charging phase and a quiescent phase for said PIF
arrangement using an energy source that is configured to provide energy to said plasma

via said PIF probe;
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34. A nmethod for controlling a substrate processing
process, said substrate processing process being
configured to process a substrate using plasnma in a
substrate processi ng chanber, conpri sing:
providing a PIP (planar ion flux) measurenent
arrangenent, said PIP neasurenent arrangenent
including at least a PIF probe that has a surface
ascertagingd BHC fronma SHE 81eeronh EFFCRNEAC Brringsgid ghareingnliase
of saldwpﬁk &Tuén? aﬂ&%%ﬁéﬁte\gh&%mﬁfﬁrg éB{eﬁﬁHthference across said
alternately creating a chargin ase and a qui escent
plasmagheatle equats tsalpébsmal-pomnainjsaté mplasmgj ng an energy source

that i s confi d t.0 provi de
via sarraneehine bt RIBE ASa R o R [Huaee
at said tip@it d@ﬁ,@repﬁ@blﬁmtgla@cdrﬂqmtﬁnﬁalfcﬁffé@ﬁ@ﬁetv%n%aﬁlsﬂﬁ'acﬁlﬁflsiig
sai d ch argln ase of said PlIF neasurenent
PIF probe and geowa PtWﬁﬁf’r‘é?lﬁtléneftpomgi potentlal di f f er ence

acr OSéséﬁhﬁlxn%gatﬁg%%om@e 353 R reéerﬁhg%%m&ﬁg Ghigl

of said ’ai ni ng pro e bias voltage at
charglf@anhdsetofrmldtPIEmeasurgaq:m apmgﬁelebi ‘ahermulatsagmdalotestaald tinme

o ne representing a secand. fferen
dlffererb SASIOSS Sa (gPlasrga ?,hfegtg Saugls gglo% ?661 1812 %aug ﬁlaatmigcpu ealtl
represeftingla edlusaf adthtrd potehtiglidiffézence across said plasn@ésglﬁmlaiuﬁhg shidh

ti e tpothoa, sai oi.nt.3a repr enting a tine
charging phascgvheaing s %tgﬁagﬁsw PEaprgbeapd measur ement

arran Q&@Rﬁl&un‘éﬁ%@é%@s whaghd s@i@ttr‘%&tﬂ al, id ;Br%B@BEﬁ@volta e
across said plasma sheath equals a f{°eati n potenti a

at said Sk dpoifed TsRIGSIYing @tfewrth potentishdiitencs brjwaensaidiariaee of said
PIF Pr%E ?ﬁ%@a?‘gé@ﬁm gtlsa% Lfepence across said plasnma sheath

haseWWﬁen no current flows
t hr ougdresaihig BIdEffﬁEﬂhGhetv@d&d said probe bias voltagecat shiditineng;,a

obe bias volta at said tinme tpoin6, said probe
andsm@ 5@ @@FW%&geéf*gipﬁwfmw% tpoint3 representing a

f our t BerRedtBlalcBhtréli sidnBl BREQtLR 18 he DR A afith hA¢e Of
said PIP probe and said ground at said at said tine

transitigrpigygid substrate processing prasessaf saidwjffarcaed eswesnosaidstiffovense

betweet? 9&1@ gqugg %Fas Qbﬁ'cfgae 4P Latu?gﬁle %mt?ﬁ'lddsa d ptg&get tﬂgé Qc;lt% %%ﬁl%iat n‘iie

tmmgnmﬂsebsxhﬁmmhxmmmsnature of said plasma u3|ng sald
di fference between said probe bias voltage at said
time tpoint2 and said probe bias voltage at said tine

24  tpoi NfRe ARGhod ofERE D WheleBkaltBrSiHe YA S det8Aflined by
analyzing at least a time derivative of a current that flows through said PIF probe during
said charging phase, said time t,ome being ascertained by detecting a peak in said time
derivative of said current that flows through said PIF probe, said peak occurs between a
time when said charging phase begins and a time tyoina, Said time tyoin3a representing a
time during said charging phase of said PIF measurement arrangement wherein a second
potential difference across said plasma sheath equals a floating potential, said floating
potential representing a value of a potential difference across said plasma sheath during

said charging phase when no current flows through said PIF probe.
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generating a control signal to create at |east one of
an alarmand a transition in said substrate processing
process if said electron tenperature neets a
predefi ned condition. 35. The nethod of claim 34
wherein said tine tpoi"t2 is determ ned by anal yzi ng
at Ieast atime derivative of a current that flows
t hrou sald Pl P prohe during_said chargi ng phase,
said t hsk 9§11 23 gvhesein FH14 PREEEY ST GIERIETNIRG: brss Bdic
Sowwe]n sald Ilne derivative of said current that flows
through said PIP probe, said peak occurs between a
time when said charging phase begins and a tinme
t poi n ai d .t esentin ne, dur.i.
oo TR iR 2R S8 BRER litaine s Wl
voltagédouddrgenent mhereln a second potential difference
across said plasna sheath equals a floating potential,
said floating potential representing a value of a
27.  Pot entirlmiddl FBNE 95 3HRIS sai@l gl ArMBeSRRleNs SuHiighd
sai d chargi ng phase when no current floms t hrough sald
to genemtptipealspendegiovavefigmset hod of cl ai m 34 wherein said
energy source represents a burst RF source. 37. The
met hod of claim 34 wherein said energy source
28. repreghnhstivdudclaih28 wielkdimgad prd¢ford codBtionBenariftsarid
of claim3 rein said varlable vol fage spuyce is
dlffer%’«méagtp%Mrv 1829 3t fRld §Bdmare o G erps higs volgge
at said fiBR tUBL ROMAHRH a prALMcH NS Bk Pald@i d predefi ned
condition is net if said el ectron tenperature is
within a predefined wi ndow of value. 40. The nethod
29, Of clg mq%ﬁlo‘é‘%? LRid 28 %}h‘é{e?ﬁ &?&éﬂeﬁaﬂleﬁ %{)‘1‘?&1&&% et i
i f sal ctron enpera ure | or Bxcee
dlfferelmeéxéat/een aald diffarence bétiveed had IpEﬂoh (bdis Grbltztgeait mid timﬁh;%ﬁtﬁamﬂ

deflne condi ti.on if. said tron
said ot Ry A A S SO Ero i Bl t O s R WRe
value. 42. The nethod of claim 34 wherein said

transition represents an endpoi nt handling procedure.
The method of claim 23 wherein said predefined condition is met if said

difference between said difference between said probe bias voltage at said time tpoinp and

said probe bias voltage at said time tpoings is equal to or is below a predefined value.

31. The method of claim 23 wherein said transition represents an endpoint
handling procedure.
32. The method of claim 23 wherein said transition represents a fault

- condition handling procedure.

33. The method of claim 23 wherein said transition represents starting a

different substep of said substrate processing process.
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43. The nethod of claim 34 wherein said transition
represents a fault condition handling procedure. 44.
The nethod of claim 34 wherein said transition
represents starting a different substep of said
substrate processing process.

34. A method for controlling a substrate processing process, said substrate
processing process being configured to process a substrate using plasma in a substrate
processing chamber, comprising:

providing a PIF (planar ion flux) measurement arrangement, said PIF
measurement arrangement including at least a PIF probe that has a surface exposed to a
plasma sheath of said plasma while said substrate is processed by said plasma,;

alternately creating a charging phase and a quiescent phase for said PIF
arrangement using an energy source that is configured to provide energy to said plasma
via said PIF probe;

ascertaining a time tyoine, said time tyoine representing a time during said
charging phase of said PIF measurement arrangement wherein a first potential difference
across said plasma sheath equals to a plasma potential of said plasma;
ascertaining a probe bias voltage at said time tpoine, said probe bias voltage at said time
tooinez rEpresenting a second potential difference between said surface of said PIF probe
and ground at said at said time tyoine;

ascertaining a time tyoinea, Said time tpoma representing a time during said
charging phase of said PIF measurement arrangement wherein a second potential
difference across said plasma sheath equals a floating potential, said floating potential
representing a value of a third potential difference across said plasma sheath during said
charging phase when no current flows through said PIF probe; and

ascertaining a probe bias voltage at said time tyint3, Said probe bias voltage
at said time tpoing representing a fourth potential difference between said surface of said
PIF probe and said ground at said at said time tyoins3;

ascertaining a difference between said probe bias voltage at said time tyoine
and said probe bias voltage at said time tyoins;
ascertaining an electron temperature of said plasma using said difference between said
probe bias voltage at said time t,oinp and said probe bias voltage at said time tyoums; and a
effective ion mass value; and

generating a control signal to create at least one of an alarm and a
transition in said substrate processing process if said electron temperature meets a

predefined condition.
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35. The method of claim 34 wherein said time tyoine is determined by
analyzing at least a time derivative of a current that flows through said PIF probe during
said charging phase, said time tninp being ascertained by detecting a peak in said time
derivative of said current that flows through said PIF probe, said peak occurs between a
time when said charging phase begins and a time tyoins3a, aid time thoinsa representing a
time during said charging phase of said PIF measurement arrangement wherein a second
potential difference across said plasma sheath equals a floating potential, said floating
potential representing a value of a potential difference across said plasma sheath during

said charging phase when no current flows through said PIF probe.

36. The method of claim 34 wherein said energy source represents a burst RF
source.
37. The method of claim 34 wherein said energy source represents a variable

voltage source.

38. The method of claim 36 wherein said variable voltage source is configured

to generate time-dependent waveforms.

39. The method of claim 34 wherein said predefined condition is met if said

electron temperature is within a predefined window of value.

40. The method of claim 34 wherein said predefined condition is met if said

electron temperature is equal to or exceeds a predefined value.

41. The method of claim 34 wherein said predefined condition is met if said

electron temperature is equal to or is below a predefined value.

42. The method of claim 34 wherein said transition represents an endpoint

handling procedure.
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43. The method of claim 34 wherein said transition represents a fault

condition handling procedure.

44. The method of claim 34 wherein said transition represents starting a

different substep of said substrate processing process.
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