SYNCHRONI ZED AND SHORTENED MASTER- SLAVE RF PULSI NG I N A PLASVMA PROCESSI NG
CHAMBER BACKGROUND OF THE | NVENTI ON [ 0001] Pl asna has | ong been enpl oyed to
process swbbraesI(e.g., wafers or glass panels) to preduas:@kecicroni c
products (e.g., integrated circuits or flat panel displays). In the
processing of a substrate, plasnma may be enployed to etch or deposit
material. Generally speaking, plasma processing involves disposing a
substrate on a suitable work piece holder, such as a chuck. An RF (radio
frequency) energy source may be enployed to ignite a process source gas

i nside a plasma processing chanber, fom ng a plasma for processing the
substr at N&&Bﬁlf@égv%fsﬁﬁnﬁ%ﬁt Xehn SRR PLESRGRUACASRLA], chamber
this RF asfra- generation ener source i's I ene y an RF
power suppl y supplying gF ené’l@ﬁﬁ&sllﬁﬁ GHWBERve coil. I n the follow ng

di scussion, wafers and |@Q@§¢%ﬁngqﬂp@h@qNghﬁgqghproce55|ng chanbers are
enpl oyed as exanples. It sho e under stood, however, that the invention
i s not |[8Pted Riesmathasienpbace propipyed tenasest whsTafes GopWWRshorghes REelerier gy

source i 5o8Re el@&t%%%r&i@&s RE; GRBRLE &?n@u@sﬂﬁ' ﬂ§&b’§£e‘ih@@§iys?\/\mltl%|”br6@§éld ryol ve the
generation of the char ecies and radical neutral species L%UI’I ng

processi hPsERfaPigBRR a3y eé@POb'F%‘ﬁletchéf dpasitprtargh P angralingpatineabla®ect r i cal
char ge oprot@ahdin@sived Bispditoaulistriabea Siikatlacerk pTé@b Bol@ér&@&ﬂds@&hud&h&l’nge on the
waf er ses, undesi rablﬁ/mrye :;ng n the alteration of the

desired KBHBQJP szﬂ‘r?"% eeFRY PSS NpE e %\)&ﬁﬂ"&ﬁﬁ“}“bwém%%e Yamage. For
exanpl e, pl@shail’[g@ﬁssﬁ‘nleﬁﬂrﬁﬁr rmymkge. pidsing &¢ pedesking Owe sﬁtﬁ@a&é I Iecdhefdasmmf'mhe char ged
sidewal | s ,of. feat u%gs on % dercut features

Sttt hBaGy P Rlafih e s T B iF RE prabRE bbbl ey L T o2t o
cause el spicillyoablestnably arRigweeaibply egppbng &Faa]lengs tooin induetivegbier In the

h
Fur L her TR By EOSLARL 5 ARBHSA.AN8 DA Bl ARBELESSUE LKL, ERorRar 0ed

ructural arra e S or ocations) to
f eat ur esasfespmples. |lwlw¢1@b0m§len5t0béyle\we\@f thahige wampnw[neolow}mme&ehe RF ener gy
to the ngrg,gnﬁggl is turned off, the plasma enters an aftergl ow period
during I ch, depending on the chem stry enpl oyed, may cause the wafer to
conti nuel®82lbe WE%E%%%&“Q(@’ sgurce éPEWé?tﬂ"‘éﬁ"H‘/bGrﬁe'lfé’b‘iS‘sﬁ"E’ gyiined | dshmaYsi ng a

modi fi edmU@G@@E‘lgé\@?atla_r@‘tlﬂzt&l@ﬂg&gsp@d?&/aﬁd rad@ﬂ%inﬁaﬂ Q:@cn@eCtDlMlng yrot:d@ﬁh;,,OCCUF S
during the after been successf i zed

| ow period ha qu

pr ocesse&hafasd é‘tef’g%ﬁ%l? E etpf?émi)ﬁf@??t"i“aﬂ 3 elesirsgic Hﬂg%?' EYpTEs ‘B‘f‘h%wg?‘ij'éd speci es
stri ki ngsdrfage. wa:.fseremnw rcheegeadmhewafemyzmkaﬁeaﬁ%@ﬂémamgz@mIncmés676, _
[arogogq?;%lgg%gng?fs the esned tgpo?,;['aghy Q%Eegfggurgg a%g Imea§ exaegqead?a etv!c\e/ ganﬁ‘aeg'él.t Fc‘:\j}l speci es)

example, charged species may be attracted to or repelled from the charged sidewalls of features

on the wafer surface, resulting in undercut features after the etch is completed. The electrical

charge on the wafer may also cause electrical stress among features and layers of the wafer.

Furthermore, energetic charged and neutral species striking the charged wafer may cause

structural damage (such as voids or dislocations) to features formed in the upper layer of the

wafer,

[0003] When the RF energy to the inductive coil is turned oft, the plasima enters an afterglow

period during which, depending on the chemistry employed, may cause the wafer to continue to

be processed (e.g., etched and/or deposited), albeit using a modified mechanism. The etching

and/or deposition activity that occurs during the afterglow period has been successfully utilized

in many processes to attenuate the potentially damaging eftects of charged species striking the

wafer, for example.



evacuat ed, only unenergi zed processed gases remain. In the absence of

pl asma enhanced species, processing tends to cease or proceed only

m ni mal | ywoAewaneisagl y, useful processing in the afterglPowist@apitsends to
be limted in duration. [0005] Because of the beneficial effect of afterglow
processi ng, pul sing has been enployed to alternately turn the plasma on and
of f. Generally speaking, pulsing may be perfornmed with either the source RE
power supply (i.e., the RF power supply enployed nainly for plasnma ignition
and sustaining) or the bias RF power supply that is enployed to bias the
chuck on which the wafer is disposed. [0006] To clarify terninologies, in an
i nductiv the e our.c p the

i nduct i v@ &gl Inq?"ecﬁ S Pemts)eboqh hg%adssr?em?&ng Q@Env?ﬂ Ls%gcﬁgfgrggﬁl ni ng power
suppl y. 'e’»hmatepmwurann@teyl prcsesrsef@sasednanro Ihehe@bwnecsofmhenembmed RF power -
supply T okt Mge s GOLURLES ﬁ@&ﬁ@ﬁ&%.mﬁ?&u} h@ccgrtdn@ry fRRfprolddén N ener gy
source that p o Rﬁ power P primarily control the sheath
vol t age éﬁdﬂ$§ﬁwéﬁ@ﬁgvsW@eWGF@¢Wéﬁmﬂ@‘hereln as the bias RE power supply.

[0007] I'n @Oﬂapaﬁécsdsygl} tHe S&U@le@gffé\ch@f‘m&@o@\}@&e%ﬂﬁl W!ﬁnd"ﬂ&g beRleRpiBFed
frequen0|es t he RF energy source that sup E ies the high frequency RE

si gnal t Eriematgy pin trglasmd o 9F A8 rReresAlY SPBRN&RY!sWE S124 PR PSR Suppl y.

Thi s poV\@ﬂ\eﬁtH@fQJuM:e'R$ pba&esms;ﬂ;d(l@othben:ebme@apaman,ﬂ@,uae,amIRFfopamra suppl y for
capaci tively e%%g é g%g On the B g PH i(ﬁ ur ce t hat
provi des'Sffa" fg\ayapp pgi"ﬂﬁ‘éﬁp)f At emplgyisd o 4135 heshbs ‘fhﬁc bi as
ener gy |&e&ekekmedmk@ here|n as the blas RE pomer supply [0008]If t he

plasma i [,%Jogéét he&a@‘ggé}érm'f"% %gsu{nca% th&EFambey H%RyFenFrgé Au¥ce tlba?s pkf’?lg RF power

supply o supplires are p
pul si ng RF elpodgyho theandsiciveceil RFdspO)WEtlhe Slllpmllaymamﬂltlbhenctnuagmﬁgppmver suppl y may

be per f o igg ﬁ.xgg\b&?\g@y Yerifleg SVERT RRAUSLYe RABSL & buKGRRARANS) V. By be

i n phase e prior art, source RF power” supply and
t he bi ascaRPlepowabers. u@pﬂy otlen@ntiohw mtgs'é@www Pwrﬁéﬁ?\i‘)n@!@ tfathgind i n- phase.

As the tgrm fo%mﬁﬁmyQXﬁg)l b ﬁe'am’vofte\@ arﬁﬁo§ EARRI iSrefh@d §>6Heg.= ¢ 2 uR&iRRrChr onous
if there 1s a pulsé of the first signal for every pulse of the second

si gnal aHﬁWWP%@errsa On the other hand, two RF signhals are said to be in

phase If i1 RYlegasiibay @0gﬂﬂc%{mtﬁiﬁhﬂgyﬁd@ﬂpl@llﬁ fle@vWaEitNhe ®UgE. WO
2013/006 9 CT/U82012/04567 sho nchr onous and

in- phasee’Rngs?P‘gr?Fdf‘%’ sypphestheyhig e(e)q?:g Iggéﬁ’a? tgigsto beV“)e main plasma 1gnition

and sustaining power supply. This power supply is referred to herein as the source RF power
supply for capacitively coupled chambers. On the other hand, the RF energy source that
provides the lower frequency RF signal to the chuck to control the bias energy is referred to
herein as the bias RF power supply.

[0008]) . Ifthe plasma is pulsed, only the source RF power supply or only the bias RF power
supply or both may be pulsed. If both RF power supplies are pulsed, the pulsing of both the
source RF power supply and the bias RF power supply may be performed asynchronously or
synchronously (and if synchronously, may be in phase or out of phase). In the prior art, the
source RF power supply and the bias RF power supply tend to be pulsed both synchronously and
in-phase. As the term is employed herein, two RF signals are said to be synchronous if there is a
pulse of the first signal for every pulse of the second signal and vice versa. On the other hand,
two RF signals are said to be in phase if their pulses have the same rising edge and lowering

edge.



represents the source RF signal supplied by the source RF power supply for
pl asma ignition and sustaining while RF signal 104 represents the bias RF
si gnal suppl2stobisot he bi as RF power supply for control lpcmgistéie/ngiseat h t hat
exi sts between the plasna and the wafer during processing in order to
control the energy of particles inpacting the wafer. Wen source RF signal
102 is turned on (shown by reference 106), there exists a tine delay, Td,
before the plasma ignites. Plasna ignition is denoted in Fig. 1 by

ref erence nunmber 108. [00010]1f the bias RF signal is on during the
duration Td when no or little plasma exists in the chanber, the chuck may
be undul as Yshb P i I T hi gh bi as
condltlowogahl?ﬂgpgh%harag¥§%?§§gg&j&gﬁﬁQRﬁ%gF§§$¢ﬂﬁa10€q§§$s€=Eg on the
chuck i nrepigeenisitessaeree BF signah supnlictihyghe spurpt BE peivar ﬁunphef%ﬁ@@megm"qmyd cause

particl e?us@ﬁ\q{ QJIHI@ R?Qfﬁé:l 159rebﬁ%f§tthetdqz§ #Kl Bpie@by LB 6 YRE Béwat hi gh
velocity, |eading t onbar dinent . damage. duration_of this high bias

condi t i oftPPl f%‘r‘EBWP“i"rg "Fq S@ea"lthb‘)ﬁ"tsﬁéeff‘é?”e‘l‘%ﬂﬁsé‘a'r‘f‘%"‘e PoEHIurEiPEpCessing

i 11 ustratnesdet Rerofitdl dRteh@py Wﬁ@le@m‘iﬂé&m@'d@&vﬁ; Wﬁ@durd@lﬂFSsanlSIOIZ iste shifted
relatlvetoth? sourceRFmg?] pul se in a]nit t to avaid the
af or emenfi5A &Y CHe YO YR EeneL G IeEfrF"'Sisﬁ"E‘ﬁé’ Bk TORe BPY™ 187 ter the

source RFIaﬁi\eQQrﬁhorQn@aelio&dﬁMFIQabeOBfe&tlceeﬁj@BerZ@ﬁ t he pl asrra |gn| tes after a

del ay pe be aI after sone
e (e ePEn 118 vl RPakuy Bt R e P Rg ) SRRy ior sl EE R P T2

t ur ned ofHfamatr, $dgelc2ii@y bé¢ dreluly|biesadebyitie dnhsetecddretbeas RIFS@a(ltpuhguTlsHmlh except
for the resi d 0 ference
number 215 e, Hhlc LA 0BT LR IPH G MEE DA, B e dech =

[ 00012] | of thxgm desity tphembinethe FREMBérgmay caprglpgricliesandér alfelels toymenct therehugler i od Td
to ensur ?l]dw?% wWalt® adi @'rsve?: tss'léwﬂé tdBohBErdingnt th AR d TROG RN o@tﬁmts@ﬂi%l;h' gh
density asma Is ignited in order to avoid the aforenentioned high bias
condi t i opias $4%EE shos\inneélgt hey b geerquee Singnal pul se is kept at the sane

durati onigogHg- . Fif. P 1IRASs ME sitlaGsMAlheRiH BEbIkSRIPHZREp BN lidsHifedaamount for
t he |gn|t|on dela but its pul se has tplled‘fa? dur at as the source RF

si gnal pttsspurce RE sigaglpulps | 'Qﬁ" AR OSHRF { r??é‘”)’/““é’i?fibtgpafaf E9RB Yource RF
power SUEhlaleyanipiie dfurgnedhfief the Jdaics RlFs@aﬁaausmﬁéaempra@,eu@ﬁemfplabha@n% si gnal

pul se on huc n, hi gh densi [ actlvely gener at ed
in the cﬁ g?laynwo% Lﬁstn’e& & f‘?‘i‘éce‘# Sr'%ﬂleaz??ascfﬁ'gam faf%r gome HESAYi tion (shown
in Fig. &gbfedtbyeefrei@mnembe 210)1 Ki@) southRE sighglis tbmadso@mtredx,etll@nhe plssment i oned,

may potentjally. damge ; 1 e

bonbar drrﬁ‘r{{]e Cha @“%&P%i\é@%pm&#%@ f (fg‘gf%u%%eeq:&ﬁv%%f <|91 EQE’Z% ates, in an
enbodi nesttoyvnbp rdermet: haubef 312 gselrefabpmben gonsigues mhﬁmvmeie¢ baciéxbast meppenEcy ( RF)

pul si ng ﬁb%g)&ﬁenlnq"l:g ) rtﬁé blﬁFR§§ Qﬂ%ul%que?ay&p&%%léﬂzen@& 9 lenﬂl‘értheﬂ%eSUbSt rate

proceSS| rdg asha processin . he met hod 1 ncl udes
transiti blm Rigsigr mlseowvﬂ@d ap gHy afar high derpity RlipsnRAS i@igadan ordedo YRt Baf t er

wai ting Effa&m@m%ﬁémgmsmm afd Aowlel®, didcamsiblak RRisiABal h9eNs kbR al alve- hi gh of
the first RF signal. The methad al so includes tran5|t|on| from

| ow t 0- hPAPonds-&-¢ e biaeRib Hignakpulss; igphape-shifted fasrumt @éwef%wg PO from

hi gh-t 0- haw Haothe the meGonss tFsosicg Ralsign eS| the iahﬁ h%ﬂ%&@dorﬂﬁnoﬁh@pal is
tranS|t|onedfromthe%gi%h-to-low bef Oéetheb trans Ii\h |nto an

af t er gl of AL &he sqyyee REPHEY Syrp RBMeH AT (Y8 ??é?eé FREFE° '§? oni ng from
hi gh-t o- Islgxwl ﬁlosre ohlie chummheRﬁngSidgnay pla{nﬁOOdoal]angEhmma&fjsagmesawmmmy relates to
onl Y Oneﬁlagaer maylresuxfn t[{ba oremex%one(?h %lhblas na/t‘?c{;q(slmoovnqul ﬁgh?% th Q? Eﬁ'cg' and is

not inte F6rth in the
cl ai ms hé&ne) hnsﬁk@@wsamw:tmmh@memmmms pofentiahiz dpnage dhetwafenaedieriten wi | | be
descri beg, jin LSy, i n the detailed description of the invention
and in cg’ﬁﬁku%%?‘?%ﬁgsgm&@h m% PR ow ng figures. BRI EF DESCRI PTI ON OF THE
DRAW NGS [ 00015] The present invention is illustrated by way of exanple, and

not by way of limtation,



in the figures of the acconpanying drawings and in which Iike reference
nunerals refer to simlar elenments and in which: [00016]Fig. 1 shows two
synchr onowe 2amsos139phase RF signals to facilitate di scupsirws20R0@&317] Fig. 2
illustrates the situation wherein the bias RF signal pulse is tinme shifted
relative to the source RF signal pulse in an attenpt to avoid the

af orenenti oned high bias condition. [00018]Fig. 3 illustrates, in
accordance with one or nore enbodi nents of the invention, the situation
wherein the synchroni zed bias RF signal pulse is both delayed and shortened
relative to the source RF signal pulse to advantageously elimnate the

af orenenti oned hi gh bi as Qﬁﬂa L“ngF1Qﬂ@ﬁ@JE% ¥ shows, in accordance with

an enbodi ment of the invention conceptual bl ock di agram of a
pl asma pWO@é$srﬁgusy@ummﬂmhem@mmmbmbmmnagknaﬂddHUMdﬁU@GMqub@nhgienployed

to rreasu%g%&%ﬁ& &%&ﬁ%ﬂ&h@&ﬁgﬁm kbsi%.téﬁa.%ymmle&]irzsﬁg@lal%uﬁngséagsrufa@ned

puI Ses he pr esent i nvention
wi || nowrbeessiesie p plastR pracesrergahpmbgrs hhemqtkaddprddes Gansitipaing Bom SN weghs t her eof

as il ustrab @ RP sl a ROEQER@NY AL GF A G Sriod dFeet i€ rhiRltoRWi REmEARSCT i pti on,

numer ous specific details are_set forth in order to provjde or ough
under st ahd’}r)tﬁ‘@ iggof thp first RF signal. The method also includes transmomng_,pfrom low-to- |g§1r} g

the second RF signal and thereafter transitioning from high-to-low for the second RF signal,
wherein the second RF signal is transitioned from the high-to-low before the plasma transitions
into an afterglow phase. The method further includes thereafter transitioning from high-to-low
for the first RF signal.
[00014] The above summary relates to only one of the many embodiments of the invention
disclosed herein and is not intended to limit the scope of the invention, which is set forth in the
claims herein. 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.
BRIEF DESCRIPTION OF THE DRAWINGS
[00015]  The present invention is illustrated by way of example, and not by way of limitation,
in the figures of the accompanying drawings and in which like reference numerals refer to
similar elements and in which:
[00016]  Fig. | shows two synchronous and in-phase RF signals to facilitate discussion.
[00017]) Fig. 2 illustrates the situation wherein the bias RF signal pulse is time shifted relative
to the source RF signal pulse in an attempt to avoid the aforementioned high bias condition.
[00018])  Fig. 3 illustrates, in accordance with one or more embodiments of the invention, the
situation wherein the synchronized bias RF signal pulse is both delayed and shortened relative to
the source RF signal pulse to advantageously eliminate the aforementioned high bias condition.
[00019]  Fig. 4 shows, in accordance with an embodiment of the invention, a simplified
conceptual block diagram of a plasma processing system wherein the track-and-hold technique is
employed to measure parameters associated with the synchronized and shortened pulses.
DETAILED DESCRIPTION OF EMBODIMENTS
[00020] The present invention will now be described in detail with reference to a few
embodiments thereof as illustrated in the accompanying drawings. In the following description,

numerous specific details are set forth in order to provide a thorough understanding of the



present invention. It will be apparent, however, to one skilled in the art,
that the present invention may be practiced without sonme or all of these
speci fi c wetaid®e7sbn ot her i nstances, well known proces®CIUsSpe2ant/e©r
structures have not been described in detail in order to not unnecessarily
obscure the present invention. [00021] Vari ous enbodi nents are descri bed

her ei nbel ow, including nmethods and techniques. It should be kept in mnd
that the invention mght also cover articles of manufacture that includes a
conput er readabl e medi um on whi ch conputer-readable instructions for
carrying out enbodi nents of the inventive technique are stored. The

conput er tor, magnetic,
e A N R U L R

st ori ng mesmpon way becraetsibidevithoates omEar v theser sheci fioreess. i lnetheripstaricen Webver

appar at Ugfsn pwcesgE@&tdn%ngm&mmv@ﬁ&tb%erp&sm@d VG Rlfer e h apparatus nmay
include circuits, dedicated and/or programmable, to carry out tasks

pert ai ni HyesessaBinobiHIsahi RIessRt Y§BIGdNnyent | on. Exanpl es of such appar at us

i ncl ude @09]@Ter‘@drmwnﬂféa%eﬁ@Hﬁléi%@ﬁbe%ﬂﬁ{embelawdﬁdh&ﬁéﬂgh&ﬁﬁw&wﬂ&u&ev' ce when
appropri at el ranmed and may. i ncl ude a conblna%

corrputer é*&ﬂﬁ‘éd’ﬁkﬁg”d'@\?f’é'@‘ Qﬁd‘ﬁétﬂ?&‘é‘t'éﬁfﬁ?ﬁ%ﬂra&fﬁlﬁﬁ ‘é‘a‘&'if"rc&ﬁ e ingludes ed for
the vari @mnpms}@dapenﬁealum d’i@vltlﬂl danmtéu 1FRIAbIS n@fmdnbes fbmaemng om. [00022]In
accordancq§@n E& cﬁﬁﬁ vent dinng bi as RF

si gnal pEMPEMLER ﬁ”’t‘f%‘ée&eéll"ﬁ‘})’édreaﬁ%e ?foé’ﬂ)é'&f”eﬁ B Y S hsure that the
bi as RF mblgmforpxﬂ:m smnmélmlmagnéty Wn@ma@ieacsmnqalsoamher\icarinyogenerat ed by

t he sour ce vent th [ ned on
prior to cqfipou eREIF rea Pﬁghedng \ f?hsef\onnlg corllr%u er.T a%%ﬂ%dg d%%kr he?melg%ln r'rng;a/Hét | east a
peri od ch\trcnpemauaeefw htatncmmeentbpdamelmfshgn‘aﬁlmmrs Suolr melratyﬂmenlnylue\ef ter there
is ahig C t e

undesira C%{:lﬁééjﬁl% |as &% tn?ngh%le quagdlglgéaﬁs }%lﬁﬁgafo eﬁqsbg‘?ﬁ%ﬁtggf%?f bef ore

t he pl asisentas Eyamplss of ssﬂwp@r@tuamclaqietaeaeg‘freiwum?a%@mpmw d/of pdedigagd RFE si gnal
can be op,,gakid J@Elc@fvﬁﬁrapf)rlaﬁndté]?hr%!,t@ﬂm@@ aldiSayPh@&seB cansiniighere the plasna
transition into the af ase 00023]. I n an ggp %lnent of the

i nvent i ofPMPAtef ?%ﬂ%“%ﬁﬂvﬁﬁﬁ'@ ‘ieé'éﬁ?ﬂ/ﬁ&%a’ﬁ’ﬁwebﬂméﬁﬂdw of B y&1oUs Bikie t he

par anet epsammgesériodtnenslon it hemoAchr oni zed and shortened pulses t her eby

i mprovin ccur ac rovi di ng better .informati ess contro
and trougpégﬁoafﬁﬁﬁai%ﬁ @iﬁﬁﬁr@”ef U&ﬂﬁ?“fﬁgmfgﬁpdw “egﬂﬁ agtages of
enbodi neptls ioOboth firee detayediridahorreast iberdeetote ssurett v @reti a3 &t svgnalrpursefser ence to the
]E bggrzg]sv\?rg%mdolnfyewrhen eglfsma 1ts P_lc lvefysgerLe(r)%\éd bé/vpe s%%g’ﬁpgngzaﬁ9?(:}.{5%%8}%?&%8;G\m ch

i s turnedgmhfrah btingrenitd on quecrthalsdelbayf theplasod, the bias RR eigpil a@mabyms i gnited

and the QLS?‘§ P@no‘dsfd oLE:nLLXe & dﬁé’lﬁ;sq{!‘egﬁgl |E'ngl?§ron §g?£fter]—lt}¢e 1§9Hfgﬁ@er@'§y si gnal is

turned on sone t ur ned as shown.
shoul d belasmstieherhabet d{'k%‘a@em@fevﬁ'éﬂ@ruéﬁﬁééab'@t'H@‘ wsﬁc@nﬁt%thﬁéfaéﬁfed to as

“turned Qbhal REumndd P deR%k the pIRsnSARE &R T8 Sod té hn dfRrdhs Stiald. erhtlb{tﬂe b‘ia@%Fpl asma is
not extingui shed during the | ow pul se period and the high pulse is

conf i gur &&nat & B YR YE™ME Alkrthed gutionnf thep @gfa'tdd’ef%%*hm'amm“ﬁ*ﬂ@ PRVt i on
shoul d bgrewnsleptood to al so enconpass these situations.

[00023] Inan embodiment of the invention, a track-and-hold technique may be employed to
determine the parameters associated with the synchronized and shortened pulses, thereby
improving the accuracy and providing better information for process control and troubleshooting,
for example.

[00024]  The features and advantages of embodiments of the invention may be better

understood with reference to the tigures and discussions that follow.



[ 00026] Further, as a matter of term nology clarification, the source RF
signal should be understood to be primarily the plasma generating or plasma
i gniting Wb 2sixgnaisoand the bias RF signal should be undecstusea2esche
primarily the signal for providing a bias. "Primary” or "primarily" refer
to the relative function between the two RF signals. Thus, in the exanple
of Fig. 3, the source RF signal influences plasma ignition/sustaining to a
greater degree than the bias RF signal (hence the source RF signal is

di scussed as "primarily" the plasnma igniting/sustaining RF signal). The
bias RF signal influences bias to a greater degree than the source RF

S| gnal [b@)]ﬁiht\g%h Telelence 1o B %%I nalls slhgwrggoﬁp E%f ﬁ%o |Jné/d on 'tlf'e bi asi ng

RF si gna e inventiron s g be unders so enco ass these
si tuati onse T[. Omzi}ielmmod He. toplasoe nﬂEmsendgmatﬂwe Bl@Qna IS ﬂtllulonérdfecsfwe the plasma

in the C%ﬁﬁé?ﬁ%‘) STl@c%our x?ﬂ]e 6 1?21“5'(1)’54(%1\3&@@5\@ l%ga oatngi ttutﬂ@d Qf?&q{n?&tﬁgass peci es

decay awa uri ng | ow period as S|gn| by reference nunber
312. [009@8]1Tb s'@qwmeeloteﬁétat heaspp refeRmceshe plasma lsretfmeﬁéfda%wnt?ﬁloy dfter the

pl asma i §gdi@RktRdomEIHRQG ﬂ\f'oe;ssbleqﬂam«%usmmw Shnglehayadig Heidspe si gnal
pul se 304"by at least period T,1 in order to ensure that the bias RF signal

i s tur neBErgA ardBneErIsys pnEipyied e@ERyids paditisAl RF eefexito e Bt W€ been
ignited ﬁaﬂdmn%nhﬁ{o@ldlbg uideR8RB ko ascmnscwzlesnmsé Yrupligksma in the chamber. [00029]

At the b nd_of the pul se F si nal ed of f at
Stge 3140860, e freBiie” SrrEI DIy SRabpuy PP B ES b GHASE S ror e
enbodi mepddssstobd tol b2 pﬁaﬁmybﬂeq;lasma kermtibhe dhisas lgREmg Rgrm;lnalcand fhebia@RBhor t
period of. asnmm t ns It aft.er lom1phase
However | sthfaH {Fﬁgl%lgfaédeﬁé)og tf_iaaclrm]ag éeps[ugnalofn%pn?vné llasng]{lmalg/nf) amount . of
time af t e;rnmaha/ pdfasor&eemts/eﬁmtm tefween gk ove lphasre]s {They. @ thesexample9k t hat t he

presencer Rt{l%o&keaﬁF ﬁgnaﬂngpgwlce R)h45§1§ Fggﬁg“&%ta%g;g g&'&Je?de&r&@ tlﬂh density

pl asma |s sent the af orenenti oned
undesir ablla:eRIhslghl ﬁmeras thesaatice R signal \A@isp@r$eg)/a9 OB MH0IbCTHUSBO®2/ 045676

[ 00030] ngﬁltnﬁgﬁgla%nn(gﬁrﬂesn@aﬁsT@:bla':'s'lg’r@é apuﬁﬁ\xerﬂ?@es blag fb‘%%r&x@r@:@(eeﬂhd’ﬁﬁh@-f ter the

plasma i and ends before the transition of the plasnma
into t hesoeffqe&grs@wwa%@e sousierRei anAlgs dipqupred e PEBARY e hREIEMGREF LR ni ng of f
at edge 3qOhvdnQOORAIId BOEddiFoRE lo%ﬁ‘so@fmcohﬂ@ssme%ssn%loﬁ& gnal may vary between
the time T1 plus Id and Ton- as_requir p 0003% IQ one or
nore enb&dP nt@mméﬁdémgﬂﬁFPﬂ@%?@@éﬂ?ﬁﬁ@ﬁl%%mﬁwgénéﬁ E?@%hF“fd%ﬁ?ng of f)

actively generated, and the generated species decay away during the afterglow period as signified

by reference number 312,

[00028] To ensure that the bias RF signal is turned on only after the plasma is ignited,

embodiments of the invention delay the bias RF signal pulse 304 by at least period T, in order to

ensure that the bias RF signal is turned on (denoted by rising edge 316) only after plasma has

been ignited and there is present a high density plasma in the chamber.

[00029] At the back end of the pulse, the bias RF signal pulse is turned off at edge 314 before

the plasma enters its afterglow phase. In one or more embodiments, it is possible to keep the

bias RF signal on for a short period of time after the plasma transitions into the afterglow phase.

However, if the bias RF signal is kepi on for any significant amount of time after the plasma

enters the afterglow phase, there is a risk that the presence of the bias RF signal pulse on the

chuck while the high density plasma is no longer present in the chamber would lead to the

aforementioned undesirable high bias condition.



occurs no later than the tine when the source RF signal pulse is turned off
(time T'ff). However, it is entirely possible to turn off the bias RF

si gnal eawbizer3/iob7sdesi red by a recipe. It is al so possi lplce/useo2ou3s7é¢ he bi as
RF signal off any tinme after the plasma is ignited. If too nuch of the on
pul se of the source RF signal is used for the ignition phase and there is
little tinme |eft of the on pul se devoted to the plasma-on phase, both the
pl asma-on tinme (and by extension, the duration of the bias pul se) nay be
too short to be effective. [00033]1n one or nore enbodinents, it has been
di scovered that benefici al process results are obtained when the source RF

si gnal t QF}Q@ n.ab about 20
KHz, wi tﬁ)o{))#)i efqeaeraFleqﬁT as Y ca"%e tume(a% i&ﬂeas? ﬁ]géggwg’"ﬁlg&groseconds
and the STomhlséa)RFd mdghdbredfeftnamlm dfdstpﬂanlga atothed freestevo phase (cpiveiding about 10

mcr osecgnﬁlﬁmsgjrcet}{;es é},@lt{]hm@mt &?3%}0” there may not be enough tine to

ignite the plasma 1 n each the pul sing frequency is too slow, the
pl asna. ofOpOfﬁér i By dnﬂW'b@"uﬁ*h!‘ﬁlV ﬂ‘@ﬁb’“a)‘t%é’rt@b‘sﬁe'ﬂ wp s Tngjut Feand Hpotighput .

[ 00034] }equ,%%yqe,&ggee enbodi nents, the duty cycle may be between about 10
percent and about 50 percent. In one_or nore enbodinents, the duty cycle
my be bEOREEn laiwerer mue pRbadEASasige AL iRPrestRtipeihe Biat RF pignyl REnipg o) cycl e i s

too hi ghocctub(ﬁo Rilte@-ﬂﬁﬁtl@ftlhﬁr\ag)'e@\ﬂde B&rrd:eﬂd-' @)ﬂ fiBe listeiubd <bf€((ﬂfétTorf)| Hotvberdut y
cycle is too ul t i gnlte t he

nat. i ssibl.e
pl asma. *rrfee“biﬁlys!%‘)?fgbt'?‘f’é%\baﬁé‘&? béﬁﬁ(ﬁ{%diﬁ"y CAIE] 'tdetsg%rqbé’saerﬁ?pe s ?lvﬁ) cont r ol
knobs t hadssiblYe tu&dtﬁ)snlgasvnﬂ figriah&ff algl tane atfuerrme ;amdmtnh@nitedr i tmmmamncbfdfefont i me of
t he source RE sign F be e Qe t
puI si ng. qifd’éé’be] g'r Sl%rﬁgl\iélsedB?{ tﬁe %m %Jiaphase ancriTF)ﬁ 1S lqtl%Tbmgfgﬁ oltf"& %
i nvent i opylsealesaterixb llfelp@dmm-omplﬁqsé heth tiel ptaska-din ageémrdbf eaelpioashqadtpmmeﬁm ng
system nique is enployed to neasure paraneters
associ arﬂ]g%%gp\h%l)hwg&ﬂgﬂggﬁgég %e%\% shortened pul ses. As will be discussed
| ater hef08p3) tlmemmrenm erabadiregnks, i ha-bhes discoesddribay benefigpl PRRsass ugshipre
par amet eBl?taxquirwﬂenﬁwe SHACKRYF QM7 RPurRAn &J&%L@B‘&@eela%&ﬁ K@lf)heﬁt@mﬂk)rﬁﬁﬂlt s of the

i nvention great y | I'Tpl’ oves accurac t her eb ovi di n better fom ati on
Eap

f or procé@;@‘@dﬁt’?’&)1”“&W&"PP'@%‘B?%@HGBP'PW@‘Off“d?as a‘l’fﬂpé"crf’iﬁ%’%?\ﬂr" % reference
to Fig. éouréefwfs%hlsoﬁsth@é/\@sragBh@ﬁmamwmqa@&b&g ISMS&r@d&’tcﬁa@Q If ihaeh Uk kg an

i nductive TCP (transforner coupled wg ma]%]ﬁ5I1 cai l 40 f huqk 404 is

enpl oyed@sh %Uﬁ‘ﬁﬁr’?ayéo\lﬁfe@?ug&’&e ' %‘;e %' €368 R eed YP4*'B% as generator
408, whi ebquenVd @esloltRe Blasas dRFpesibdimay bevunauwdmgasermtlmbncaag)ml n the exanple
of Fig. A}“o%kps generator 408 inplenents the aforenentioned bias RF power

suppl y.

[00034]  In one or more embodiments, the duty cycle may be between about 10 percent and
about 50 percent. In one or more embodiments, the duty cycle may be between about 10 percent
and about 90 percent. If the duty cycle is too high, the plasma afterglow period may be
insufficient. If the duty cycle is too low, it may be difficult if not impossible to ignite the
plasma. The pulsing frequency and duty cycle represent the two control knobs that may, along
with the delay time and the turn on and off time of the source RF signal and bias RF signal, be
employed to control the pulsing.

[00035]  Fig. 4 shows, in accordance with an embodiment of the invention, a simplified
conceptual block diagram of a plasma processing system wherein a track-and-hold technique is
employed to measure parameters associated with the synchronized and shortened pulses. As will

be discussed later herein, the use of a track-and-hold technique for measuring parameters for the



[ 00037] TCP coil 406 represents the inductive source for igniting a plasm
i nsi de the chanber to process the wafer. The RF power is generated froma
TCP generwban1bzrsand is supplied to coil 406 via a TCPromtusho4h4s67¢ n t he
exanple of Fig. 4, TCP generator 412 represents the aforenenti oned source
RF power supply. The conponents described thus far are conventional and
typi cal of many inductively coupled plasma processing systens. [00038] A
host control system 420 generates a TCP control signal, which includes at
| east the frequency and duty cycle information for the TCP generator. The
TCP control signal is transmtted via a bi-directional link 422 to TCP

gener at of 4]i£muzed£nd sqlglqgwglt L s%}em & t 5 %%f%@%@&%%% pgcﬂe{';ﬁ%% in the

exanpl e of I's transmtted
via a li mk:eumommg heteBnEMOhr%rmmcessmbmt@i wt@ebﬂeﬂ@mmg @OgamBﬁeas gener at or

408 acts @63(@1_5\"(/’19?&“{?%@?&# i21, ‘Z\L.@Y hé‘x(’.‘?'a 91@@1%?&%&114;}5 s(é?#h@eﬁlcl'ua\né%ponse to

the T_SY generate mast er enera 12, using a del ay
val ue tr &deqtive Te (tangformper ?WR‘eQB'ZSmar)G?H Hgs “(‘E’Bﬁ‘t"roél's %‘V)é‘tyéﬁ*ﬁ%ﬂ?of‘@ bi as

gener at of,, 0@ ot RodHGRHR ok &Ed § |§sfg£ﬁé?ﬂ'§rr1‘08 angch PHAGHBelbRRIRFIsRRaldR] ay .
[00039]In an alternative enbodi nent, bi as_gener at or %éhacg?egs a naster

t o cont r dbiag mack iy dn hepxagwiref §tcof b‘qsﬁe‘}?éqforé%tnl'i’é"rmeéﬁﬁlfd'if ot
cont enpl gherF b &@S@agt her external circuit rmay be enployed as the naster to

generate two I n nchroni,zati on si.gnal s th.the slave
L ponciahn ' DREPIABE fepirbons RO RS SF o s op R EPa L e e i G0
out put s tolo@¥wNhBy SR NChERF pSv @ edenersvid b b ICP gaesawrtdtl 2ehdlipsi@pliedas T/ H

o SR A5 Ut i D s,

enpl oyed
T_SYNC_Ohufbresiegtivakd gere RatpedersyppCPThgemepatios deddribed it fanpars wortvemwnglvi a | i nk

424) to of dl 0 be enployed to trigger
the TCP %‘%P"?gﬁ'}"ﬁ’gd@é& e@(éI@D 3’{'%8’%?@3%8%%%20‘%2/ 045676 [00041] I n use,
host confa0Bs]sy4 thesrraimol syetenld2qsenamegia 6l cenyint vigal. sihigh dicludegiv BAS Si5eci fi es
the del a}{'e#} E@iat\& Ql[ﬁ]gﬂf‘e 1§ffoﬁ'ﬁatt109f”orttﬂgqc-p neQM!)rSQ'he W@PEMOT&BMT}@]- | circuit

426 via |1 control information determ nes the point
in time, rprsmitedvis atbéjd'tf??éo@i 5?1%42 fo ThpsepemprogdtZ JEPRgPeEaor 4R A% $dnpl i ng

shoul d b'?yntclﬂ'KﬁE‘atlt)ﬁ)Fnaité}en fﬁ@?xaﬁlp%‘ﬁ'ﬁg h—hllf(ﬁé%&ﬁes mﬁYNIDM@ﬁNShem%ZO sends
a bias delay caontrol B&gh '\EF ies the qg%a% [ the start
of the bF%"‘ﬁ[?F’é’@a“L"b“% ”Eﬁ YRR PYUERfibas Bgt5ralg” R %ﬁ?ao I's bias

del ay coads &la syith@hrRidnGnyeideemraasisiphiespoienionsato therfe SYNELQUIT vgndlo t he

:;[ gll:ltal of ggngreate b??nag(e:rt"llé/l‘egegyrlat%reéllZt Lbsﬁltg asdalrgylvzglﬂ]eq(ranprgn“ cgvipgliﬁl?‘kﬁr}‘ro;plrostt he bias

control system 420 to bias generator 408 to account for the aforementioned plasma ignition
delay.

[00039] In an alternative embodiment, the bias generator may act as a master to control the
slave TCP generator. In yet another embodiment, it is contemplated that another external circuit
may be employed as the master to generate two independent synchronization signals to control
both the slave TCP generator and the slave bias generator.

[00040]  Bias generator 408 outputs its own B_SYNC_OUT signal, which is transmitted to a
bias T/H (track-and-hold) circuit 430 via a link 432. The B_SYNC_OUT signal is employed to
trigger bias T/H circuit 430. In a similar manner, the T_SYNC_OUT signal generated by TCP
generator 412 is transmitted (via link 424) to the input port of a TCP T/H circuit 426 to be

employed to trigger the TCP T/H circuit 426.



[00042] Further, TCP T/H circuit 426 is shown receiving a V-1 probe signal
450 and a Phase/ Mag signal 472. TCP T/Hcircuit 426 is triggered by the
T_SYNC_OWo=ohmmab7séwhi ch is received by TCP T/ H circuit p¢2aAISko1amus6TR
generator 412 via link 424) and waits for a delay time specified by the TCP
del ay control signal (which is received by TCP T/H circuit 426 from host
control system 420 via a |ink 440) before it sanples a V-1 probe signal 450
and a Phase/ Mag signal 472. Although only two signals (V-1 probe signal 450
and Phase/ Mag signal 472) are shown, TCP T/H circuit 426 may be configured
to receive and sanple as many different signals as desired. [00043] In one
or nore cont e TCP
pul se is spejlfle gﬁ% 'ﬁ§§m?ﬁéiggn Qeﬁﬁgkﬁgggﬁk]8§%§§5kﬁ WL esagasna is

i gnited delay woafvinh ihe edrt bfithe HEP pulee, tchee Tl@PT/Hlﬂsi!ig‘h%ﬁlwa lenkt4gp. n@ds 6@? For
exanpl e, dée)uogﬁolgth?ﬁna iGh Je%lrgm@/thggonq% Grﬁéltrelﬁfvenﬂﬁe &t biMBe 'pdllaa':cupé‘l se (i.e.,
after 80 percent e active bras pulse has el apsed and only 20 percent
of the aetlsevdatspmplingishedd betpleen fan)thg ECRssignply ke wissrhostgentr) systestadl e for t hat

pU| se i NsHBE; Nhs cﬁ‘%p@onﬁr@bﬁ amtcﬁspelcmem@dgiy R Bor IHR Q@i GBIL Bias Buldel Me t hat
i's roughly bet ween’ about 50 to about 80 percent of the active bias pulse

(i.e., betthelins HHsutusdo ekt aﬂ’df% dplay eqae! iglormasign deerings Bﬁezﬁg'“bul se has
el apsed) uitﬁneserIaTtlab‘thécs@arrt dfateiong a&n@@ﬂlﬁd ﬁlalfﬁﬁtpﬁ@&hoxﬂ&lbét@ken[fmﬂé&}il kewi se, a
bias T/ H ci rcwt 430 is shown receiving a V-1 probe signal 460 and a

Phase/ Ma§®®lgnal 462. Bias T/Hcircuit 430 is triggered by the B_SYNC OUT
si gnal (ydooe) IBurfhelCﬂ?CPQ'd-l bycubi2sis Hownaede Ginigta VABRrobe iymabds@sndyener at or 408

via a li a e t Las, del ay
control Erﬁt{gﬁf | S r{égé:fr\cl%tcfgg Sytbt%er ‘Fylﬁfegr:—frsgﬁﬁt—gggdr&ﬁarlgm ogt control
system 4H=IBe1V&daaya"GPl"lnH chdi)42b Eboar ECH gensammlésnatlhé 438) lanpwobsdorsidghal 460 and
Phase/ va HE 460 and
Phase/ I\/Bgmg dé}ﬁ‘éiTég%g%gﬁ%n&Qwa W(CF ’bg&gllk' gdst(y\ﬁ-dp ?:/l rCU|l tﬁAﬁg‘%Im bias T/ H
circuit h@@ccmayl sbs;emém vngmhéd‘t%bqf@reéuswl%sr@a\’ -5 priept wenabd Punga Bease Magnt
signal s thnaqi@ﬁ r@gmugth)QRA@]JIgﬁalpd[\/alspr%%ls%alQ@@Eﬁcﬂﬂha@Vt@@%t nRpd7ap|eer for the

bi as pul s ;Eem such he sanple is taken on ¥ after the pl asma
has st abilavpeECIbTAH darinf2d rearede Fempiosied iarcet g9ad 1Rl aaany, dtprenisiigals

gener at i @\Jesiksy turned off. As nentioned, a tine that is roughly between
about 50-80 percent of the active bi ulse (i.e 50 to about
80 per cefft?0 ‘6? ttﬁ‘é’“éﬁt'?’?fée'ﬁp%mﬁtﬂ g‘éTﬁgggléY &Qﬁgélcf)gnf’lspa?meteéﬁlrg' f taking a
sanpl e f@msetnhateclpud suh ihat tmempre ke oalytateli theuﬂha‘ma if @0id6hd Fhelizdbpl ed

val ues fromt ous uch .gnal 450 or
Phase/ Ma etgﬁeélﬁgﬁé%s%r}ﬁl o, d orselzxamgl?: q at ﬁu%hg)? %%&chm%fﬁ 462) mmay

t hen be neadbaupulagi.delfter 8Daietcem o@éwsseme bias btyseahasﬂap%md)onlbyolncfstm ebnt r ol
system 4 t hi )i &qb bty precisely
L R P R R S
or the seabadiménts heormm1omﬁn§>e9imehte asawphvélsghwly@beb\eeet atoend0 tpakyh¥S hot  of
the valu le %&U«%a@é f f0QaREARRY §6 SRRh: AR 2BMivelBR@sE/ Mag

si gnal %rQJnt Bhﬁe Actlwt{).%ssdggsa lIl3t‘ha;bg?:|\/tag Si g%gcﬁ t462) anav; t hen be

t aken. [@@'@M‘P}ieﬂw@ i§ gritgie OR@kWHéS?ﬂ’R'?)f"'ﬁf?‘tpuﬁﬁpr oach wherein the sanmple may

be an aveseen VBikkeisQh bﬁ?Y/l—b&rcﬁ@KﬁﬂsEl@ﬂq@&‘eb{'m@@WﬁB& s\fténhlhtén akde pul se. The
track-and- hol'd techni que as | osed .herein |§?’§m§ ﬂ Fus f or

hi gh f re(ﬁb‘él"’%éﬁ‘t&l“ﬁi“% %gﬁdﬁé‘f'bmoﬂtf‘%&efeé’ by e SHgé'a 5t %on when
the pl asp@eived lerblanIVIH B&u&&@@ﬁ@ﬂb&@ gd‘hﬁb&tob@O&hBﬁ y lidik 4327 ananchits Foe a dedact

requi renents

Qcesses ecessi t.at te ments of
chanber é‘B‘ﬁd‘i’eﬂf 8&8” @ﬁgiagﬁe yhcgmb (‘qut F?éewed%ﬁ'%'a%%/ﬁdmum%%s
speci fy exacdnyl dylrempi it ailink 447mbefdant|smgplesah¢wﬂmt®esmﬂl 4gkangl i ng the sensor

si gnal s, Pﬁase&gﬁ 'ﬁ’cﬂﬁwé)f lol{(])ﬁ%hl Y eth;[ols;,malP{\/Oyﬁrgﬁessmmglrﬁo%&3 a?et/ﬁaggé’lﬁw ement s

for chanmber co nmentioned earlier.



[ 00048]In one or nore enbodinments, it is contenplated that nmultiple sanples
may be taken at various portions of a pulse (e.g., pre-ignition, start of

i gni ti on,wetemdpembat e pl asma present, start of after-glPomusdurionss7e
after-glow, etc.), all of which may be specified by a conbination of the
trigger signal (e.g., T_SYNC QUT for the TCP T/H circuit or B_SYNC OUT for
the bias TIFI circuit) and one or nore delay values. Further, the trigger
signals and the delays for the TCP Till circuit and the bias T/H circuit do
not have to be the sane or have the same val ue and sanpling at different
times by these two track-and-hold circuits 426 and 430 is possible.

Furt her, S t unber of
sanpl es t%zf)o shcp | S%nglleg%glaﬁ]@l ﬁﬁ)rrcu'pp{ogb %ﬁgglng@mggﬁag?é ﬁglfrgdst%to track the
responsere@énveaanglsme w@mtf&renwemlsms dwsired her eby advant ageousl y obt ai ni ng
the equi yghsit fl‘?em'dlelvf yonm)l s@gn%ladmh'le@gf&ﬁxgﬂﬁs pl[lgqgéb%]: kel dubil ﬁatrm@ner the

sanpl ed val ues e, , current %‘E ase, etc.) are nore
accur at e SaE if @a‘t“é)bﬂf@f ‘Ihf-’ ahfrrm*raé é‘aQ bzeBGP'sbéforec‘heeT §E God H‘i"ﬁ@f“b%t ter
i nf or mat p@gnd @herm&yﬁaﬁn&w r R mangnédr Piih aaatsbfb@gmyrgetwaraaab&awwd val ues

may then be e for control, alarm or ot ses, .for exanple.
[ 00050] A%rc%&p Efeacaxfdw(ﬂuﬁf Bg- pRdsabaunsd | 1P 3P89 hﬁce"gﬁﬁ‘%&%ﬂ’é B { he

i nvent i ORasiepEcay e s@itaBId féiealka{gtds\lmbly fdriahar peaUe biedr pRaidaERhG. and reduces
the risk

n t RF
Ul s1 g HaT B Rediusd FhE b uibp ol ER o B Palefbenirdl e
shor t eni BgPHakeeEM b ﬁgEIanZS)evatprdbhel.g,bﬂGRO arttaseddysdinaete? snafthdnibe r¢a|dw>etnt ion
renn?“u;nezteg éeil_]c%vafﬁ%‘{e tlalll}a/)‘g 3ga8?oﬁ>})tb'é%‘s§ (cjoglc lsyggmg?d %h th% m!m%ens H&?%o%ﬂgmlel_]y he
pl asma i sysaot420elay sgeifepratiedy Hyvhatpeing oumpen RE psisghdﬁtne&nhg st of the
trackand- TEF lofhsd ?{QM&%@ thelbs gL@e)tﬂ{e HIFE %umﬁeqﬁ@n PULSESof & tiDafedECUr at el y

nmeasure val ues rom varil ous ber par aneters, | npr oved accuracy in
process dsntpublignahisyahta fiomg-| rink sinalrd3p apfhapsdMarnignal A3 or VopowE SRl e t hi s

i nventi oq@gq;ﬂggmgq%gr%gqgayltgen wRkdken. 0f several preferred enbodi nments,
there are alterations, pernutations, and equivalents, which fa{ within the

scope of [R#H i Riglnlds themsior ik spppregh W'éﬂr%‘%ﬁ‘ﬁ@%“&'%'@%?es%’&é?f‘%ﬁ’ A8 °Conduct ed
wi th theqgi B@lakén' r&@ibh%n?{\ hevd @iah &etpUII’sé'"'ﬂ@ trafk-ahdcholduédhhiqge aafdfscltoﬂ:dcr eate a

pul se, a pul se may jnvolve t an5|t| rbltrar w_val ue
(whi ch né§e8ps 'HHVY%?“‘%@O‘?J?Q"@ etq)‘e"f“bp %fﬂ?‘i“?a Vs REU 'rhe e"'°As anot her

exanpl e, daﬂaﬁctwugh uarplalsﬂﬂducbhlduﬁlyeadmmﬂeedybhamatamefamjthmaet repaentitcal |y a
TCP (tran ner _cou nmher | < |

di scussi 8ﬁni) n};ﬁgcegie)gt@” 5%1? aée ;)cmfr te g megsurelt %Ptgnnpc11?¥§g§%%nt¥oggb lrlg&?%eher types
of pl asmalahactiens. Buphysimgeapace trievl sraclptipl pecht oiarshrise ¢ash pgbegfoor

mul tiple rﬁ)h‘i\%ﬁlggg%% %ﬁ)ﬂs e[ﬂb&in mygfthgl%ml& ovn&ég%izilc%m@m@géﬁ?ermeﬁ%a”pl €,

al t houg h® sei1sd and shortened in one or nore
of the efqnbﬂl@@rmrrehand 0t|“€fﬁU5°°§ﬂ§S%l"19h@"%‘v‘4&'@ép t he bias RF signal pulse

unchange 5'331 i i%%n@@fdméﬂe @}%éfdlﬁ15|itgg¢srcot1(|3§1p§§e§-mal MAiSEd Aﬂf.fs ) Be BRM ce RF

signal pul se sooner in (1.e., noving the rising e of the source RF
si gnal pal @éOltScPOa'Ob%?fﬁtpulsﬁ(etﬁ (PES-IGRIEARY S@F Of igRitien, é‘te?qyrFéa‘ 82 Eetre bi as RF
si g?al pg&ﬁ@fé’ﬁ& hewk&siRk E‘i%irlgw Etcl)raWo'fva@h ﬁﬂg@&Spé\dlﬁQﬂ@d\)cmn—mht&nmly Be -
per fornmed using an externa ster ci t ntrol both the
sour ce Rlﬂ‘eé‘i'%,gﬁé%fv”é By - %ﬁdcfe(hﬁg‘i é&eafslglgaréﬁa H%'t(’é@péwt gﬁglf%{v %t or
exanpl e. T citdaR) dn@lone orsedre ddisy vanips. (uaber B¢ wigPer sgudharideliarelags fonthended

TCP T/H circuit and the bias T/H circuit do not have to be the same or have the same value and

sampling at different times by these two track-and-hold circuits 426 and 430 is possible. Further,

it is possible in one or more embodiments to sweep a number of samples through one or more



to have its commonly understood nmat hemati cal neaning to cover zero, one, or
nore than one nenber. The invention should be understood to al so enconpass
t hese al twoabismos7soper nut ati ons, and equi val ents. [ 0005®firtusstemkst7al so be
noted that there are many alternative ways of' inplenenting the nethods and
apparatuses of the present invention. Al though various exanples are
provided herein, it is intended that these exanples be illustrative and not
limting with respect to the invention. CLAIMS What is clainmed is: |I. A
nmet hod for perform ng synchronized radio frequency (RF) pul sing between a
first RF signal and a second RF.signal during substrate processing in a

pl asma prtﬁselg2 obpa% a ﬁeﬁmg{lplesctgngck (Re 1 %Jonge o???fvgd ?a Anpegergeﬁqmneq -high for

said fir8 eriod after
said tr aarbvamtagymsng)bfamnmg tbaeculmlabw-qambhlt)gcbf acsﬁmslaigdcqpﬁr st RF signal;

ther eaf { fioods; Aniufil AR e’ %qovme%f}gl -l , BRUA, a%ﬂn&a%exéb%a'

thereaft anS|t|on|ng?fro ow for sald second gnal ,
wher ei n slaiedC@'e%mvd repeatali¢yfemn pplse ‘Prpalﬁ%F'tereéhé'@"'ldl“éﬁ?‘ée&i‘tﬁo’ﬁ‘?‘w ff"o | ow bef or e

sai d pl agiBest EARSIahd R8bId REQin@NTRE hRhd MR RARS Bien 886hployed for control,
alarm, or other purposes, for example.
[00050]  As can be appreciated from the foregoing, embodiments of the invention improve
etch selectivity (by reducing bombardment) and reduces the risk of damage to the wafer or the
chuck when operating in the RF pulsing mode. By both delaying the bias pulse at the front end
and shortening the bias pulse at the back end, embodiments of the invention ensure that the high
bias condition does not exist or is substantially minimized and that the bias pulse is active only
during the time when the plasma is actively generated by the source RF signal. By using a track-
and-hold technique that is triggered by the pulses to more accurately measure values from
various chamber parameters, improved accuracy in process control, monitoring, and alarm may
be achieved.
[00051]  While this invention has been described in terms of several preferred embodiments,
there are alterations, permutations, and equivalents, which fall within the scope of this invention.
For example, although the discussion is conducted with the simplification of signals turning on
and turning off to create a pulse, a pulse may involve the transition from any arbitrary low value
(which may or may not be zero volt) to any arbitrary high value. As another example, although
an inductively coupled chamber and more specifically a TCP (transformer coupled plasma)
chamber is employed to facilitate discussion in the specification, the invention also applies to
other types of plasma chambers such as capacitively coupled chambers (single or multiple RF
frequencies), microwave, ECR, etc.
[00052]  As another example, although the bias RF signal pulse is delayed and shortened in
one or more of the examples herein, it is possible to keep the bias RF signal pulse unchanged and
instead simply trigger the starting edge of the source RF signal pulse sooner in time (i.e., moving
the rising edge of the source RF signal pulse to a point in time ahead of the starting edge of the
bias RF signal pulse while keeping their trailing edges aligned). This may be perf'orméd using an
external circuit as a master circuit to control both the source RF signal supply and the bias RF

signal supply as slaves, for example. If the term “set” is employed herein, such term is intended



thereafter transitioning fromhigh-to-low for said first RF 2. The nethod
of claiml wherein said first RF signal is a primarily plasma-generating RF
si gnal amatoxaixbosmeond RF signal is primarily an RF bi agpcsiugp@bk/o4563¢ The
met hod of claiml1 wherein said first RF signal is primarily an RF bias
signal and said second RF signal is primarily a plasma-generating RF

signal. 4. The nethod of claim| wherein said transitioning from
hi gh-to-1ow for said second RF signal is perfornmed no |ater than said
transitioning fromhigh-to-low for said first RF signal. 5. The nethod of

claiml| wherein a generator source of said first RF signal is pulsing with
a repetition rate in a range between 1 Ki ) K d . 6. The
et hod of° BresHofrlefly Al ot FHAREOL defliedD E ek B o ARy B8 O
power souoewmbsr. \Tthe fregkmios alicsldfiengderpandas alsoancoepassthese aldrgions derfroratigsner at i ng
sai d fir?&jéﬁhékgﬁal’ said control signal including at |east frequency and
duty cycle infornation, wherein - said pulsing of said first RF signal
is at |el905310 Wihorldsise bnogepiiptdhangarnmgry Andatite Wasashimpemaite deconds

pul si ng LWodsOhd Qﬁ%ﬂn@wo?ﬁlelﬂ%é@ﬂwe@i@q SRR IO BuLHkehBled Se p8tiwaeN 10
percent and 90 percent. . The net hod of cfa|n16.funther I nc| udi ng

det er ni nheiginbis Avgeded thatfthsse gxamplet ba iHestramednd Yo HAY IS BdesREE! [UPSi ng, wher ei n

sai d det gn@idhng i ncl udi ng at | east triggering a first circuit after
receiving a first synchroni zation signal, wherein said first circuit is
configured at |east for receiving a first delay control signal

wherein said first control signal specifies a first delay tine for
gat hering data about a set of first sensor signals,



receiving a first V-1 probe signal and a first Phase/ Mag signal, and
collecting said data about said first set of sensor signals, wherein said
first setwof2o1xwomser signals including at | east one of ®airdisteizsssecont r ol
signal, said first V-1 probe signal and said first Phase/ Mag signal; and
triggering a second circuit after receiving a second synchroni zation
signal, wherein said second circuit is configured at |east for

receiving a second delay control signal, wherein said second control signal
specifies a second delay tine for gathering data about a second set of
sensor signals, receiving a second V-1 probe signal and a second Phase/ Mag
signal, and col l ecting saiddﬁﬂl bout said second set of sensor
signals, wherein said second set of sensor signals including at |east one
of said ¥éeonmdaivedix ol signal, said second V-1 probe signal and said first

Phase/ Mag ${ ﬂ&ﬁ%d for ;%rfo;nlﬂo% %Elh&qzeg adg @Rélgngy \’m p@l'sﬂg, s&vebnld fr&iRFL | Me del ay

starts after 80 percent sald first nal pul Se has el apsed. 9. The
met hod ofiged! a'?drﬁ SPCoftl BF 619A2 | SuTiee SYBHBI§@TAcESHES d‘eﬂ RigFmepEcEss g Fiagibehet ween 50 to
80 percepdmffsingai d second RF signal pulse has elapsed. 10. The nethod of
claim7 wherein said first circuit is a TCP track-and-hold circuit. 11.

The method ofr3etidgnRefraphigrapishdergaid SeshRE '8l cuit is a bias track-and-hol d

circuit. thereafBr \difir TGNy pbGsd AR shidrnih igbnng T @k 12@do-highlbfsaidr equency
(RF) pulﬁlng durlng substrate processing of a substrate in a plasma
processi hagwer of a pl asma processing system conprising: a power
source confl ghmadteatanlsieasmg fron logemnaightforsgd aecphdBFmigagpbner at i ng RF signal ; a

bias generatg l;erea?ter tra%ls“ll(lonmg,afs'om ﬁ'\%lﬁo lfogrforgglrc]%c%tmd RE s:%wl? Ivﬂ\%reﬁ al%lis%ﬁ‘]i ;

RF signal is transitioned from said high-to-low before said plasma transitions into an afterglow
phase; and '

thereafter transitioning from high-to-low for said first RF signal.
2. The method of claim | wherein said first RF signal is a primarily plasma-generating RF
signal and said second RF signal is primarily an RF bias signal.
3. The method of claim 1 wherein said first RF signal is primarily an RF bias signal and
said second RF signal is primarily a plasma-generating RF signal.
4, The method of claim | wherein said transitioning from high-to-low for said second RF
signal is performed no later than said transitioning from high-to-low for said first RF signal.
5. The method of claim | wherein a generator source of said first RF signal is pulsing with a
repetition rate in a range between | Kilohertz (KHz) and 20 KHz.
6. The method of claim 1 further including sending a control signal to a first power source,
wherein said first power source is configured for generating said first RF signal, said control
signal including at least frequency and duty cycle information, wherein

said pulsing of said first RF signal is at least 10 microseconds pulsing high and at least 10
microseconds pulsing low for each pulse period, and

said duty cycle is between 10 percent and 90 percent.
7. The method of claim 6 further including determining parameters for performing said
synchronized RF pulsing, wherein said determining including at least

triggering a first circuit after receiving a ﬂrét synchronization signal, wherein said first

circuit is contigured at least for



nmeans for creating a set of synchronization signals, said set of
synchroni zati on signals configured at |east for controlling said power

source ansloaixbobisas generator; a host control sy®cemsecanipuspas ed at
least for interacting with said means for creating said set of
synchroni zation signals, said interacting including at |east sendi ng

a first control signal wherein said first control signal includes at |east
frequency and duty cycle information for creating said plasma-generating RF
signal, and ‘ sending a delay value for controlling time delay for
said generating of said bias RF signal. 13. The arrangenent of claim 12

wherei n said neans f.or ing._sai d . SY, i ] i s is one
of said power source a %hgg%ﬁw%ngﬂ85%@&%@%FE¥B§E§QQ%éﬁﬁéggﬁggﬁgﬁt of claim
12 wher ei n sdird defmatse fopgatrieadatmgbostd st efdirst efnseysipodis.oni zati on signals is

an i ndependent ci reyiih &ﬁm'vgwo%gsig&ﬁarsacarmmmsiem&g%%m,mw source and
sai d bi as generator. 55. The arrangenent of claimI2 wherein said power

source is a TCP geatlertings#id data ghourriaid Tyt s RGERIAEISHHS, ¥hefpimsaig fijhest &f n sai d

power sour ce (BhS§maidchidfe GEIRAL blel P Bhid AlEohtfol JighANGR MewBsseahaut |
Kil ohertz (KHz) and about 50 KHz 17. The arrangenent of claim 12 wherein

said RF pul siaﬁﬁsadﬁﬁfé'a‘?hﬁsefw]?gs‘tignﬂzz“ﬁ gnal is at least 10 m croseconds pul sing
hi gh and at |g@stingdseBdnalcRERCHROBcNIhSI sagbnt GMchdhizRRdE Bighdl) \BiRrdiedaidod. 18,

The arrangenent .of cl ai 1ﬁ w@erein said duty cycle is between 10 percent
and 90 p&%@@ﬁﬂ@m‘igmﬁﬂ”géﬁ @' 'Por performing synchronized radio frequency
(RF) pul sing duri rgeisiupstdcaidaichly ooesssingl, Wierainphidsaandrooc@sghalg syst em
conprising. specifies a second delay time for gathering data about a second set of sensor signals,

receiving a second V-1 probe signal and a second Phase/Mag signal, and

collecting said data about said second set of sensor signals, wherein said second
set of sensor signals including at least one of said second control signal, said second V-I
probe signal and said first Phase/Mag signal.
8. The method of claim 7 wherein said first time delay starts after 80 percent of said first RF
signal pulse has elapsed.
9. The method of claim 7 wherein said second time delay starts after between 50 to 80
percent of said second RF signal pulse has elapsed.
10.  The method of claim 7 wherein said first circuit is a TCP track-and-hold circuit.
[1.  The method of claim 7 wherein said second circuit is a bias track-and-hold circuit.
12.  Anarrangement for performing synchronized radio frequency (RF) pulsing during
substrate processing of a substrate in a plasma processing chamber of a plasma processing
system, comprising;

a power source configured at least for generating a plasma-generating RF signal;

a bias generator configured at least for generating a bias RF signal,

means for creating a set of synchronization signals, said set of synchronization signals
configured at least for controlling said power source and said bias generator;

a host control system configured at least for interacting with said means for creating said
set of synchronization signals, said interacting including at least

sending a first control signal wherein said first control signal includes at least

frequency and duty cycle information for creating said plasma-generating RF signal, and



sending a first control signal, wherein said first control signal including
at |least frequency and duty cycle information for a first power source;
gener at i lyoaofiasts9RF si gnal configured at | east for gememrats2oig/oasepé asma;
transitioning fromlowto-high for said first RE signal; waiting for a
del ay period before igniting said plasng, generating a first
synchroni zati on signal to a second power source after a delay value, said
del ay value is enployed for controlling time delay for generating a second
RF signal; generating said second RF signal; transitioning froml owto-high

for said second RF signal; transitioning fronihigh to-low for said
second RF signal, ere aid secon S| nsi t rom sai d
hi gh-to-1 ow bef or &sa adaf asrlrliae fsrrcé"ntéo Emgo“n“s og[%ty for Sa'd ﬁgnteraﬁl(}l’ J&Qg(&gfée and

transitioni ngRE signl. hi gh-to-low for said first RF S|gnal 20. The net hod of
clai m 19 yherg qnaﬁz'ei;igit&@ilm% egﬂiaslaid'n*?‘eaﬁs fg”r%rié/s@cl &8 \Abgcmﬁrzawnng RF

si gnal and sal d ‘secon signal 1s an bi as S|gna
2013/ 006 FBHRGT P93P 9 pOVES 616 € azcisa-drwaﬁrmrﬁ@d of claim 19 wherein said first

RF signali4is aRRh Qi'n@iﬁ 0§é|gmal|2 \@J@ansﬁiddne%i%CfQMeB S BRAbf slithRnRAGIFRT Y
pl asma- gener ati ng ﬁF 22. The net hod of c?aini 19 wherein said first

RF S|gnaP@?%Sﬁth@WeWk@dU@ﬁbV"gﬁﬁﬁb@r%ﬁﬂmgﬁiﬁm§€éﬁnﬂ“@F“§ﬁ@H£W5|s a | ow
frequencyeRfacei gnal .

15.  The arrangement of claim 12 wherein said power source is a TCP generator.
16.  The arrangement of claim 12 wherein said power source pulses with a repetition rate in a
range between about 1 Kilohertz (KHz) and about 20 KHz.
17.  The arrangement of claim 12 wherein said RF pulsing of said first RF signal is at least 10
microseconds pulsing high and at least 10 microseconds pulsing low for each pulse period.
18.  The arrangement of claim 12 wherein said duty cycle is between 10 percent and 90
percent.
19. A method for performing synchronized radio frequency (RF) pulsing during substrate
processing in a plasma processing system, comprising:

sending a first control signal, wherein said first control signal including at least frequency
and duty cycle information for a first power source:;

generating a first RF signal configured at least for generating a plasma;

transitioning from low-to-high for said first RF signal,

waiting for a delay period before igniting said plasma;

generating a first synchronization signal to a second power source after a delay value,
said delay value is employed for controlling time delay for generating a second RF signal.

generating said second RF signal;

transitioning from low-to-high for said second RF signal:

transitioning from high-to-low for said second RF signal, wherein said second RF signal
is transitioned from said high-to-low before said plasma transitions into an afterglow phase; and

transitioning from high-to-low for said first RF signal.
20.  The method of claim 19 wherein said first RF signal is a primary plasma-generating RF

signal and said second RF signal is an RF bias signal.



23. The nethod of claim 19 wherein said transitioning from high-to-low for
said second RF signal is perfornmed no later than said transitioning from

hi gh-t o- Iwe2bmvoosmdpd first RF signal. 24. The net hod ofcTlmzombBerher ei n
said pulsing of said first RF signal is at |east 10 m croseconds pul sing

hi gh and at |east 10 m croseconds pulsing |ow for each pul se period. 25.
The nmethod of claim 19 wherein said duty cycle is between 10 percent and 90
percent. 26. The nethod of claim 19 further including determ ning
paranmeters for perform ng said synchroni zed RF pul sing, wherein said
determ ning including at |east triggering a first circuit after

recei vi ng, a Sﬁ%%{l o§¥P&m’nq@i\\%m%l:einosgid§{rsg'ﬁ%lsi’g qu{ﬁi%as‘gqalfahﬁ §E1tld &-:Hngu' tis
configured at or recelving a First delay contro
wher ei n §§|sx§n2ﬂnsrasnm@anmlasma -geheyatang REpaodlf i es a first deI ay tine for

gat her i nes. datﬂeQQ%E o@clﬁﬁltWQ\fheIeh{s%fd fﬁs@'ﬁ?gfgnﬁ'l%ﬁ’glﬁreqﬁj@ﬁ?kl‘éhd“gn@safd' rst V-I
probe signal and a first Phase/ Mag signal, and | ecting said data

about sabegord Ristignabis a v Geayensy REisgA#ll s, wherein said first set of sensor

si gnal s bfcl udie ngtdl ofcﬂﬁﬁltl9Qﬂﬁreﬂlfsa§laﬂaﬁisltfoinl’n§tfroﬁﬂﬂélf@110\5if(ﬁ@ﬁ&i secSRAIFF first V-1
probe signal . and said first Phase/ Mag ing a second

circuit Hppadjs pP‘é%‘ie‘?/l‘?]B‘eé"E“P]fal"l)‘r?é‘)sx‘ﬂ?:‘}‘l'i‘%']fﬂ% %ff’*l‘ &Pﬁlog’lf@'ﬁé'ld ﬁrmgggi“?r{ sai d second

circuit ps COIrhfelngtlfoedchlilm| l@a\‘&krefrméldl’peﬁﬂg\tfdﬁgl f&stwo;mﬁdl ldﬁl]ﬁy[ loont rol signal,

T e AT R PO RS (%o v

pr obe si ghal Hndw&m&eﬁﬂmh IPhaseinag dsiygned is bameercid) dee:cmna I&mradndat a about
d d i

sai Sec%.l e metho?e c%alm l%lfgrl;hal St:luc\ﬂ,{m1 5e?en9m§ pQraﬁ‘l[%f\épsqgrsp%%mﬁxg afnsor

signal s iricludi'rng at "1 east “one of second I'gnal ,” said second
V- | synchronized RF pulsing, wherein said detenmnmg, including at least

triggering a first circuit after receiving a second synchronization signal, wherein said first
circuit is configured at least for
receiving a first delay contro! signal, wherein said first control signal specifies a
first delay time for gathering data about a set of first sensor signals,
receiving a first V-I probe signal and a first Phase/Mag signal, and
collecting said data about said first set of sensor signals, wherein said first set of
sensor signals including at least one of said first control signal, said first V-1 probe signal
and said first Phase/Mag signal; and
triggering a second circuit after receiving a third synchronization signal, wherein said
second circuit is configured at least for
receiving a second delay control signal, wherein said second control signal
specifies a second delay time for gathering data about a second set of sensor signals,
receiving a second V-I probe signal and a second Phase/Mag signal, and
collecting said data about said second set of sensor signals, wherein said second
set of sensor signals including at least one of said second control signal, said second V-1
probe signal and said first Phase/Mag signal.
27. The method of claim 26 wherein said first time delay starts after 80 percent of said first
RF signal pulse has elapsed.
28.  The method of claim 26 wherein said second time delay starts after 80 percent of said

second RF signal pulse has elapsed.



probe signal and said first Phase/Mag signal. 27. The nethod of claim 26
wherein said first tine delay starts after 80 percent of said first RF

si gnal puveeaotsamembapsed. 28. The method of claim26 wereraiseoizaist’second
time delay starts after 80 percent of said second RF signal pul se has

el apsed. WO 2013/ 006759PCT/ US2012/ 045676 29. The net hod of cl aim 26
wherein said first circuit is a TCP track-and-hold circuit. 30. The nethod
of claim 26 wherein said second circuit is a bias track-and-hold circuit.

29. The method of claim 26 wherein said first circuit is a TCP track-and-hold circuit.

30. The method of claim 26 wherein said second circuit is a bias track-and-hold circuit.



