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POTENTIAL IN PULSED RF BIAS PROCESSING

BACKGROUND

FIELD OF ART
[0001] The present invention relates to semiconductor fabrication equipment, and more
particularly, the present invention relates to methods, circuits and systems that control the
application, measurement, feedback and processing of signals associated with pulsed RF power

delivery to a processing chamber or electrode.

DESCRIPTION OF THE RELATED ART
[0002] In semiconductor fabrication, integrated circuit devices are fabricated from
semiconductor wafers that are placed through numerous processing operations. Many of such
operations are commonly carried out in processing chambers in which layers, such as dielectric
and metallization materials, are successively applied and patterned to form multi-layered
structures. For example, some of these layers (e.g., Si0,) are commonly deposited in chemical
vapor deposition (CVD) chambers, and then photoresist materials are spin-coated and placed
through photolithography patterning. When a photoresist mask is defined over a particular
surface, the semiconductor wafer is placed into a plasma etching chamber in order to remove

(i.e., etch) portions of the underlying materials that are not covered by the photoresist mask.

[0003] Processing chambers may be used to etch the materials or deposit the materials onto
surfaces or layers of a wafer, or to implant materials into the surfaces or layers. In some physical
implementations of etch, deposition, or implantation chambers, radio frequency power (RF) is
used. For example, in the processing chamber, plasma may be generated by applying the RF

power to an inductive coil, and typically the RF power is applied at 13.56 MHz.



100021 In sem conductor fabrication, integrated circuit devices are
fabricated fromsem conductor wafers that are placed through nunerous
processi ng operations. Many of such operations are conmonly carried out in
processi ng chanbers in which |ayers, such as dielectric and netallization
materials, are successively applied ang patterned to formnulti-Ilayered
structures. For exanple, sone of these layers (e.g., Si02) are conmonly
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[0007] In one embodiment, a plasma chamber for processing a semiconductor wafer is
provided. The plasma chamber includes circuitry for monitoring and adjusting a pulsed RF bias

voltage signal to be applied to a chuck in the plasma chamber, where the chuck is configured to



[ 0007] In one enbodi nent, a plasma chanber for processing a sem conduct or
wafer is provided. The plasma chanber includes circuitry for nonitoring and
adjusting a pul sed RF bias voltage signal to be applied to a chuck in the
pl asma chanber, where the chuck is configured to 3 nount the wafer for
processing. The circuitry includes an bi as vol tage detector for
detecting individual pulses of the pulsed RF bias voltage signal applied to
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pulsed RF bias voltage signal applied to the chuck according to a difference between the
feedback signal and a desired voltage value of the pulsed RF bias voltage signal.
[0009] Optionally, more than one peak peak-to-peak voltage values may be averaged to
generate the feedback signal. Further, optionally, more than one peak-to-peak voltage values in
each voltage envelope may be detected and held. Still further, the processing may be performed
by circuitry (analog or digital, or combinations thereof), firmware, software, combinations of
firmware and software, and combinations of firmware, software and hardware. In either
embodiment, the processing enables accurate adjusting of the voltage of the pulsed RF bias

voltage signal applied to the chuck.



[ 0010] O her enbodi ments of the present invention nmay nmeasure a pul sed RF
bi as signal applied to a bias el ectrode of a wafer processing chanber. A
detector may be configured for response to the pul sed RF bias signal, the
pul sed RF bias signal conprising of a pair of ON node pul ses separated by
an OFF node, and the detector may be cgnfigured to generate a detector
signal conprising successive envel opes. O course, as noted above, onIy one
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power debhfi@iryd §cothat the depsaderig tcBRIN mode pulse and for generating a detector signal in
the form of successive envelopes. Amplitudes of one of the envelopes consist of amplitude
values that are proportional to peak-to-peak voltage values of the cycles of a respective one of
the ON mode pulses. The amplitudes of a respective envelope may be with respect to time only
during a respective ON mode pulse, and each envelope is independent of a duty cycle and of a

frequency of the pulsed RF bias signal.

Brief Description of the Drawings
[0012] The embodiments of the present invention will be readily understood by reference to
the following detailed description in conjunction with the accompanying drawings in which like

reference numerals designate like structural elements.



[0014] FIG 2 is a graph showing tine (X axis) vs. voltage (Y axis),
illustrating that a pul sed RF bias signal nay be in the formof an RF bias
pul se followed by a zero voltage condition (no pulse) foll owed by anot her
RF bias pulse. [0015] FIG 3 is a schematic di agram show ng apparatus of an
enbodi nent of the present invention incsl udi ng an RF generator that
separately communi cates a second RF bids signal to the chanber. [0016] FI G
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[0018] FIG 6 IS a schematic diagramshowng a timng circuit configured to
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envel opebaiahel- t o out put an average. [0021] FIGs. 9 through 15 are flow
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present sleglo\g%ri{l*l l?igé signal, illustrating a rise portion of the envelope.
[0017] FIG. 5 is a graph showing time (X axis) vs. voltage (Y axis), illustrating a difference
between times that represent a second time delay imposed by a timing circuit after the end of the
rise portion, also illustrating that during the second time delay voltage values of the envelope
become more stable and suitable for being sampled.
[0018] FIG. 6 is a schematic diagram showing a timing circuit configured to trigger a sample
and hold circuit so that sampling identifies the peak PTP voltage values VPE of the envelope.
[0019] FIG. 7 is a graph showing an exemplary output signal generated by the sample and
hold circuit 100, illustrating the signal having amplitudes.
[0020] FIG. 8 is a schematic diagram of modules for programming a computer to sample a
number of envelopes and to output an average.
[0021] FIGs. 9 through 15 are flow charts illustrating various embodiments of a method of the
present invention for determining a peak-to-peak voltage value of a pulsed RF bias signal
applied to an RF bias electrode according to an embodiment of the present invention.
[0022] FIG. 16 is a schematic diagram showing a detector configured with a capacitive voltage
divider that receives the pulsed RF bias signal.

[0023] FIG. 17 is a schematic diagram showing the detector configured with a diode network

composed of alternately conducting diodes.



[0022] FIG 16 is a schematic di agram showi ng a detector configured with a
capacitive voltage divider that receives the pul sed RF bias signal. [0023]
FIG 17 is a schematic diagram showi ng the detector configured with a di ode
net wor k conposed of alternately conducting diodes. 6 [0024] FIG 18 is a
schemati c di agram showi ng a di ssipativeﬁfilter to both filter out any RF
noi se that m ght otherw se appear on the envel ope and to adjust a val ue of
voltage to a val ue conpatible with the sanple and |d ¢circuit. [002 FI G
19 is a Q&M 1§il%@F%%HBW%&‘%SW@&taéiﬂssg%aﬂﬁ%ﬁﬁ?rﬁoﬁ’ﬁ@ #‘J](S‘?rrﬁ“%f‘nif ﬁt
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applied to the sample and hold circuit, illustrating a buffer amplifier of the sample and hold
circuit.

DETAILED DESCRIPTION

[0026] The present invention defines apparatus and methods for processing information to
enable improved control of signal data provided to a processing chamber that is used in
fabricating substrates.
[0027] In embodiment, the processing chamber is a plasma reactor with bias RF delivery. The
peak RF voltage is a parameter for controlling the wafer potential. For applications using pulse
modulated RF bias delivery, the peak voltage during the “HIGH” portion of the pulse is also an
important parameter (as opposed to average potential over whole pulse). One structure example
may be to use (A) a voltage divider, (B) a fast envelope detector (and filter), and (C) sample and
hold circuit. In one embodiment, the sample and hold circuit may be comprised of (i) a trigger
signal to signify the beginning of the “HIGH” portion of the pulse, either from the envelope
signal or from an external sync signal (ii) a timing delay (configurable), (iii} a sampling of the
voltage signal, either single point or multiple point average, (iv) an output of the single sample or
multi-point average of the pulse, and (v) a hold to maintain the same output reading until a new
trigger is detected. Further the example structure may also include (D} a close-loop control of
the peak RF voltage during a HIGH portion.
[0028] In the following description, numerous specific details are set forth in order to provide
a thorough understanding of embodiments of the present invention. It will be apparent, however,
to one skilled in the art that the present invention may be practiced without some or all of these
specific details. In other instances, well known process operations have not been described in
detail in order not to obscure the present invention.
1. SYSTEM AND METHOD DESIGN CONSIDERATIONS
[0029] In describing process control, such as controlling the etching or deposition or
implantation, the second RF power applied to such electrode may be referred to as RF bias or RF

bias power or preferably, an RF bias signal, and such electrode may be referred to as the bias



[0027] In enbodinment, the processing chanber is a plasma reactor with bias
RF delivery. The peak RF voltage is a paraneter for controlling the wafer
potential. For applications using pul se nodul ated RF bias delivery, the
peak voltage during the "H GHd' portion of the pulse is also an inportant
paranmeter (as opposed to average potent4 al over whole pulse). One structure
exanpl e may be to use (A) a voltage divider, (B) a fast envelope detector
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bi as pulefe i vg&ﬁgs L8P B HOSBE AT S pehi BB BNSIRSI R RAe

condltlon en anot her Ias puls hen Zero vo tage
condi ti @nelﬁpmrpﬁb@&hcy einge. BuchcrlslessisaaangilitiRie (beas vplthgeamludyhat oatiésnue as

ong as b%p\a?ere% olng P usna%gc(i)n]; (r)antE)sr\(/)a l?ess control.
[0032] Generally, the plus value of the amplitude of one (or more) of the cycles is greater than
the plus values of all of the other cycles of the single RF bias voltage signal, and is referred to as
a positive “peak” value (or peak voltage value) of the single RF bias voltage signal. Also, the
minus value of the amplitude of one (or more) of the cycles is less than the minus values of all of

the other cycles of the single RF bias voltage signal, and is referred to as a negative “peak” value



[ 0031] Each such RF bias pulse of the series of RF bias pulses may be a
single RF bias voltage signal having an anplitude that varies between plus
and m nus vol tage values at a frequency in the RF range of about 0.1 MHz to
as much as 60 MHz. A conmon frequency nay be in a range of about 0.4 MHz to
about 2 MHz. The single RF bias voltag% signal may have a duration (an "ON'
duration) of fron1about 10 m croseconds (us) to about 100 s As an RF

si gnal , the s voltage sig i S, c osed of . cycles

osci || atPBREkgP B%erwéws o?éhegsmglg %ﬁéﬁ%@@;e Figntln Jor SUBRBIcHFS, the wnfde
range. tlﬁiéode?wéb"iﬁsth@ oS Ardd U&%aﬁ% l?eaks @f é’a@htc?&@ 1§’1%|fé1‘F@d th B8 theMREL 85

bet ween one plus and on m nus va Cenerally, the plus val ue of

t he anplpetludeltage vehe, ¢ Thwelgdgeohlueche cycl es is greater than the plus

S et e o aEOR By SR, o RO el VORTS D o B e

si ngl e RidibAtashay 8hé AL RF BiARbulsébtdPs attth€e Sthat@NWRIrAont e, & atttmaldqff
one (or nore) of the cycles is |ess than the minus val ues of all o

ft

ot her cydrsiodof tlm“@hﬁg}n@ wiciihe ong BFthiggerudiegh 2PN "arldeicgnditipe i ‘éfhlchéhggFa
t t I

e e R s B Mt e LR N 0 O B AT B DR A

posi ti vendwnd theagad pattoderksh©RF mfpudsjé(ii eOFB” sef theredd aitlmea[&rioﬂE{“tM?) tmpeak
vol tage val ue, or PTP vol tage val ue. [0033] This single RF |a vol
si gnal , YWHCIRhers iggo gundigadenhs . e vpBags s geroiefarsedyio aéu pe Pulstﬂ B 18019 Mt

one. SUchfE, Heat: A s AOFY rgfdiea S0 PRl NIE ey *S%F’?E% %
The conds amcm}neuRF Wilas phist,hie. Iaﬁolheralmrﬂuhmbanoﬂle@ﬁmeSpmﬂe@Ned to as an "

node" RF bi ul se (t rs ps at.the end of th

per i od 08T naVigrngy AN T E R T I N @F )
in whi Chhétfae*dst SelR® 2R delildles RE bfis puIs@@m‘ég'bE%gﬁné(Pb}Za?fa‘ﬁo(cff%W@ﬁC{otﬂ% as
"no pulse e condltlon in which ias pulsé is OFF is referred to

as an " GFf crﬁsnhee‘ ONadneigime OFE, peknayibe BiEEd ontienes in 9 rammastdi@borA Oohisospednsle,

. e., another_ burst, ot her ti erjod t 03 h th
char nct aADUEPha Db amiBSe s e s bach Bheqinas PecfpdoEthe DN madds hd O DihPEF 00
that a ' STk ltiﬁles% r%m&h@m%ﬁaa@%néag @PEhB‘éEﬁé‘ssof‘Wbﬁ nggﬁéé Nk /Y a

ratio of time ONto sum of tine , and may be based on
times |mu&em&ngﬁahﬁﬂaﬁéﬂttd@hnndﬁhﬂeconds (i _ts) to about 100 milliseconds

, f i h
(oL Dol b bR b ania prlsad REP el felug o b M Pl o fice St
bei ng ath@ytleer f}@tﬁﬂé@fi Relbl’ﬂﬁi s@xflalltﬂét ﬁs@s Qb@lﬂégejeg%hlér TR Rdut R ol ?‘p‘wai

resul ting fronlt i s pul sed bras signal relate to a typical way o
measur i ngtagtedlvxdbt mgéloclfls 8 lﬁmcpulh sbtheRaramchers of theatulses hhthepylssed REVins sigreel,

the par G SFLEPE ot Bealol. LR i bER ey ESu RIS asipdioh i Bhe .

and pul glardtig QIEROUN risdedReiGhé Badiebor@e OHremddd. yBedakethe DN nfddael iten of
both the duration of the ON nbde and the duration of the OFF npode. Because

the ON rmsb@d 8 hissesignal sreesuplty o the pulse rrie in the ganggiof pbent 1firdo shpuld OkBresuch
the r an at@?oﬁgterlgﬂ% lsPe 1%? ollllge gl%é'ﬂéésggg@:a &glcﬁﬁfe gbfx! lgorﬂ agh gécu}eﬂé‘ﬂ %

respons ypi ca A accutate Bras vol
of the mlt@@bﬂ%ﬁe pilasd RF gmlmgﬁayma@hoismlmiplwbddmaamdn average ¢fthe RFbiaf t he
RF bias voltage over tine (i.e., not averaged over the entire response

time), Belagesdcsting a%eﬁ%g’éfe’i%ﬁfi aveIdpR eI e Fesppise S e ebgsase e pLeragq waulds
duty Cy%ﬁelﬁ tﬂgbﬁﬁskm RIE ¥uch & ﬂf@{élé( aﬁdjgﬁl&% fr&#&:'ﬂgﬂ "gé{ %regﬁ?é%egﬁfover

dependent aranéters e averag ras s

time assdet memgeehhtbydéﬂmﬁdéiy phcid pwlsxt pageacidisy tidaaverage o€ fherRiethat sighalover as
the "PPD aver age" PD av e voltage".. This PPD aver g is basgd on
the PTPUYH FAGETRHIGLY by ! Egmsdifoids sifored By below af @@_ $8rt Grerizat i
the zer opppld2Q8e VahMR” OThisNP I hFeriRAS D2 RALINAEE PIPERAE VL&D S the cycles of

each R¥ bias pulse as well as on the zero voltage value of the OFF modes between these RF bias



9 pulses of the RF bias signal. In the experience of the Applicants of the
enbodi nents of the present invention, the PPD average would, e.g., be |ess
than the voltage divider output fromonly the highest PTP voltage val ue of
the pul ses of the pulsed RF bias signal, and the anount of the difference

is difficult to determ ne. [0036] Nbreqyer Applicants of the enbodinents

of the present invention have observed that because the output of such

vol t age d| vider is a function of the dur%tl on Qf the ep .t hough
t he PTP npvbict ahths Rdi bianaigpiladn Pig cdeerigice ohih P(i@amﬁzpf ea?@r@i {m%nSPrQ ®he the
same ovef.dofy VélItR)rllf ﬁ‘?é%{]/ﬂ g‘)er%gr%w%lﬁﬁ'aé;%ebé Esstﬁ\gn %t%ltﬁ%@hl%d@!?%@ut from RI;

nonet hel’8ss ange al ue average vol tag t he pul sed

bi as si ghahlghm PaPredtab¢ yalseiofithépplsecafithe phiavdRE i) sighal) ank site atheunt af the

f eedback,.error signal applied to the typical feedback |oop is based on such
PPD averifereneaiy d%i?ﬂ@ﬂl ‘g‘?"rﬁ}iﬂ? ‘average voltage is used as a representation

of a peglipid]- PHRkeEr, Wﬂp‘h@%ﬂﬁs Of tht RELBHNSSE: cﬁﬁh@?%mﬁhl&%ﬁhoﬁ hafe dbsevpi tiaed
to the bias electrodé, the feedback error si gnal does not lgpggresent only

t he val d@caﬁsetthrﬁeommmftsmfp‘aétagﬂmvwﬂrtlsa@’éslcthlhgiéthe lﬁyraélan ot thedPEamogley QV&ge
di vi der

on' tho. vlnigt e S fagst of thetos Byt SR RL TR bRl by ¥ MR ¥Rk oon,

i nventi Qﬁn@ﬁ\ﬁﬁeﬁﬂﬁﬂé)uﬁgdcﬂahgé 1ntth8 dusecyefe whed B&El:tl@&esrs&g&gmhé aglac oSthelPPas
is obtained by the vol talg dtl vi der net hod, does not pr ovide a desiraple
B

contr ol aﬁﬁﬁﬂﬁ%@@ge&f thepuped RE b sieople Acermsulsioueh Applicnirhaveranclpdsdthal of
the exenplar ,;eg&b%g pglE;S;laq ﬁﬁ?lé%" R Of élFfe@H'lSa%k'l de QS or ?ﬁmh BEPOLRAL S

i mproving on abova’ now be ‘descri be grater

det ai | . gn@@Heh tthPhPD hergleoritagonsisetbied feprseitation ofth pdakaofpehk ﬁw\m@agu off
define several exanple cjrcuit and syﬁ%em confi rattj (@) However
g the; e

shoul d Bhe pweaet BF 5 St%&l thapigiapplict bigg glegrodse ack e it gL GOWOE he
appendquél ?én%myﬁ{?@g Pﬂhbée é§e Jé'é%‘l{gﬂ:‘ L&t t @[’Eﬁ’us‘ By TRdaybRalCRtagé 81v1der

circuit ood th functionality can
i mpl errenhe:ﬂod rthexe mmhnrnn tfe detarmenatiborof tlesk A bize voltipe Mhewa&ralAstayregdhfﬂaﬁ med

it saigmv,sﬁfﬁ e
sof t var 600k K Okadel st %Ls% @&&ﬁemE s T%@di@'ide?ﬁ’[e‘%ﬂcﬂ' haes%g%k@t& PIREEBISI NY

steps or co ni cafl on. M AND METHOD DESI CONFI GURATI ONS
[ 0038] Ro@rolpashoeist en wbtwbrmtoas@ the éwdbackaemroe migoali for pentest oaﬁwanxamlarﬂ@tcbmg

NG TR AT e A A e N T
to a progfsRivBe SReARET inQrate ®fdil.ode via a pul sed RF
[0037] With the above considerations in mind, the following will define several example
circuit and system configurations. However, it should be understood that modifications may be
possible, as defined by the appended claims. Specifically, although reference is made to certain
circuit designs, it should be understood that the functionality can be implemented in a number of
forms. For instance, the functionality performed by circuits (e.g., analog and digital), can be re-
rendered into firmware. Additionally, firmware can be executed alone or in conjunction with
software control or assistance to complete or partiaily complete processing steps or
communication.
II. EXAMPLE SYSTEM AND METHOD DESIGN CONFIGURATIONS
[0038] TFIG. 1 shows a schematic view of an embodiment of apparatus 40 of the present
invention for controlling the application, measurement, feedback and processing of signals

associated with pulsed RF power delivery to a processing chamber or electrode via a pulsed RF



10 bias signal. In enbodinents of the present invention, the determ nation
of values of the pulsed RF bias signal is not influenced by, or a function
of, the duty cycle of the pulsed RF bias signal, and is thus independent of
the duty cycle of the pulsed RF bias si gnal, and is not based on OFF nodes
of the pulsed RF bias signal. [0039] goone such enbodi nent the

determ nation of a value of the RF bias voltage on the wafer is based only
on the pulses of the pulsed RF bias signal, so that t he df;teirm' iolE] %ls
made onlbjasdigahglngebadinsrig eftheressat iptiendion. ke delexmingfign gl va B8
enbodi t; ageR fer
i's basmn]}agaggaéﬁﬁg@\}g%%@%? §’ (ﬁe hgrﬁ)angfe{riﬁgg%] Bgcbgieegéf-tﬂgbltgeak ggie{sgg‘gbﬂ%
val ues aidas phuedrlependehest thé dpylcgels obthet hsed RISkids REndlj gl isinghbdsedind (il y
during the, ON de ofr‘;é‘hbse pul ses. In sonme enbodi nents, the characteristic
peak- tonb%%?ﬁo@ 132SiBRY greatest or one or nore of the | arger

peak-t oy wﬁg Vel c‘;nfég;ﬁéh e&q@&ﬂ%nﬁhgdet%nhﬁlaﬁoﬁh@mhe 61 o XU IRER SR B thdre
appar at us i ncl uding a vacuum processi hg chanber 42 having a substrate
hol der 4dafprrie bastidrglnos thetraibice o £ thamplsad R driaesigenl ssoshisghe deternypaticrais magle

processed in se uct.or nuf.ac n a I Such
subst r at @@y nE ﬁwﬁlé’dgs Bglﬁ%‘ijig{:(?lla%\ﬁé%%(g{ tIor %SnuoPher %%n%t at is
processetdriidweikh 88a aame\olfqﬁ: TOF ba® WPIRARtn, the wifer i$ Bl aﬁ@rormn mm@u of dfe or
a conbination of various materials. The top of the chanber 42

provi dedhafasteristicpeakemenk roltage valven oha peesetitamaher pf pulssied e pui%edy ITJf)bKii] A

port 50 i rior
oF 1 ho_ ciEb AR P Ui B O ol QHURER a1 (BRE BubpBGRERHeQnhlecitiel O
with f a%ebk%d—p&k&%lﬁa@ﬁhma;@ﬁwhd gre@estes Hné or ﬁkbee @ﬂtha’iﬁger%alﬂc&pédkwdﬁages 50.
The facilities requi re _such access to facil | at onductin

deposi t i[B9AWr gll@hl H‘g"l %hemﬁtm dagam dowingthe spparaius 4 BEBEPCUIT such as
by suppl 6&39319% %ﬁﬁl?erg%qﬁﬁ g% stuB @Mﬁ&r 44 lﬁ%vfarﬁ?g Ef’éﬂﬁﬁgie%leﬁﬁ fhg%r%@fd jities

54, process gases nmay be su rom one or nore gas suppl |es t hrough t he
port 50 subitmté Hethahamberesskd.in Aemmnpdt(qﬁmtm&hxfml)nnmgpemmsﬁot eanplesSuele in

t he chanber 42toapressure| ane Iar e.of. 1 to 1800 1111 Torr.
100421 FEPEEBEFS 0GR SET AR Bl i DRk Bs Besgsstd I mikineap r c.e
58 of REeRe" gxomm&nm 4. "BEAABESr élﬁa‘dﬁ&bf‘gr £ bdribinhtidSo CRABRS frRthriaR, AHCbp

60 to energize the gas I'n the chanber and maintain a high density (e4%

10- 11 t efigAchantdesAZ By belpasvided with hehahberbeindd®, surhas e didlede wiyd

it TR VLI IERTRAY YA N AN NN

provi de hhgbhi gh Mensiadp schdmi@BFBhdws th%ﬁ@lus@ﬂmrm@s@wmqmsﬁam fhat he
chanber 42. During that coupling, the coil 60 generates an electric field

(see | i meguigaccEs® t@)cha{n(oewaq vigltigg port 50.s Bhe Fasilisics RAMAYGEqEFOREE dceesnior ol |

R e e R G S S T

The soumuﬁg H@@rb&%k ﬁ&s&) Mmelctinbe:, D@Wdﬁaﬁ@l’@lﬁﬂtﬁt fugilities 5ajyprecess gases
react ances he rratche second RF povver is Bpl ied to an el trode 66 in

the for mafbasuppbiehfommngiogmare gss syppbguthrongd thaperhpP étp Siechambestor At he

mat chi n

o gnal | uREMBl ol s Tl R el S e HRp R B e ire ey S
el ect r odengeGofUnddi000 hgllstopst rat e hol der 44 is pri marl I y the pl asrra in
chanber 42. and the | Qad inposed by the plasm is becausge
the plad 421 o1 Kor4epesinbactclTRg 08 BYRAR aten E‘ioﬁ?ﬁﬁ?s ?J/%gg%to(g@h ey with

el ectrodg ; glgaeéleﬂltcg htdEndbit i GE 85:9RGA3S hic611 88 td @nér@ﬁe PASHEn HR Ph@Bed HRY

substrate _
maintain a high density (e.g., 10 to 10" jons/em3) plasma in the chamber 42. The coil 60

may be operated at a typical fixed frequency of 13.56 MHz, and may be a type that inductively
couples RF energy into the chamber 42 through the window 48 to provide the high density



[0045] In the enbodi nents of the present invention, the RF sources 58 and
64 are separately comrunicated to the chanber 42, with the inductive coi
60 and el ectrode 66 separate fromeach other. In describing process
control, such as controlling exenplary etching, deposition, or

i npl antation, the second RF signal 68 gpplied to such electrode 66 may be
referred to as RF bias or RF bias power or preferably, the RF bias signal,

and such el ectrode, 66 y be referred to as the bias electrode, These terns
Gl 't nGURIST oo PR s Cupeare PSP e e i PTG fhe B0 dDoe 53
to the inducidsyR fRtdc #Qd(RcIRREEAU[GL g pl asma. [0046] During processing,

W t hout process control or w thout proper process control, there is a

vari at i oif063] t REG.i Inpedshors tharfot pradyss ports@nsust as gonthaling Hie cédhéng, dephsitionhi s

vari ation.ma .9., be ed on.the type of gas im. t hajher 42 gas
b esour o Pl g P BEFOwER i SR e iEiutd s PR TR g Re

si gnal 6R3uaRM4l athelsBurlch €4 PhaasinEhe€ h i@ GOndotk AniiMd @irlaBlk Bactddeas. The
el ectrical characteristics of the plasna are hel d constant. %0047] The RF

bi as si ghaich@bsecendBRpewer sdprbedito anddectioda padrihy fewmef & pecos Riondne! 8%ent
energy i e L4 | e i I ) an
By T B R R s G R i
vol t age MfRA2sdcondiRFtsighgliss to the dmipedaacd bt thewkctrbdoss. SBhwr load bBupldhte tRE bi as
vol tage VRF2 on the substrate 46 results fromthe RF bias si aa:ng}?el%ggl i ed

b
to the Hiledrode 6 rnderdheenbsirpiehobdes Addsrimariyithe Plasma i eRmhsr ,994

f . _ \ . . .
preferr qgﬁ)&% %ﬁg%ﬁas@a it Hﬁm%ﬁﬁl@mcal %EF%I éﬁ@g{ié%l@ﬁ ab¥5 aPh AR de0 %@95}0@?@5@5 I's

pul sed, eferred to as the p Ias signal 68P.

above- desgral b& dpydicdlib dinseledtodt @@ ittordctsi witlpchasgaigpanagles ibzhbdplasmd ér binotie by
reference,to the characteristics of the pulsed RF bias signal 68P as shown
in FIG SZI.bStFﬁ?)ﬁg] FIG 2 is a graph showing tine (X axis) vs. voltage (Y
axi s) . Hofysi2 ith iisdhitiagnedtD ol mlehReRiH n0chtidh, hedd: SugRalssaaR crave anﬂaﬂalfr he
formof an RF bras pulse 70 followed by a zero voltage condition 72 (no
pul se) fainrowsdated/tosthe thrambdRA2pbiwvith timindect?@,codtéd.anflelgetrodesbpspparate em each

exenpl ary, RF . bi.as pul ses 70 of the n ulses 70 of the.signal.68P. The
ul sbd g 18 aaaRine Tass eohmtogh Eurer et eyerudiny ik ARRSRE o ces
70") definfpshtdtionOnR seéorlder HindlicRSappHéSRSsuéR elebh@de 6 1@ay BE cfvi®ed RIR RF bias
condition 72 (no pulse), then another RF bias pulse 70, then the zero

vol t age ardtiibias pewaor(peferablys dhe RBbiss signehendsiohglgctiode e mayrbetpies o ahe
i gnal 68P,. Such ' f RE.bi ' :
Gusaci ortpies SRR T s G Rt RS RS REDIRY GBI BpENFUR frgy RE

[ 0049] Hotace38ith kiusindaitBe coN @0 t6 gefersteeie Rhshd.as pul se 70 of the series of
RF bias pulses 70 nay be described as a single RF bias voltage s{pgnﬁl )
| thEeanhd a

havi ng df046ip| Prrine prosessing: watheriigcoss corten o withgut prepk nie¢sagut

m nus peak: . } N -1 @ " 0 1,pay
e at b PG LEGE kBedifellorToad) BHGERLT 1o BEBGILORE pis TiRaQAREPe £0 00
common_fuaeegliemthy typyofas iimthe chamnber 4%, thaeos tprésvivi-n ihductivo idad2 Rulipptinihle

Egl i/es »[7 ?prg?%ﬁggq‘ggg\ghg %lljzrblierllsgsigar?al %)égggllit%rt% thc:clgfas tellegt?() eegé r(rjlgst ggogtfrolierdosg]t ett)tOUt

the electrical characteristics of the plasma are held constant.

[0047] The RF bias signal 68 is controlled, e.g., to accurately control ion bombardment energy
in the chamber 42. Such ion bombardment energy is associated with an RF voltage applied to
the substrate 46, i.e., referred to as an RF bias voltage VRF2 to distinguish from the RF power
from source 58. The RF bias voltage VRF2 on the substrate 46 results from the RF bias signal
68 applied to the bias electrode 66. FIG. 2 shows that for such control, in a preferred
embodiment of the present invention, the RF bias voltage VRF2 is pulsed, and may be referred

to as the pulsed RF bias signal 68P. The above-described problems related to this pulsing may



[ 0050] As part of the RF bias signal 68P, each of the RF bias pulses 70
(i.e., each of the single RF bias voltage signals) is conposed of cycles
(or oscillations or periods, e.g., sine waves) 76 in that exenplary
frequency range. Each cycle has an anplitude 74 (i.e., a voltage val ue)
that varies between the described pl uslBeak (a plus voltage value) and

m nus peak (a m nus voltage value). Thé anplitude 74 of the cycl e 76 may be
referred to as akto peak val ue. For Cri

abbr evi %qleﬁemmﬂ yrrgfegange {othercaatapisristicg pd t m@?edgﬁspet eng 68&?@ SHAP R ude
ext endi ng¢' peak-to-peak” and indicating the voltage val ue of the cycle 76.
For ease of illustration, FIG 2 shows the pul ses 70 cutaway, or shortened,
in the Y0648]s diiGeZis a)grami shawieg tite (X axidyeisnepliaad €Y sxisd dFich tillwsteatest that tRE
pul se 70 an. exe fre of. 0. t.he an_exenpl ary
Phree cyted MubipnSias SR BB T bep i3 25 ey eel SR
gener al cohtmloﬁﬁﬁ (M@b&t@@)efott@kb@bptndtﬂ@f wrmals pude 70 4t0f FrNe dhotsmaee) of the

cycles 76 maéwe the greatest, 1.e. have a greatest voltage val ue of

all of tdremp Mlhx@gaxls:ﬂal70@§ thefmany pld$estm@fdhm%gnaé3¢8Pe§h¢BU]éP BH téasegiabr y
| Th B T | f
o o RN Bt kS DB PR BB AR B TE M e iy abes

peak volth@gtevatouditagé colieti e @l Bilse),Ah@nghoklser IRGEF b ﬁulw(byhe?ﬁﬁ’e zdibus, for
each of the exerrpl ary three f)ul ses 70 shown in FI.G one ¢ cle 76P i s

shown wivoage eeusiiian T3/ @opalie). wi-+cagEnwiag fer the denstipn ‘Thﬂ@ Signg jagsgries
vol tage ost'wlas ﬂges% lﬂh@%&tﬁh@ ghﬁvég 1olﬂeorrt§ﬁee;5t{r 4) &0 3?1% Ta@tl}]epé‘fa%tneea Por

i ndicate I'as stops at' t
peri od, procﬁessc@ttmbs at t he end of the perlod of time ("tON') in which the

RF Di I Th t he .RF
O i s r APERNEGRRE 2uusimoschtieb e o o e kb hedien U P PHGR g med
stops atpetdaeerfd 06 s{r%@'e RE %S%Tth&% \A%g}lhaﬁhg aBEthﬁﬁertﬁzﬁ ekRnli$ betWekn a and
therelsatlrreperl hére 1S no anplitude 74, i.e.,

t he vol tpdgepdak voliage ‘(ahe:f za*tdraemilrtm pa&k voltigpvhisie'() ¢., atiends Gpelike-foepeak). Wikiech t he

RF bi as | se .70 i,s OFF is referr to de' f er|od
OFP. ¢ WS 70 Mo lr Tretmiogdn i Ik repge of Bpout O MIRES apafiqoTarly. 2R ofife

tinme perﬂé@ﬁleﬁ ay B3 raﬁgeoﬁh%eodmi tob&féudyt\/m,@ym@p@te T0B1a§ BE FON ”of RF
bi as pul ses 70 may be defrned by a ratio of time period tONto the sum of

time perduomigtaﬁmxanﬁlary NP Enicqerib®FON diftbraottd Opadedban 100ms. periods in a
range of ut 10 us out 10 , for bhot he t riods o

ods: andoBRUTL has erEShuaal” Bt e ARt eSSy bS ol 70 i b hee”

pul ses 4k Gihs (ORI IR) A coRpBbRST Bl &sr HeiiNboRd ox}mi%a@répg adie WERAYSOGY |
or pulse rate, of about” 1Hz to about” 10kHz. [00541 t her embodi ment of

the pr esbattexempblm froquemay ramgoy Edeh ¢yvke IR dpi mlm@ﬂaﬂ (ie8 a|vh1t@$¢evafluﬁr) thadf a

hybrid RF_bi 68H h i as Si

Composed B BHRHE B oS oEH Sl qRan A Ph do e e EndidBderhe! it b ass,
por ti on yiafeRSTROAMPliRMe PHLEBR ciBlel 8 Mafbe rofertdiitth ak 8 pehlo®-p3dkpalid (m)rleﬁse&)f
continuous series of the puI ses 70, without a\,ﬁ; OFF node or t OFF between

pul ses T@scriptienOhe pbbreviotio I}TB”eref@‘B lothednpiteds Bro anygle, 76aths ammditpdl sed RF
bi as Slo%gfénc}ﬁlgl?‘e%@%ﬁ?ﬁaﬂ”F%(ﬁlnd%ca% \polll{ag% %IugoPﬁl Slgleoif tF'opgasterb t ext ends

to at en res I'TES as®the con ous series o

pul ses TlustitibRIUIG. 2arjowk-thePlies 00 chidhky hatsheremddiinstte X74is &ﬁlmuahbénmﬁt’ng
CW and pul sed portl ons continue as 1I oﬁg as this type of process control is
ulgR Y s

desi r ed.it fies wydsrsterddhabwhen Sedifar 9t g sxemplany Teausiey of ¢ » Prere
ggﬂehgtjrn? dli(,)en%é) mgﬂ%&ﬁ %51650;6 ltnt'h% B{.}a%g(?g invention. [OO55]FIG 3 is a

e apparatus ARd illustrating an
[0051] FIG. 2 also shows that, in general, the PTP voltage value of the amplitude 74 of one (or

more) of the cycles 76 may be the greatest, i.e., may have a greatest voltage value of all of the
PTP voltage values of all of the other cycles 76 of an exemplary one pulse 70. The cycle 76
having such greatest PTP voltage of the cycles 76 of the one pulse 70 may be referred to herein



enbodi ment of the source 64 including an RF generator 80, with the matching
networ k conprising variable reactances. The generator 80 separately

comuni cates the second RF bias signal 68 to the chanber 42. As descri bed
above, the RF bias signal 68 supplied by the source 14 64 may be the

pul sed RF bias signal 68P or the hybrig RF bias signal 68H Signal 68 in
FIG 3 may be either of signal 68P or %H. Those skilled in the art wll

recogni ze that the choice of signals 68P or 68H and the characterjstics of
ei t her cﬂsa_sjée# SRS PoTRalp inet Hiliokas the iy L angs &%Hﬁgﬁw o rhus, for
per f or med i pr &@%X&Hﬁgaﬁﬂthﬁ%egpu;&ee}o SRow N XD, Blie BIRCRISisGARNA it @reggecﬁve

achi eved. For exanp e characteristics may 1 nclude the RF frequency
of the gieghabltfg® vakmr signal 68P such characteristics may include the

d ti t T ON OFF. 0056] . W t.h b | RF « "

eaendoBears M SRt bk olrigeaitior Koo nlSS S e TR aBibacs o ashusty

about  0.t14 M@ 11RO suéh WBilZbiad ﬁkmstbgs Ath@erl®dTdRe ON fimeFeAd®ule., %%Bg &t the
(0] e,

about 100 ns, tOFF may be in a range from about 10 s to about 100
and t he el o¥ thedesiodiof e TON Dl in agech/the gae Rbisseulse ia “Phgd hefcondiign dbout
20toaq8§1 0 I it .preferred valk. f 1 @PoyA Lt Sad
exanpl e. l%)tbé'ﬂ%&%s %@E%mgésh%ﬁd\g\é&%rﬁe@ﬁbag ﬁrrg)m &89 glan aﬁ%g‘(r}g{*ﬁg”%? uflsg%he

cont r ol IbuRg) TheofSTR thobidethy tiindgrriod tONethp WISkids RilsdT@s ‘OR-MaindGidte is a
supplied by the RF l%he”n_er ator 80 to the bias _electrode 66 according to the
present t&RHtaddntOREe i whishrbere iswg gaplvdent.Ast Tt valinge pege (rgfosed o as

vol tage ahiife! e fXELES) AN RRURAMSEOTOOMM: BrBERFLAL SO0

during processi‘ng of t strate out the process control (or

wi t hout mpedefie A fler deegsriod MOFB) therefis ddveha@iabiat psls820 tilee raaothiet burbte irt fiether
above-descri bed variation of the inpedance (or |oad) presented to the bias
el ectrod’én%%‘?“‘%fq%{m apparatus 82 the pul sed RF bias signal 68P applied to

the bi aqo@éﬁ;t "Iﬁ@%h(gvl@a&e%cﬁgéé’i;d&% légcg% ?ptlhtefaa&estdifkm%f)mh&aﬂo RAAHAALEIIT £5

of the plas are ste n view of the above description of
t he pul saitb &Ribe psrisd @idlko B8Rpmt dfdinappaicattON 821 tray pbeodié¥d; abé thaydelbasalg

configured. for peasuring the pul sed RF bi signal, 8P that is .applied.to
the bi a®ndilePsiRfs 1166%%@92@5&&@#8@%@%3@9% by bﬁﬁb@&é@%ﬁf@ﬁéﬁgw .
FIG 3 shous, i nel.udi ; qnf,i .
responsar i iR UAROBE B, Baok Bl tR}i08 el SR e B LB Rl e serics e
to the afifRflitiaopulsdsdenmerneaemplary Dequcocy, e pelse cite,adeb&@, 1 Hzoo abretnffikélz. As

describ ove, the pulsed RE bias signal .68P is characteri.zed by at | east
2 pai 1 (0021 Riehgrer B Curot ek B e AN Bak POt T it perd 68 ineng
separ at ggpbyf ARYEATRIBHE sinal 912 (A BhSHY - SRRMGBF Behs sRnkl 68H b cobliRsed of a
detector 84 is ctonfigured to generate a detector signal 86 conprising
successiGN pontical (otsho®8) afidwof erelspd perjiorn bt ppleed BBtion (waschewn iy puises 7§ imand

052 (ORI R RN o9 or ey SRV R R

envel opeoFrBdedveeiPubils 20. ThECW paitionsndy i follbR @By @h OFFSm8&e, ind@ b fidsed FaT €
bias signal 68P shown in FIG. 2 may occur for a period of time that extends to a tOFF. The CW
portion then resumes as the continuous series of the pulses 70, without any OFF mode or tOFF
between pulses 70. The alternating CW and pulsed portions continue as long as this type of
process control is desired. The hybrid RF bias signal 68H is described below in terms of
configurations of embodiments of the present invention.
[0055] FIG. 3 is a schematic diagram showing the apparatus 40, and illustrating an
embodiment of the source 64 including an RF generator 80, with the matching network
comprising variable reactances. The generator 80 separately communicates the second RF bias

signal 68 to the chamber 42. As described above, the RF bias signal 68 supplied by the source



15 separated in tine by tOFF. Each of the envel opes 88 is a conposite of
the PTP voltage values of the respective nmany cycles 76 of a respective one
of the pulses 70. It may be understood that anplitudes 90 of the envel opes
88 are in proportion to peak-to-peak voltage values as a function of tine
of a respective ON node pul se 70. [OOG?L As descri bed above, in FIG 2 the
cycle 76P is the cycle having the greatest PTP voltage value of all of the

les 76 of | se 70, and f " PTP
VAT e ofkey bbepplsed RFgyaral 7L ol foRec ot Heyy) B el g ghoa RS

corres 7 a
vol t aggql\?% %el%ﬁ%hﬁ%r r gggg kglgﬁgq?’g% %e tlbdéglt&g?/%agl géggkhl%/%%%t ?% étﬁﬁl\gb ggak

PTP vol tsigpalsvaliPue 68H, amat}mmhamnwdbttbtpse)%ahdr ofisneh sigusls, whey ralatd fotthelpargoulef

of ol - grotb el i e shoty i Gar SO e o B PeSRbHAL o s eh @0, ! U
envel op@&%xémplﬁe%ééd cHatdeterdtiad 1%9;(] fﬂ%ﬁy&% tHe RE ae@?dmﬂm el muanr &igfalf or

sanpl i ng each successive one of the envel opes a _general sense, the
sanpl i ng8Pdwph clidractertaties ofaytindudmibe de@es Oﬁdledﬂl\bﬁndéﬁl}:@ ope 88, and the

Vol t age 107l SRETREM Qe saevPlE” KETtsobbnTor P Th MR AT B 1 o
as the exaifibRfryqRaakradgl ol shduageMidk tbeanSBEl Mz, ttOR @By bt operadge of framd nay

be in proportion to the peak reatest) peak-to-peak voltage value as a
f unct i orabofit 10 e tofbout 18& pectQ @ubnvd@rq@@wé o abppick0 pyfogrbous Hiflmg, and

E Ih?t n?h&*’%% Wo«ﬁ:&cqb&@?’l‘f’gﬁ'og@%? tﬁ%u :,f% % tarI]'E? S}ggllog% qlt a@lgga&#urtgﬁﬂ)d V(;l'l%o SO

envel opasiti8 prdféeiAlalud 6 dboii Ilﬁ)OGﬂolt@L[bie)ﬂa@@aleS confi gur ed to respond to
either a Bul se state signal 104 fromthe pul se generator 80 or to respond

tf) the dA0ETIopBK3.Salssrshows anerbetsnens of AnprmertusThefaricaiisglling the i 1P yotages
f
al so Cogfggggas R KE bifls LSy 1%??%{1{}@1139 byRHE RESyefiGralr SE)QS’tI{%'-Hﬁseﬂgé?E)dQ'@sed

si gnal descr T bed circui triggers

oper at i aRc@lidghe tlwp“feédnn mvam@bm CﬂLd:hG:lofltwll ihclh@&:. cohtrol dfthé pe&kt -toeak voltage
response to a pulse 70 of_ signal 68P or the enveldo pe 88, the gr]g?l&atl on_of
the trigghe it Sonoles 169 afsagthpalresboln 4 SEnSEh senar, dUPng AR 95aTE BTG SEORRIS he

pul ses 70 sk tglhg ?F"F%gé%ﬁﬁ“e@ Q,Ythwtepfgfié}gg%ceéso@nn%'[) Jﬂtﬁ@aﬁﬂaﬁat&é SEHRREw I

t he envel 6pes Ircult ovides ti'me del'ays that are
r el at ed Heaht !ﬂmwh&pmhmﬂ wahetlmwléhopnptﬁﬁnca@w laadg pregeniet twithe balStBthg@’ 66.

SR R T MR EIET W (R YO P RO R

PTP vol tsﬁg?at‘ﬂ?é é&@ct}{?aﬁjch&%&treﬁa&%fb@m@plhﬁné 5&% HeNCdt&dy6P of the exenplary

pul se 70 o 2, the exenplary envel ope 88-1 haS a ri se
[0058] In view of the above description of the pulsed RF bias signal 68P, the apparatus 82 may
be described as being configured for measuring the pulsed RF bias signal 68P that is applied to
the bias electrode 66 of the wafer (or substrate) processing chamber 42. FIG. 3 shows the
apparatus 82 including a detector 84 configured for response to the pulsed RF bias signal 63P.
The detector 84 may be connected to the output of the generator 80, or to the electrode 66, for
example. As described above, the pulsed RF bias signal 68P is characterized by at least a pair
(i.e., two or more) of the ON mode pulses 70, each two pulses being separated by an OFF mode
of duration tOFF. Referring to FIG. 4, the detector 84 is configured to generate a detector signal
86 comprising successive envelopes 88. Two exemplary envelopes 88-1 (occurring first) and
88-2 (occurring next) are shown.
[0059] FIG. 4 is a graph showing time (X axis) vs. PTP voltage value (Y axis), illustrating the
two exemplary envelopes 88-1 and 88-2. FIG. 4 shows that the envelopes 88-1 and 88-2 are



16 portion 108 of initially increasing PTP voltage val ues of cycles 76 of
the pulse 70. Portion 108 extends froma PTP vol tage PTPRO of zero voltage
value at an initial pulse tine ti to a |ow PTP voltage value PTPRL at tine

tii and to a higher rising PTP voltage value PTPR2 at tinme tiii. The tine
period fromtine ti to tinme tiii repreignts a first tine delay. There may
al so be a transition portion 110 of ea envel ope 88 foll ow ng portion 108

and extending to tine tiv. During portion 110 the values of the PTP \{oltage
gener al ISgparaied iptine dy tOFFTRach Pﬁ‘g‘eﬁéY‘?l@EPSf&SdﬁrﬁtCPWﬁ(’%lFei qf thPTF iraltagevalues of
represe i 4 o] i h
envel op@%@%&gg Sg&gga Sgg‘% g%% Iéérsp ‘gcglalkt())@gg?%lg t?sgigq'lgq%%)n%@%\sg%ge@%ﬂ es
of anpl idmydesdel@0of theadnatioped §8 meris paporthiRopehlt-agpeakaloltege vaussarspl fungidn me
tsl is in portjon 112, % ch @%at the exenpl ary peak PTP voltage val ue VPE |
of an arPEIt’in% & 15epestive R WAdePYR’88 is generally within the portion 112.

After pqpbsdn hlaederitiollabBR b PG Dltke lcﬁae%p@smelcﬁaeh%ngm pied one 88

(having a zero PTP voltage value) at a tine te. view of this, the
anpl i t udedtagOvaltie ofw] efithe cypes’BE amypubre Tde st isteldrrad tastthe (‘prgk PPPPwoltege e

| Fl G f upct.i t f t d | 70. Th
nl ¢ ugaiegs te B B RE e Shnts I RepBierer e et CRrERO iy fpSnd Bne T
envel opgu@R-7b dsSnGH@NR tiRsanitfehde SUEdViReakokReakic WA IBgRraépdiitss MRke pegk 1 N

proportion to peak, peak-to-peak voltage values as a function of tinme of a

p . :
r espect ioyeleGPmdRE lpis Itepeal PTIPomdBEsvalhe pEthsene cowlend &y bricnplthfamplifyie

and hol ¢,.cigfcuit, 10 I } i j i
"hai cat S0 iR tnblabGpvelnE - € A8 R 18N8 el BRHE S b vbihae ValE il of the
envel opey8ies 96 af th)one IpdlsE 7(that cofrbdpdnlls 1o the devdlagei88s1.t he end of the rise

portion 108, and the end of the first tinme delay. Typical tine delays r}‘ay
be in alP8e BIC.Atinshews asamalsoind hoddciscuili9dnrsaeplvig SepesIcERYYs Be 0
act ual . , - i i.Q0:

ypi cal 15 BVeRftRs $9 nfEa R ATBAR, b UEERIEIRRERE] GF PHCIRIGHE TR oy
0. 4 MHz ehhelope 8% apditiie anpliiG8e HEayeprasags tia greatdst§i.en e asaxaonos ot peaRbPTP

m cr oseconds. The cond del ay peri .. T.ar exanmple, range froma few RF
peri ods e vl obine é%gewfve&pff%ew GToh ). s p 313 e Y R
frequency,t pep ﬁ@%@%ﬁ‘@ﬁé WEP%’HH&%V@M;&% 889¢eadd Iy BOihropaSRAW e Jedlkc 100

m cr oseconds. e sanple and hold circuit” 100 is configured to be
tri gger dgreatest) poal-wkpaak voltagdrenlud ssen Peciiadolid8e of a eapéctivk QMercdnpulsogbs 88,

SRR O RE IS TN SN Al A AT

the timpg md £a%rﬂlﬁ1gl@&qﬁ%é5 RitleaR PP \@USEe $416682V PR O theldvélepaagsse to the

trigger signal 106, at tinme tsl a 17
[0062] The timing circuit 102 is configured to respond to either a pulse state signal 104 from
the pulse generator 80 or to respond to the envelopes 88 of the detector signal 86. The timing
circuit 102 is also configured so that in the absence of pulses 70 of the pulsed RF biased signal
68P, as described below the timing circuit 102 triggers the operation of the sampling and hold
circuit 100. In the first case of response to a pulse 70 of signal 68P or the envelope 88, the
operation of the trigger circuit 102 is initiated. In general, from the time one of the pulses 70
starts (as indicated by the signal 104) or from the time one of the envelopes 88 starts, the circuit
102 provides time delays that are related to the shape of the envelope 88, and then generates a
trigger signal 106 at the end of the time delays. The time delays may be understood by reference
to FIG. 4.
[0063] FIG. 4 shows that before the exemplary peak PTP voltage value VPE! corresponding to

the cycle 76P of the exemplary pulse 70 of FIG., 2, the exemplary envelope 88-1 has a rise



sanpler circuit 120 of the sanple and hold circuit 100 sanples the val ue
VPE as representing the greatest, or peak, PTP voltage value VPEl of

envel ope 88-1. This sanpling continues at a sanpling rate SR, and next
sanpl es the next successive exenplary envel ope 88-2. The sanpling rate is
selected with respect to the duration qf the ON node. For exanple, the
sanpling occurs once per envel ope. Thus, that one peak PTP voltage val ue

VPE of the.a itude 90.is sampled for each epvel o 8, and is shown
VPEL f orPorfiRn €if _lag@ﬁggzozéagmnq\ﬁ’ezolfa@?v P vagieé@-%_z&ﬂmﬁ% 0, dtHer 16%
aspect Chfxtén € b PEPGL bI‘rii“IijWR%f fér@%@l%agte%alfdégat aﬁ{ B{iiiﬁ ﬂﬁﬁebﬂn@éﬁ% Qﬂﬁ#_/ po8H.

b
As described above, thet bias signal 68H includes a CWportion,
and i nclvedtege valec PUPR&dt poeti ond {oFd Bgh@)risihRTR voitagy veluedUTRR ogidmag fionTue t h

t toth | sed tjion is d i bed, ab the, W por.t.i
docs notHapEied Bu Sendioto {RELuTeNSL L BREiBln o o FoBES aar TS o
RF cycl asorfisief B sRAch endsofeWsciab®gldtion 008 SiioMidnding¥dSimd e Bhriggpefiahor

80 does not generate the pul se rate signal 104 because the signal 104 only
i ndi cat eld Otthevaluesaf the PTReoljeseegeacially begorae gablse The tigte nonied pighs et 1 as
signal Q8P. .Simlarly, for.th portion there is no envel ope 88 that
correspgﬁagtlféepéesgﬁﬁsgesewd éllﬂgg%v%either of the above two ways of

t ri gger i[0g64)heAttenihs gecindaund deldeakicatdopd88 mantalsowe characierisal hyhepsasion! e
and hold circuit, 100 to sanple the neasured cycles 121 of the CWporti i)_n as
measur ed IBycopmEisigtacerier oigamphiudes B0 shisleiveleonstmtiyl e yoltagevalpgs A sagpling
conf i gured. wh th; | gttt otafy { 110 998N ot ARIpARR
after atgﬂ? %g{@%{@ﬁ%&gg{?%&#ﬁgﬁh{eg co l%ﬁgl%(rgggﬁ?o‘%rlr% evsure t hat anof;Hp1

det ect or90sifghatm&fope®s ibeareralbeeithiadhdpdrtinn A§2.0Adtenportine 1éPadilbpesios8d 14dnd

no pul se state signal 104 has en receiv fromth eper.at or 80.. [ 0068]
In respdfis ¢ 8n &5 il @Fieazg%?pf‘s%ﬁgﬁ@wnmazem Bfr wnies TRl S be e ailer
circuit tﬁi%othefan%)hﬁlcﬁéwb%ﬁ%yaeb& W hsvbe ddLAbSRRPI AR TP Oakade QuRRAK
vol t age val ues o0f the successive CWcycles 121 of the portion of the RF

bi as pul(F¥G.68Hs aThidionarpiniaf aoespective®Namode paapl0.nghe amplitggesc} ineldo i ng

to the requi nents of ¢ rol, stabi,lit Thi,s saml. ate SR may be
T el PTET g e EPk Shich SR sRvgore it eGSR G
Thus, t hRaMebRAPQAIeE VP dre 1 r_o@bﬁwncis%ea%@eﬂ@f&p@k VOlth EAN A1\l flifict of
ability to measure the CWportion of the bi as signal 68H w t hout

i nt er f ertimgoiy tespechize BhaIode pulse 7Dhe det ector 84 and the sanple and hold

i rcui nbi_ne .f. i : - by- | 88
ccr s B oo B G e PSRN GBIR 00 9 SRUFIBRE8F Darlugiolg
[0069] Fhfde tEndtOMENE Hahditdes tha et antcthdk uli st digrd 004 atcuad @0 tine

optionally configured with an averagi n_% circuit 130, If no averaging is
done, d#nxelppofR$ stagsndn&lenddinapiili idintibes theead of therise ppﬁ@nalé]%@q%@ﬁ@nd the

circuit 130 i s _conf.li ed defjne a preset f IV,

envel opéée gfft §8’§0({%qu?1§! 3@’6"%‘“&?&%‘%“@?’ g’ d%%é%/'{#or@% E’%‘yefu Sot?)%t%ﬁgtssgjg er at or
80. The dé@éiﬁﬁ@%&ﬁ ﬁﬂll@:fgfﬁh{ ofledtiA1BF Halvesofol aror eeaaplactie ieSvdlepdiesaioridIEIR dhay
t he generator 80. The feedback causes the generator 80 to generate the

desi r ed trmipalisoba higel & BF wegods 76, ad fulaseacrplasy BE fsqayregy gdbt Mppt thedisto the
blas el el AIRDRPERAL Holf7 5 nitRREHAYR S2RlGRLoh MO TRE ERBRE abiRY g@ﬁ&?”-
The update Trequency y ‘be’ ‘expressed as oné upéﬁ?e per one tine’ period,

and may rh®y, Gfeexdinghd, earpe frodn b ifeVe RpgFeriods 06 told ewriens bORFexedogs 86, ahd faanke
envel ope 88 occurs eveI{?y 1 nms, then 100, envel opes 88 wi ||l occur between
updat es Fampley ddMie Mefrsrusncy fgdeed defay 1ariod Taay BREGFPE, 4P mpsgoseconds to

100 microseconds.

[0066] The sample and hold circuit 100 is configured to be triggered on completion of the rise
period 108 of each of the envelopes 88, e.g., at the time ts1 following the rise period 108 and the
transition period 110. Referring to FIGs. 5 & 6, at time ts] a delay circuit 118 of the timing
circuit 102 outputs a trigger signal 106. In response to the trigger signal 1006, at time sl a



[0070] The sanple and hold circuit 100 defines the value of N, so that a
group of the envel opes that are sanpled nmay include the preset nunber N of
envel opes. I n one enbodi nent, the averaging circuit 130, if used, is
configured to add the peak PTP voltage values (e.g., VPEl, VPE2, to VPEN)
of the preset nunmber N of the respectiﬁg successi ve envel opes 88 in the
group to obtain a sumand to divide théeé sum by the preset nunber N to

generate an_output sigpnal 132 Th ut.put signal 132 has val ues )
pr opor t | Bl cyeYh 1%%5 g eagplopnd glleitny 0 5?111}3’@55)6 ‘fﬂ?‘lﬁ VB PAHPTEPREshe
(VPE) of g-%ﬁﬁ%,;&%%%tp'qfﬁvdﬂaggvgﬂu?WEB(%en{/gQ?é-kS-llf TRYELAPIRG chitiflREGe a t NE

average © sanpl ed VPEs of the envelopes is referred to as an
aver age sefmpling r42 PRy aid wape saaplae theVieE: sfcceskive eagpplaty soelipe®86). cfwssamphicg

may al so pe referred,to as the "avera vol tage" or,"avera eak
Dol t oo raRipesedd i bronead Ao urindine AR ofe o fiftferatinte, BYSHARRRE SR i
130 may &@eg@xs&fvie 6. TRud A Gné BSROMSE Vit valugNaUDof i} afiplitdtie Joak chnvskdies
(VPE). The hel d val ues VPE represent the peak voltage anplitudes 90 o
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are sanpl ed, and one anplitude 134 corresponds to each APV. For ease of
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by, or d&c¢aivrstfrem tlof generpsorfit y cycl e of the pul sed RF bias signal 68P, and
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averaging circuit 1 may be configured based on selecting the preset
nunber Nndbobldiceg 1100, thatcabing faynpeationhen @NemetbpErER -y deslapsd 8dwsier di ng

t dat t ich th t put .Si I i tob dated. F
el o TsEndeng Bt B hiEol Sy gt i AP BB B P e out pur ofgnal 132
t he | ongesed)her@N6eaSs thdtehd Qe Md 1528 cirfdt B00\dnl albe Gtbnkie corERSrd] Wi | |

be. Simlarly, for a given time period between updates of the output signal
132, t hevilloamyeveragies OFinbidedf nhavéragiag ipddnsedaty Gonhesiagigienyelppe carp ush
| ess N there will be.



[0075] As described in nore detail below, the sanple and hold circuit 100
may convert an anal og voltage (such as VPE) to digital format, rendering
the digitized VPE suitable for conputer processing. Another enbodi nent of
the sanple and hold circuit 100 nmay be configured as showmn in FIG 8. FIG
8 shows a sanpling nodule 140 for prog&gnning a 20 conputer 142 to sanple
a plurality of digitized values of the anplitude 90 (FIG 4) of the

respecti ve envel opes 88. A selecting nodul e 144 may al so det erm ne which of
the pl urfar theydpstragy i ae classt 130igsontiguiesto defing @ pressbmembper iy ghsugeesye,

i.e., i i -4.0= glﬁg,k( t

res pecr@\?gagh%eif%%ggfé%?é ?8%‘7‘@’??&%%’9‘3 e coyﬁléé)%m%%“%%ﬁ&%y%hé g%tfe i gured
t o nmake fidygenint dfimenhow oftenifdeldbadksip ecbe provided ts drpeaetatmBli Thddcodbhakes of
t he peak-to-peak voltage val ue PTP . of respective envel gpe al ue
Voe, DB an U et o TR P f et B PR B RS Ve STHHEPERTLEE b AT o

144 may guakensliBetddl 8laleRRb eI difS RAGE chBolidfnted fAhdpRE&H inkRhisn SBp! e
PTP and to a next sanple of the anplitude val ue PTP of the respective

envel opeipdaig frequiriydnashiee eripgérsed asdneaipdaterice ondThime petied tand gnaydruing updatemay

stop neking.the deternjnatipns when e next, sagple PTP is.not .th i gher
vai e SO 5 400 B B R EF S beBE R P Sy Mo 1 0B,
respect ign@elopasedOREl &Ruf BétwdsLupdutGaR BAt00NEs baieean hipdiiess bl is ixﬁ éxemplary

Alternatively, the selecting nodule 144 may determ ne which of the
pl ural i thi0of sanpl ed anplitude values is the "peak" PTP value VPE of the

respecti nv. i i ; (e P
vol t age o1 TesTh AFte nRthGy e B ajttheh Sy R0Sy B art g o e iciones
140 and thétarseingiléd ngy ifdud eethd fksemynntet oF ¢ aneclapssal lene bmbbdiawat,alge of the

n PTP voltage values_ to determne the VPE of the respective envel gpe 88.
[0077] PVELaZBEnsE 18df u%@@eﬁc«?@ﬁga&l@g to add e pepel TR ypltegedrmiren b¢-8- YiPEdui t

100 may K pRah! i 1 F=To qglk e
146 oy R G e R B e R e R S TN B e
88, and tdNobwiraemon dbdp dividettbe amildy ehef prespti enmperoN t¢ pencgenen atiput Sendlds2.
g R BT R T
confi gurggict evpg %hk%g@&%% Biveldi?s89. add the peak PTP voltage val ues

(e.g., VPEL, VPE2, to VPEN) of the 'preset nunber N of the respective
successil0&7ldnvElappegingds danet the ayeiage of thedbsanpled VPlimod the N ondilopedas referregum

by th t nunb te t t signal,,132. [0078] Th t put
o gnar 1535 Rhaviie el Bp 35 RRtsrucs Phipat 88 kol Eosngimd isOhE P!
gr eat estpfeREPto/ A hagsveraicyRak vtk of “higa eqﬁasgzéita@;’ RAPVYQhiRRes RN As

descri bed above, the average of the N sanpled s of the N envelopes is
r ef er r ednvgopss. fARe reswlie thegerersghig cushit 4 g8 mayApvdesgiied s beingespRnE Fe Bl Py

As a reslt ..t he, aver agi ul e.146 | cri a j Y a
oroup (N0 bF tERECUTHAT et il he il SRRl O h Ot S SFPOIIGAD dfoe
r epr esentdpagive ehvPlopaOss b&ming) intsheccpdak dughg ageofanpipdatelgme Poriods.
respective envel o[)_es 88 occurri ng in successian
[0072] Recalling that the values VPE relate to the amplitude 90 of the envelopes 88 of the
detector signal 86, and that the amplitudes 90 are in proportion to peak, peak-to-peak voltage
values as a function of time of a respective ON mode pulse 70, the APV values of the signal 132
are proportional to the average PTP voltage of N ON mode pulses 70 of the signal 68P. In
embodiments where averaging is desired, the circuit 130 generates the output signal 132 in
proportion to the averages of the peak voltage amplitudes (in the form of the APVs), and the
signal 132 from the averaging circuit 130 is in proportion to an average of the group of N held

values of the VPEs,



21 during one of the update tine periods, and the sanple and hold circuit
100 converts the digital values for output as the output signal 132 in
proportion to the averages of the peak voltage anplitudes (in the form of
the VPEs). [0079] Cenerally, the conputer 142 operates at a clock frequency
and not at the frequency at which the qgvelopes 88 are output by the
detector 84. For exanple, when the conplUter 142 is used to provide the

digital values_for conversion for output as the signpals 132, a feedback
circuit [863ldeBi&HiThdbawpap siemplanceypedienabbin gf*éwtvp libé‘ﬁ\&}m%éﬁ)ézafh? pignal
enmbodi ty C it i i L. o i 0, 102,
120, 12a e e e b AR R et s

t hat i s,praporfiasto @spdctive ongsatfitid APWI (ely., tARY BV 2 .ngA NN pthbbeptbsent (¢.9e apuins e

rate signal 104 qr. the trigger sign 106, Cl asur t .a rate not in excess
o the MaREn e sirutdeed R R Yol ek FrR o fovrtbe eratr oop
r€SponsGnvelofes 8@tTMut%i1énlﬂ'@j &Efésérﬁ§ BRNSRrddegRHIE DS Yagehvidingl AW @by dalE of
operation of the conputer 142 at the clock frequency, to avoid jitter it

may be pMeTsceassive envadepasi€ thatrmpt ssmmiet], land dne pmplifude 180 cemespemds toicadPV.

circuit , 102 as scribed abo .as. to nchr.oni ze the sampl.in i t he
ol cos Foteoret R R R LR AP i R PGB e SRR Yl Bl
shows t h@empRay iié¢Sa, Sdd aSigrat I 3D ngsidwheneiasdndaig 0 W RV biCar @lenpty tiald thng
t he vol tage val ues of the pul sed RF bias signal 68P applied to the bias

el ect r ocfd@e1grh&33-3 dnghentn eorfespAndinesio AfYid planesegpkas kit toslmay bes2 at

time pergst s il s RAAE SRR B Pl BT aba? APY, RBids By BRI P92 2,
150 shovure het iffigencadd bparudasctionsafinbie dgtyeeyeld dfithe pllSe REdiasrsigmel 6835 ahdhéhat

out put sjgnal 132 fromthe averaging circuit 130 and receiv a set i nt
vol t age 8¢ ggap 19565 fwaindsapdeatoldhe drancriceands noh Sa%evﬁ%gﬁ%m%wﬁ °t he

pul sed %Eus%E%iaéﬁgnal%%?%éaﬁegw {rségg&%w @éssﬁ'_e%ﬁ%ég{les%taﬁf hHeB 9348

peak-t o-pea tageé val ue pu RF bi as signa led t6 an RF bias
el ect r oderssymndingitn gxanplatys APH eAPN 2d0 DAY retresepted bedbe signal H3dbespecidse

d i bed wi t. t |G 2, t iLed sj | b i | 68P
consi st 16" 6t DeteupraeivhgoumaeTional vhabey Hin Ab e BRReL o RN mode of
pul se 7Q,randibig tdfthe f@éﬂ@cltizg peAldvdige gﬂpﬁﬁ%‘l@ vafuel WP the FHdF*)%‘?ivg By édvetdpes

series of nodes. An exenplary series of nodes is shown in
r epr eserfiedn tynpthe SEE Flaneendrelope 88 vobasad en Cempdttionsldorthe PTRevolteghwvalu¢ ef the

00" BB, H80e RES R BPLL T e A hbso BP BRI 1
1; ; ; ; ; C%{nﬁ@?iﬁﬁﬁdh@e@sib@ biBeCTRsBEE BllséCHFl¥asHi@lal bew gsriidale sMadeysivé ON
modes of the pulsed RF bias signal 68P.
[0074] If used, the averaging circuit 130 may be configured based on selecting the preset
number N according to the durations of the ON and OFF modes and according to an update
frequency at which the output signal 132 is to be updated. For example, for a given time period
between updates of the output signal 132, the longer the ON modes the fewer pulses there will
be, and the less N will be. Similarly, for a given time period between updates of the output
signal 132, the longer the OFF modes the fewer pulses 70 there will be, and the less N there will
be.
[0075] As described in more detail below, the sample and hold circuit 100 may convert an
analog voltage (such as VPE) to digital format, rendering the digitized VPE suitable for

computer processing. Another embodiment of the sample and hold circuit 100 may be

configured as shown in FIG. 8. FIG. 8 shows a sampling module 140 for programming a



22 [0082] Operation 162 may identify the first ON node pulse 70-1 shown in
FIG 2 of the pulsed RF bias signal 68P. The first ON nobde pulse 70-1 is
shown characterized by anplitudes 74 that vary with respect to tinme t. The
met hod may nove to an operation 164 of defining an envel ope representing
peak-t o- peak voltage val ues of the arrphht udes of the cycles of the
identified first ON node pulse as a fufiction of tinme during the first ON
node pul se. The envel ope defi ned may be the exenplary envel ope 88-1, that
r epr eserfosnysid 42 ¢o praeide o pluralify of dididzedorlven of HepmmnitiededO7F1Gs 4} ¢fdhe
identifi f l.s&.: 70- |0 o8 W o j

70-1.  THERSHIS el pBE SR R G irdaRe 1% b ol Bl Which oMl ol 1,
pr opor t i sappledtanplitedcpebest ofhediseakd| RTRO@alwaV BES:. ©f whick istihp [zt datedepeak4oafeak he
cycles of the identified first ON npde pul se. The nethod may nove to an
oper at i o‘f?ltES‘BVféF‘e¥§‘n7°ﬁ1fiﬂi*flgre?ﬂ’f’é‘ftl§?ﬁ%‘f%§ 8l%o generate an out put signal
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peak PTP voltage value showmn in FIG 2 as VPE | of envel ope 88-1 that

cor r espovtpla of thhamplitude sallE PEP 2 thd igepactisermveitns adtebeldithahighen vads has

val ues that, ar r rtional to the peakrto-pe

npi Cucaabl TeRBRS AR JH e S R kR LB et RS iRt nt st
met hod P FG6e tHeigaNRalub 0483k Aurfduidl diathe GREhighéomIad saiipde AthBGPE of thBlown
in FIG 10 by a flow chart 170. From ogeration 166 the method of flow chart

170 may Tesrertideenaglopp 88 4ot v in ponesgtingdhe puipphyennl fl d2dplermatyelidine sgpcting
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The fee -t 0- pea tage va
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| sed RF_bi i .. F le, th d feed K Sj | b
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respect to or exanpl e, eedback signal 152 may be based
on t he péRkK of thepesplectingl dnaglepvd8Bues VPE (resulting in the average peak

't f signal 132 (FI d ' i |
156 of B Hur el Saedns Bt Begeuivtatn G s EneiiniiRRe | 1 or
154. The rehilfccdih %}t}%&am]?& Mi%in% R84k 1867 tht RRIJuRPEIGAhAPPe Sinfldifedrst hod

is showmn'in F'G 1 l ow chart 180 that noves to an operation 182 of
r epeat i rigfinkéhe pteset infipbergy oflefdcedsing, enapldpesaihland § is pesaading i theiupdatees pect

frequency of the generator 80 (as described above). With N defined, a group of the envelopes 88

may include the preset number N of envelopes. The averaging module 146 may be configured to
cause the computer 142 to add the peak PTP voltage values (e.g., VPE1, VPE2, to VPEN) of the
preset number N of the respective successive envelopes 88 in the group to obtain a sum and to
divide the sum by the preset number N to generate the output signal 132.

[0078] The output signal 132 has values proportional to the average of the peak (i.e., greatest)
PTP voltage values (VPE) of the respective N envelopes 88. As described above, the average of
the N sampled VPEs of the N envelopes is referred to as the “average peak voltage” (APV) value
of the N envelopes. As a result, the averaging module 146 is described as being responsive to a
group (N) of the values (VPE). The computer 142 outputs digital values VPE representing (in

proportion to) the peak voltage amplitudes 90 of respective envelopes 88 occurring in succession



23 to successive ON node pul ses of the series to update the output signal
based on the successive ON node pul ses. These repeated operations may be
operations 162, 164, and 166 performed in sequence to identify the next
exenpl ary pul se 70-2, define the next exenplary envel ope 88-2, and to
sanpl e the next exenplary envel ope 88-2.to0 generate (as another output
signal) the detector signal 86 that reé?esents t he peak PTP voltage val ue.

For one repeated set of operations, such signal 86 includes (FIG 3 VPE2
of envel djsaedge pf thegipdateiwps eriodpng (ke s@pnle apbbelp syowis 100 eonveds fedigtd t he

th 70 e ool I 88- 3,
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met hod i@nhode’ (inthEfdm d2hbyYP&Esf.| ow chart 190 that noves from operation
166 to an operation 192 of averagi ng a nunber of the peak-to-peak voltage
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envel ope 88-1. VPEl is output and used in operation 192 to obtain an APV
val ue, e.g., APV1, of the signal 132. The nmethod nmay then be DONE.




[ 0090] A further enbodi nent of the nethod nmay be perforned by a series of
determ nations. For exanple, operation 214 of selecting may nmake an initial
determ nation with respect to two sanpled anplitude val ues of the
peak-to-peak voltage value of the respective envel ope and hol d the higher
val ue sanple. The initial deterninatioa may be with respect to two of the
sanpl ed anplitude values VPE (FIG 4) o% the respective exenplary envel ope

88-1 and hol d the higher val ue sanple. exenpl ary one of. t her
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[0084] A further operation of the method is shown in FIG. 11 by a flow chart 180 that moves

to an operation 182 of repeating the identifying, defining, and sampling operations with respect



may be in the 1000 volt range. Val ues of capacitance of the divider 230 are
sel ected so as to reduce the incom ng voltage applied to a PTP detector 232
to a value within the voltage rating of a diode network 234 of the detector
232. For exanple, with an exenplary 10:1 voltage ratio, the exenplary 1000
volt voltage value of the signal 68P ngg be converted to a reduced signa
236 of about 100 volts applied to PTP detector 232. Mre preferably, the
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[0099] In review, it may be understood that the apparatus 40 is configured
to nmeasure the pul sed RF bias signal 68P applied to the bias el ectrode 66
of the chanber 42. Apparatus 40 is seen to include the detector 84
configured for response to the pul sed RF bias signal 68P. The detector 84
is configured to generate the detector algnal 86 in the formof the
successive RF voltage envel opes 88. EaCh of the envel opes 88 has t he

anplitudes 90 (FIG 4) representlng vol tage val ues as a function of t|nF of
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feedback circuit 150. [00103] It may be further understood then, that the N
envel opes 88 that are sanpled and averaged are independent of the OFF node
and are based only on the tON tine period of the respective pulses 70 that
were detected and resulted in the respective envelopes 88. As a result, in
t he described enbodi nents of the present invention, the determ nation of

t he val ues of the pulsed RF bias signal 68P is not influenced by, or a
function of, the duty cycle of the pul sed RF bias signal 68P because such
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30 attenpts the average depended on the pul se paraneters, such as duty
cycle and pul se frequency, whereas the enbodi nents of the present invention
obtain an average that is not dependent on the pul se paraneters as in the
PPD average. Thus, whereas the PPD average is based on the PTP voltage

val ues of the cycles of each RF bias p gse as well as on the zero voltage
val ue of the OFF npbdes between these Rg bi as pul ses of the RF bias signal,

t he present averages do _no cIude t he z ro vol t alue of the des
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and not ra@nflildd;i 0ESXaRlet he i nvention is not to be linted to the details
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appended claims. 31 | asma chanb rocessi ng

sen condetErance iwflew, ch@l‘t ﬂ@@l shqun fn&il 15. From start, the metho moves to an operatxon 222
of detecting a pulsed RF bias signal. The signal comprises an ON mode and an OFF mode and

another ON mode, for example. The detecting is indicated by successive RF envelopes, and
each of the envelopes has an amplitude representing voltage values as a function of time of a
respective ON mode pulse, The voltage envelope rises from a leading edge. The RF bias signal
is thus as described with respect to FIG. 2, and includes the pulses 70 and OFF mode 72. The
leading edge of envelope 88 is from time ti shown in FIG. 4, and envelope 88 has the amplitude
90. As described with respect to FIG. 3, detector 84 performs the detecting as indicated by the
successive RF envelopes 88. The method may move to an operation 224 of sampling an
amplitude of each successive one of the envelopes at a selectable delay from the leading edge.
Such sampling may be by the described sampling performed by sample and hold circuit 100, and
a sampled amplitude is referred to above as VPE. Successive ones of the envelopes 88 are
sampled at a selectable delay from the leading edge, and this delay has been described as two-
fold, for example, in terms of the first and second delays, the first starting at time ti at which the
leading edge of the envelope 88 is located.

[0092] Thus, delays from ti to ts1 may be selected so that the sampled amplitude represents,
and is proportional to, the greatest voltage value of the one pulse 70 that corresponds to the one
envelope 88 being sampled at the time ts1. The method may move to an operation 226 of
holding each sampled amplitude 90, In the embodiment where more than one envelope is
examined, holding by the sample and hold circuit 100 continues until the sampling of the
amplitude of the next envelope. As noted above, in alternate embodiments, corrections and
adjustments may be made by taking data of only a single envelope. As viewed in FIG. 4, the
holding may be until the next time ts1 after the next tOFF, for example, since the next sampling
occurs with respect to the next successive envelope 88-2. The method may move to DONE.
[0093] FIG. 16 shows the detector 84 configured with a capacitive voltage divider 230 that
receives the pulsed RF bias signal 68P. As described above, voltage values of the signal 68P



nonitoring and adjusting a pul sed RF bias voltage signal to be applied to a
chuck in the plasma chanber, the chuck being configured to nount the wafer
for processing, the circuitry conpri sing: an RF bias voltage
detector for detecting individual pulses of the pul sed RF bias voltage
signal applied to the chuck; a timng gjrcuit for determning a tinme for
sanpling each of the individual detect pul ses; a sanple and hold

circuit triggered at the sanpling tinme for sappling. each of the individual
det ect edipUPsEdhe HOYTA g UAHECHY) @PacipBre %f&ge guiidrs 298 3F 4drig ag to

char act \%ﬁ&&% e ﬂ?lﬁ@{‘ﬁsng%oﬁtggé;?%ﬂﬂﬁh 398 PRl ddfocRir 2@@%‘? LRk W&ﬁl‘i&@{he%it_ﬁ el%gng of

pul se, ereint old circurt 1s contigured to provi
f eedbacla dodpadiwodtdseihé deedttne? 2h dioaek@anplss with pe akerhplapedk! voltagegetiv,dhelie
of at | east

ft tected pyl ses: f eedback ¢i.rcyid, f
i st | g erREy oy wtoen geiit s Sk s be sgevBieg Far raprd SBTH o6 e
chuck aceghiongd i@ appltid th STPffecRBiMR e MiBPrdfBaRAME VIS BB deducsEs A
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char act gidral 68P. peah-diedqisskand B40agsy iwed MBVISID4 B4; or exdinpled and ispohfgwred with
a fast response time to be able to conduct the short cycles 76 of the pulse 70, and each typically
has a relatively low peak current capacity. A typical diode response time may be from about 1
nanoseconds (ns) to about 1000 ns, and 4 ns is preferred. Therefore, values of resistance of
resistors 244 and 246, and the inductance of inductor 248, are selected so that each of the diodes
238 and 240 conducts approximately the same current value, and that value is within the low
current capacity.
[0095] The voltage of capacitor 242 is applied as an intermediate PTP signal 250 (FIG. 18) to
a dissipative filter 252 configured as a modified T filter 254 with a voltage divider 256 to both
filter out any RF noise that might otherwise appear on the envelope 88, and to adjust the value of
the voltage of the signal 250 to a value that is compatible with the sample and hold circuit 100.
The dissipative filter 252 outputs the detector signal 86 to the sample and hold circuit 100, FIG.
18 shows the filter 254 configured for such filtering out of the RF noise. Also, values of
resistors 258 and 260 are selected to reduce increased Q that results from the filtering by the
filter 254, The high Q would not be compatible with the short pulses 70. The resistors 258 and
260 reduce the Q so that the rise time from time ti to time tiii of the envelope 88 (FIG. 4)
represented by the detector signal 86 is limited to about three cycles 76, for example. This short
rise time enables the sample and hold circuit 100 to sample the peak PTP amplitudes 74 in less
time, providing more flexibility in selecting the number N of envelopes 88 to be included in

averaging by the averaging circuit 130, for example. As noted herein, the operation of averaging

is optional,



4. Crcuitry as recited in claim1, wherein the sanple and hold circuit is
configured to detected pulses to determ ne and hold a vol tage val ue
representing one or nore peak-to-peak 32 voltage val ues of an envel ope of
each individual detected pulse, the one or nore peak-to-peak voltages

val ues including the average or naxinu?zpeak-to-peak voltage value within a
pulse. 5. CGrcuitry as recited in claim1, wherein the sanple and hold
circuit |s conflggred to aveud%e a plurality of term ne el d vol tage
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envelope 88 (the end of the first time delay). FIG. 6 shows the delay circuit 118 of the timing
circuit 102 configured in two stages 262 and 264 to output the trigger signal 106 at the end of a
selectable delay, that has been described as at the end of the second delay following the first time
delay. To initiate the operation of the timing circuit 102, the state signal 104, or the detector
signal 80 indicating an envelope 88, may be applied to a Schmidtt trigger circuit of stage 262,
[0097] FIG. 19 shows the sample and hold circuit 100 including a buffer amplifier 300. The
amplifier 300 may be an 1L.T1363 operational amplifier, for example, having a high speed and
high slew rate. The detector signal 86 in the form of the envelopes 88 is applied to the amplifier
300. An amplified output signal 302 is applied to an ADC 304 that may, for example, be an
L.TC1417 configured to receive the signal 302 and the trigger signal 106. On receipt of the
trigger signal 106, the ADC 304 samples the amplified output signal 302 at time ts1 in the
manner described above with respect to FIG. 4. An output signal 306 from the ADC 304 is
applied to a DAC 308 that may, for example, be an LTC1658. The DAC holds the signal 306 in
the DAC registers. Reference signal 310 is also input to the DAC 308 as required by the LTC
1658. If processing of the sampled values is required, for example averaging of samples, the
processing may take place between the ADC 304 and the DAC 308, while the signal is in digital
form, by a microcontroller or processor (not shown). In a typical simple case no such processing
is required and the digital signal 306 from the ADC 304 is passed directly to the DAC 308,
[0098] The DAC 308 outputs a signal 312 to another buffer amplifier 314, and an amplified
output signal 316 is applied to a Proportional, Derivative, Integral (PID) controller 318. The
controller 318 receives the signal 316 and compares it to a value of a reference setpoint signal
320 that identifies the desired voltage value of the pulsed RF bias signal 68P. The difference (or
"error") is applied as an error signal 322 to the feedback circuit 150 that outputs the feedback
signal 152 to adjust the RF generator 64 so that the pulsed RF bias signal 68P is returned to the
desired voltage value. The controller 318 may be configured to cause the feedback circuit 150 to
adjust the output of the RF generator 64 based, for example, on the history and rate of change of

the error signal 322, for accurate and stable control of the voltage of the signal 68P.



determining a time at which to sanple a voltage val ue of each of the

I ndi vi dual detected pul ses; at the sanpling tine with respect to
each of the individual detected pul ses sanpling a particul ar voltage val ue
of the respective individual detected pulse and hol ding the particul ar
vol t age val ue, each respective particu?gr vol t age val ue representing at
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vol t age [gai0eg Dhe finirs RRThN irbiidl 00 ﬁﬂx&}ileadeﬁi aapiaddend sLexwh stuh&sswe one of the
characteristic function that is an average of nultiple sanples within an
33 envelopes 88, and at a selectable delay from the leading edge. Tﬁe circuit 100 1s configured to
hold in a digital form the amplitude 90 constant until sampling of the next envelope 88
representing the next ON mode pulse. In addition, the configuration of the circuit 100 to hold
one of the amplitudes 90 constant until sampling of the next envelope 99 representing the next
ON mode pulse 70 holds such amplitude 90 constant during the OFF mode 72 (following the
respective ON mode pulse 68P) so that a voltage value of the OFF modes (i.e., zero) is not
included in the amplitudes operated on by the averaging circuit 130. Additionally, the sampling
at the selectable delay from the leading edge is effective to sample the amplitude 90 of each of
the envelopes 88 to represent the greatest peak-to-peak voltage value of the respective ON mode
pulse, in that the sampled VPEs of the envelopes 88 are proportional to the greatest peak-to-peak
voltage values of the respective ON mode pulses. Also, the circnit 130 is provided for optionally
averaging the sampled amplitudes 90 of the envelopes 88 that represent the greatest peak-to-peak
voltage values of the selected number N of the respective ON mode pulses 70. If averaging is
not done, it is possible to take one peak peak-to-peak voltage value from any given envelope,
and use it for the adjustment. Further, more than one peak-to-peak value from a given envelope
may be obtained and used for the adjustment. Still further, the processing need not be done by
specific analog or digital circuitry, but such processing can be done using firmware and/or
software.
[00101] In additional review, the aapparatus 40 is provided with the voltage divider 230 (FIG.
16) as an RF voltage divider for attenuating the pulsed RF bias signal 68P. The attenuation
brings the pulse 68P voltage down to be compatible with the specifications of the fast diodes 238
and 240. Also, the detector 84 is configured for response to the attenuated pulsed RF bias signal
68P, that is in the form of signal 236. The attenuated pulsed RF bias signal 236 has the



I ndi vi dual detected pul se represents a characteristic peak-to-peak voltage
val ue of the respective individual detected pulse. 9. A nethod as recited
in claim®6, wherein averaging is perforned for two or nore peak
peak-to-peak voltage val ues of the respective individual detected pul ses.
10. Apparatus for neasuring a pul sed R§ bi as signal applied to a bias

el ectrode of a wafer processing chanber; the apparatus conprising a
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provide the trigger signal 106 as a sampling gate trigger at the described selectable delay from
the leading edge.

[00102] The sample and hold circuit 100 is responsive to the trigger of signal 106 for sampling
the voltage value of the amplitude 90 of each successive one of the envelopes 88 at the selectable
delay from the leading edge (i.e., at time ts1, FIG. 4). The amplitude 90 is shown as VPE in
FIG. 4. The circuit 100 is shown as being configured with the ADC 304 followed immediately
by the DAC 308 to output the signal 322 for use in controlling the pulsed RF bias signal 68P.
The controller 318 scales the signal 322 for application to the feedback circuit 150.

[00103] It may be further understood then, that the N envelopes 88 that are sampled and
averaged are independent of the OFF mode and are based only on the tON time period of the
respective pulses 70 that were detected and resulted in the respective envelopes 88. As a result,
in the described embodiments of the present invention, the determination of the values of the
pulsed RF bias signal 68P is not influenced by, or a function of, the duty cycle of the pulsed RF
bias signal 68P because such determination is independent of the duty cycle of the pulsed RF
bias signal and is not based on the OFF modes of the pulsed RF bias signal because the sample
and hold circuit 100 only operates for sampling and averaging with respect to the pulses 70 (via
sampling only the envelopes 88) and not sampling the OFF modes. Thus, the determination of
the value of the RF bias voltage on the substrate is based only on the average of the peak PTP
voltage values, i.e., only on the APV of the preset number N of pulses 70 of the pulsed RF bias
signal 68P and the APV are only obtained with respect to the ON modes of those pulses 70.
[00104] The embodiments of the present invention are thus seen as avoiding the problems
described above with respect to the prior attempts to obtain an accurate bias voltage of the pulsed
RF bias signal, wherein the prior attempts were inaccurate by being simply based on an average

of the RF bias voltage over time (i.e., averaged over the entire response time). In such prior



11. Apparatus as recited in claim10, the apparatus further conprising a
timng circuit configured to generate a trigger signal for triggering the
sanple and hold circuit on conpletion of a delay following a rise period of
each of the envel opes so that each identified one anplitude represents the
characteristic of the peak-to-peak volgage val ues of the ON node pul se
corresponding to the respective envelope. 12. Apparatus as recited in

claim1l, wherein: the apparatus is also configured to asure a RF bi as
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pulse parameters as in the PPD average. Thus, whereas the PPD average is based on the PTP
voltage values of the cycles of each RF bias pulse as well as on the zero voltage value of the
OFF modes between these RF bias pulses of the RF bias signal, the present averages do not
include the zero voltage value of the OFF modes between the RF bias pulses of the RF bias
signal.

[00105] Although the foregoing invention has been described in some detail for purposes of
clarity of understanding, it will be apparent that certain changes and modifications may be
practiced within the scope of the appended claims. Accordingly, the present embodiments are to
be considered as illustrative and not restrictive, and the invention is not to be limited to the
details given herein, but may be modified within the scope and equivalents of the appended

claims.
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What is claimed is:

1. In a plasma chamber for processing a semiconductor wafer, circuitry for
monitoring and adjusting a pulsed RF bias voltage signal to be applied to a chuck in the
plasma chamber, the chuck being configured to mount the wafer for processing, the
circuitry comprising:

an RF bias voltage detector for detecting individual pulses of the pulsed RF bias
voltage signal applied to the chuck;

a timing circuit for determining a time for sampling each of the individual detected
pulses, wherein the time for sampling corresponds to a time when a characteristic peak-
to-peak voltage value occurs in each individual detected pulse, the characteristic peak-to-
peak voltage representing a maximum peak-to-peak voltage of an envelope of each
individual detected pulse;

a sample and hold circuit triggered at the sampling time for sampling each of the
individual detected pulses to determine and hold a voltage value representing the
characteristic peak-to-peak voltage value of each individual detected pulse, wherein the
sample and hold circuit is configured to provide a feedback signal based on the
characteristic peak-to-peak voltage value of at least one of the detected pulses; and

a feedback circuit for adjusting the voltage of the pulsed RF bias voltage signal
applied to the chuck according to a difference between the feedback signal and a desired
voltage value of the RF bias voltage signal to hold electrical characteristics of the plasma
steady during processing to compensate for a variation of an impedance presented to the

chuck.

2. Circuitry as recited in claim 1, wherein the RF bias voltage detector is configured
to detect each individual pulse of the pulsed RF bias and output the voltage envelope

representing peak-to-peak voltage values within each individual detected pulse.
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3. Circuitry as recited in claim 2, wherein the timing circuit is configured to detect a
rising edge of each of the individual detected pulses and to determine the sampling time
delayed from the rising edge so that the sample and hold circuit triggered at the sampling
time samples the voltage envelope to determine the voltage value representing the

characteristic peak-to-peak voltage value of each individual pulse.

4. Circuitry as recited in claim 1, wherein the sample and hold circuit is configured to
detected pulses to determine and hold a voltage value representing one or more peak-to-

peak voltage values of the envelope of each individual detected pulse.

5. Circuitry as recited in claim 1, wherein the sample and hold circuit is configured to

average a plurality of the determined held voltage values.

6. Apparatus for measuring a pulsed RF bias signal applied to a bias electrode of a
wafer processing chamber, the apparatus comprising:

a detector configured for response to the pulsed RF bias signal, the pulsed RF
bias signal comprising of a pair of ON mode pulses separated by an OFF mode, the
detector being configured to generate a detector signal comprising successive envelopes,
amplitudes of a respective one of the envelopes being proportional to peak-to-peak
voltage values as a function of time of a respective ON mode pulse; and

a sample and hold circuit for sampling each successive one of the envelopes at a
sampling time when a characteristic peak-to-peak voltage value occurs in each envelope,
the characteristic peak-to-peak voltage representing a maximum peak-to-peak voltage of
the envelope of each individual detected pulse, the sampling identifying one of the
amplitudes of the envelope, the identified one amplitude representing the characteristic

peak-to-peak voltage value of the respective ON mode pulse corresponding to the
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envelope, the sample and hold circuit generating an output signal in proportion to the
identified one amplitude, the output signal being used for holding electrical characteristics
of a plasma steady during processing to compensate for a variation of an impedance

presented to the electrode.

7. Apparatus as recited in claim 6, the apparatus further comprising a timing circuit
configured to generate a trigger signal for triggering the sample and hold circuit on
completion of a delay following a rise period of each of the envelopes so that each
identified one amplitude represents the characteristic of the peak-to-peak voltage values

of the ON mode pulse corresponding to the respective envelope.

8. Apparatus as recited in claim 6, further comprising:

an averaging circuit configured to add the identified one amplitudes sampled from
a preset number of the respective successive envelopes to obtain a sum and to divide the
sum by the preset number to generate the output signal having a value in proportion to an
average of the characteristic peak-to-peak voltage values of the ON mode pulses

corresponding to the respective preset number of envelopes.

9. Apparatus as recited in claim 8, wherein:

the preset number is selected according to an update frequency at which the
output signal is to be updated; and

the averaging circuit is configured to update the output signal at the update
frequency, the values of the output signal being independent of a duration of the OFF

modes.

10. Apparatus as recited in claim 8, wherein:
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the averaging circuit is further configured based on selecting the preset number
according to the durations of the ON and OFF modes and according to an update

frequency at which the output signal is to be updated.

11. Apparatus as recited in claim 6, wherein:

the sample and hold circuit is configured to sample envelope amplitudes having
voltage values less than a voltage limit;

the peak-to-peak voltage values of the ON mode pulses exceed the voltage limit;
and

the detector is configured with a plurality of stages, each of the stages is
configured to attenuate the voltage values of the ON mode pulses so that the voltage

values of the amplitudes of the envelopes are less than the voltage limit.

12. Apparatus as recited in claim 6, wherein:

each ON mode pulse consists of RF cycles; and

the detector comprises a circuit configured with a storage device and a diode
network, the diode network enabling the storage device to store for each cycle a value

representing the peak-to-peak voltage of the cycle.

13. Apparatus as recited in claim 6, wherein:

the pulsed RF bias signal comprises RF cycles;

the detector comprises a peak-to-peak detector circuit;

the detector circuit is configured with a pair of oppositely conducting diodes and a
capacitor for storing a charge proportional to the peak-to-peak voltage values of the
cycles of the ON mode pulses of the pulsed RF bias signal;

each of the diodes is configured with a capacity to conduct current up to a current

limit; and
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the detector further comprises a separate circuit in series with each of the diodes,
the separate circuits are configured so that each of the diodes conducts current up to the

current limit as the capacitor is charged.

14. Apparatus for measuring a pulsed RF bias signal applied to a bias electrode of a
wafer processing chamber, the apparatus comprising:

a detector configured for response to the pulsed RF bias signal, the pulsed RF
bias signal consisting of pairs of ON mode pulses, each pair being separated by an OFF
mode, each ON mode pulse consisting of cycles, each cycle being characterized by a
voltage amplitude that varies with respect to time, the detector being configured so that
the response is generating a detector signal in the form of successive envelopes,
amplitudes of one of the envelopes consisting of amplitude values that are proportional to
peak-to-peak voltage values of the cycles of a respective one of the ON mode pulses, the
amplitudes of a respective envelope being with respect to time only during a respective
ON mode pulse, each envelope being independent of a duty cycle and of a frequency of
the pulsed RF bias signal; and

a sample and hold circuit configured for operation with respect to each of
successive ones of the spaced envelopes at a sampling time when a characteristic peak-
to-peak voltage value occurs in each envelope, the characteristic peak-to-peak voltage
representing a maximum peak-to-peak voltage of the envelope of each individual
detected pulse, the sample and hold circuit sampling an envelope amplitude having an
amplitude value proportional to a characteristic peak-to-peak voltage value of the cycles
of the respective ON mode pulse and holding the sampled amplitude value until sampling
of a next envelope, the sample and hold circuit generating an output signal having a value
proportional to the characteristic peak-to-peak voltage value of the cycles of the
respective ON mode pulse, the output signal being used for holding electrical

characteristics of a plasma steady during processing to compensate for a variation of an
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impedance presented to the electrode.

15. Apparatus as recited in claim 14, the apparatus further comprising a timing circuit
configured to generate a trigger signal for triggering the sample and hold circuit on

completion of a rise period and of a transition period of each of the respective envelopes.

16. Apparatus as recited in claim 14, wherein the sample and hold circuit is configured
with:

a sampling module that samples a plurality of successive values of the amplitude
of the respective envelope; and

a selecting module that determines which of the plurality of sampled amplitude
values is the characteristic peak-to-peak voltage value of the cycles of the respective ON

mode pulse.

17. Apparatus as recited in claim 16, wherein the selecting module is configured:

to make the determination with respect to two sampled amplitude values of the
peak-to-peak voltage value of the cycles of the respective ON mode pulse and to hold the
higher value sample;

to make the determination with respect to the held higher value sample and a
sample of the next successive amplitude value of the cycles of the respective ON mode
pulse and to hold the higher value sample; and

to stop making the determinations when the sample of the next successive
amplitude value is less than the higher value of the held sample and to hold the higher
value held sample for use in generating the output signal having a value in proportion to
the characteristic peak-to-peak voltage value of the cycles of the respective ON mode

pulse.



37

18. Apparatus as recited in claim 14, wherein for each of the respective successive
envelopes the sample and hold circuit samples a characteristic envelope amplitude value
proportional to a characteristic peak-to-peak voltage value of the cycles of the respective
ON mode pulse to which the respective successive envelope corresponds; and

the apparatus further comprises an averaging circuit configured to obtain a sum
by adding the characteristic amplitude values of a preset number of the respective
successive envelopes, wherein the preset number is selected so that an update time
period during which the output signal is updated equals the number of successive
envelopes divided by a pulse rate of the pulsed RF bias signal, the averaging circuit being
further configured to divide the sum by the preset number to generate the output signal
having a value that is proportional to an average of the characteristic peak-to-peak
voltage values of the cycles the ON mode pulses that correspond to the preset number of

respective successive envelopes.

19. Apparatus for measuring voltage values of a pulsed RF bias signal applied to a
bias electrode of a wafer processing chamber, the signal consisting of an ON mode pulse
followed by an OFF mode followed by another ON mode pulse and continuing in a series
of alternating ON mode pulses and OFF modes, a pulse rate defining times at which
successive ones of the ON pulses start, each ON mode pulse consisting of cycles, each
cycle being characterized by voltage values that vary with respect to time and that include
a peak-to-peak voltage value of the cycle, the apparatus comprising:

a detector configured for response to each ON mode pulse of the continuing
series for generating a detector signal in the form of one envelope corresponding to each
of the ON mode pulses and spaced from other successive envelopes according to the
pulse rate, each envelope representing peak-to-peak voltage values of the cycles of a

respective one of the ON mode pulses, the detector being configured so that the detector
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signal consists of one envelope followed by a successive one OFF mode followed by one
envelope in a continuing series of OFF modes and envelopes alternating at the pulse rate;

a sample and hold circuit configured to be triggered for operation only with respect
to each successive one of the envelopes, the triggered circuit sampling a voltage
amplitude value of a respective envelope and holding the sampled value during the next
OFF mode, the held sampled value representing the characteristic peak-to-peak voltage
value of the cycles of the ON mode pulse corresponding to the respective envelope, the
characteristic peak-to-peak voltage representing a maximum peak-to-peak voltage of the
envelope of each individual detected pulse; and

a feedback circuit for adjusting a voltage of the pulsed RF bias voltage signal
applied to the electrode according to a difference between an output of the sample and
hold circuit and a desired voltage value of the RF bias voltage signal to hold the electrical
characteristics of plasma steady during processing to compensate for a variation of an

impedance presented to the electrode.

20. Apparatus as recited in claim 19, further comprising:

a feedback circuit for controlling the voltage values of the pulsed RF bias signal
applied to the bias electrode, the feedback circuit generating a control signal at an update
rate, the update rate being slower than the pulse rate and defining a time period between

updates of the control signal.

21. Apparatus as recited in claim 20, further comprising:

an averaging circuit responsive to a number of the held voltage amplitude values
representing the characteristic peak-to-peak voltage values of the cycles of respective
successive ON mode pulses corresponding to respective envelopes occurring in

succession during one of the update time periods, the averaging circuit generating an
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average of the held voltage amplitude values to represent an average of the characteristic
peak-to-peak voltages values of the ON mode pulses during the one update period; and
the feedback circuit updating the control signal in response to the average of the

held voltage amplitude values.

22. Apparatus as recited in claim 21, wherein the averaging circuit obtains a sum of
the held voltage amplitude values held during the one update time period and divides the

sum by the number of the held voltage amplitude values to determine the average.



