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U f> Patent No. 8,737,177, 1ssued Apnil 7, 1998, discloses one such scheme, While this
mstrument provides a relatively reliable means of detecting a change in plasma confinement by
providing & DC measurement of plasma sheath potential, 1t 13 a consumable past that st be
replaced frequently and can induce plasma non-uniformuties at higher RF powers and can result
m particle contamunation issues.  Another scheme for detecting a change i plasma confinement
1s throagh the use of an OES technique {Optical Enussion Spectroscopy ) technigee. However, it
has been found that monitoring OES signals 13 an unduly complex and ofientimes unreliable
method of detecting plasma unconfinement events.

{0603} Therefore, alicrnate methods and arrangements for deteciing unconfined plasma

events in a plasma processing system are desired.



[0009]Fig. 1 is an exanple system configuration for producing confined

mul ti-frequency capacitive RIP plasma, in accordance with an enbodi nent of
t he presewd 20mveBteo2zon, 10010j Fig. 2 illustrates, in accecuasceEons4ns an
enbodi nent of the present invention, a sinplified circuit of the RF
conponents of Fig. 1. 10011]Fig, 3 illustrates, in accordance with an
enbodi nent of the present invention, the correlation between the ESC pole
voltage and the state of plasma confinenent. 10012]Fig. 4 is a flow diagram
of an exanple aIgorrthqyu@phgg§pﬁnﬂmquﬁeigkqg@@“gqggpf|nenent det ecti on
techni que, in accordance wth an enbodi rent of the present invention.
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mumerons specific details are set forth i order to provide a thorough anderstanding of the

present mventton. It will be apparent, however, to one skilted in the art, that the present

wvention may be practiced without some or all of these specific detatls. In other mstances, well

known process steps and/or structares have not been deseribed m detail i order to not

unnecessarly obscure the present mvention.

{6014 In one or more embodiments, methods and apparatus for detecting a change n the

state of plasma confmement within a capacitively coupled, RF diiven plasma processing

chamber are disclosed. In one or more embodiments, the plasma unconfinement detection

methods employ an analog andfor digital circuit that can actively poll the RF voltage at the

powered electrode i the form of an Electrostatic Chuck(ESC) as well as the open loop response

of the bias power supply (PSU} responsible for chucking a wafer to the ESC. Embodimments of

the mvention facditate detection of both a change n the R¥ voltage delivered to the ESC as well

as a change m the open loop response of the PSUL By simultancously monitormg these electrical

signals, the disclosed techniques can detect when plasma changes from a confined to an

unconfined state,



100151i n one or nore enbodinents of the invention, the rate of change
(derivative) and optionally the magnitude of the change of both the RE

vol t age dwDi2zoawmesé2o t he ESC (RF_VDT_ESC) and the open Pocopse@sponge ( OLR
DC_ BIAS) of the DC.' bias ESC.' power supply are exam ned. In the regine
where the rate of change of the RE...Val...ESCis positive and rate of
change of the OLR DC BI ASi s negative, an abnornmal condition alert is
triggered. if the magnitude of the changes is above a certain threshold
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ENSATI NG WAFER_ BI AS, I N A RE DRI VEN PLASNVA CHAMB
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{6019 ESC 108 1 a bipolar ESC in that there are two poles: a posstive pole 120 and a
negative pole 122, An BESC PSU 126 supplies the clamping voltages to poles 120 and 122 via
conductors 128 and 130 respectively. A center tap 140 drives the DC potential of ESC 108 to
bias the DC potentiat of the ESC 108,

{0020} Capactior divider network 150 {comprising capacitors 132 and 154) and RF
voltage probe 136 are emploved to derive an ESC Iias set pomnt signal, which is input as a

feedback signal to ESC PSU 126 to control the ESC bias provided to ESC 108, Further details



100211As will be discussed |later herein, the inherent delay in this
feedback |l oop results in the presence of an nonentary response that is

det ect ablwoaniigeszeer tap . 140 when a pl asma unconfi nenmeRCTASRIW/OSTICRT S.
This nmonentary, essentially open-loop response is brief and occurs before

t he feedback signal from RE vol tage probe 156 can conpensate. By nonitoring
the rate of change and optionally the nagnitude of change of this
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correl at}RQ@dtl@{;%@Eﬂuhé}e pl asma i npedance, the magnitude of the RE voltage
delivered to the ESC chuck and the state of plasna confinenent. [0025]G ven
that REMBher i sFar fumiersm orhsdraayen obig: pleashy i hpsginderesdaupunct i on
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constant and the capaC| tance i ncreases as the plasira noves
froma h@&nﬂfﬁsnwdi”ﬁm tmmethfsbmednm«afbse atche retlynddngrasasasophesngmounged 2asea,

t hen the“ 0l 9“““?& e 50 t he ESC chuck nmust decrease. This

correl a”t£ H%ft# é je ifo grounded area for a constant RE power provides
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[0026] Egcgnlg]rng(;] setgteetlhgll)aoté g} gimxgeaa%%cillug ﬁalggxg iuldf:s OP 5} QIer]:e\(%}lt?w:: ¢ e]ﬁ? 8355%00&%5%’%” bEq, 1
chuck are mereased. Fig. 2 dlustrates a simplified cuircutt of the RF components of Fig. 1. The
unpedance matchung network 110 and independent RF sources (102, 104, and 106) of Fag. | are
consolidated into a single RF source 202 1n Fig. 2. Powered electrode 168, grounded electrode
174, and plasma confinement rings 172 of Fig. | are represented by a simple variable capacitor
210 wath plate 210a representing powered electrode 168 and plate 210b representing grounded
electrode 174,

[0024] Given that the capacitance of the chamber is a direct function of the surface area
of the electrodes, and the confinement rings control the effective surface area that is utihized m

the chamber, a first order approximation of the equivalent elecirical circuit for the capacitive



100281Where Cis the capacitance; Kis the dielectric constant of the

el ectrodes; Eis the permttivity of free space; Ais the area of the

el ect r odews0 2and6B262s t he di stance between the el ectrode®CTABOR@OD5T#78 he
confined state, the confinenent rings control the capacitance by
constraining the plasma, thus limting the surface area that the current

fl ows between the el ectrodes. Unconfined plasm causes an increase in the
area A. Wien A increases, capacitance C also increases per Eq. 1. 100301For
an i deah, GapackLor cad 6&%@&@8% £, ﬁisi hg &%gil‘bMﬁLIéQQ%%&éﬁﬁggTe GRAR +-

(11(2*Pi *PQ)" 2) Eq. 032] Wherein Reee U; Pi is a mathematical constant;
f is tkemppegise rId:\}b @ﬁpiuihs@i (REUS our peysedid Blusitiee dapactlbandeiwahfthd glagenst ant |

| cossr it Tarahieuly TR GobOfh ol et Gale RCRALAAR s Stotgpna oo

(thetak&ﬂnw&mbﬁOSS]Vhere P is power; 1 Is current, Vis voltage; and theta

is the se between V and |. 100361RE power delivered is a function of
i npedar&@kf*l [ 00371 hqt B poyet FoBrAmEd v Altage; ﬁ@n}aﬁﬁ@aawe*‘eh ajupgion
vol t ag@s vai@e hs kel GUEF @Btapacitance of the chamber, if RF power is constant and the

capacitance of the chamber increases as the plasma moves from a confined to unconfined state
thereby increases the grounded area, then the RF voltage delivered to the ESC chuck must
decrease. This correlation of RF voltage to grounded area for a constant RF power provides a

fundamental element in detecting a state change in plasma confinement.

jou26] To further elaborate, capacitance is defined by:
{0027] C=K*E¥A/D Fq |
[o028] Where C 13 the capacttance; K 1s the dielectric constant of the electrodes; E 1s the

permittivity of free space; A is the area of the electrodes; and D is the distance between the
electrodes.

{0029 In the confined state, the confinement vings control the capacitance by
constraimmy the plasma, thus limuating the surface area that the current flows between the
electrodes. Unconfined plasma causes an increase m the area A, When A increases, capacitance

(! also increases per Eq. 1.

8036} For an wdeal capacitor, impedance 18 defined by:
{6031} Z = SQRT (RS2 + (L2¥PIECYD) ¥q.2
{0032} Wherein R = 0; P1 13 a mathematical constant; {13 the {requency of the RF source;

{1s the capacttance. I {18 constant, it can be seen from Eq. 2 that Z 15 wnversely proportional io

C.

{6033} Power debivery 13 governed by Eq. 3 below.

{0034} P== 1%V * cos {theta) Eg. 3

{0035] Where P 1s powes; {15 current, V is voltage; and theta 15 the phase between V and
3

{0036] RF power delivered is a function of impedance.

jo037] L=Vl Eqg. 4

{0038 Wherein Z is the impedance, V 1s voltage, and I is current.



WO 2011/ 063262PCT/ US2010/ 057478 100391When R= 0, Z can be sinplified to be
1./(2*POT*C) (see Eq. 2 above). {00401G ven that Z is approxi mately

1/ (2*Pi * PWWOQap11/G682620l1 | ows t hen from Eq. 4. that 1004111pC2'UBedhoeM78/ / | Eq.
5 100421Since CK* E Al D (see Eq. , when A increases due to an
unconfinenment plasma event. C increases and Z decreases. 10043. 1Furt her,
since P1 V cos (theta) (see Eq. , if Pis constant and theta is constant,
if Cincreases. V decreases and | increases. 100441Thus, as can be seen in

from Fiyghaep and e, H-SEYSeheR skijali-ats QDRNPee*E] Gee By Ad48vdy ansi tion from
a confined plasma state to an unconfined plasma state iI's acconpani ed by an

i ncread@4fposi ti Veveddhatvat pyedsiinatebhB(RBIVH L ddelloied thvefrent Hp4tthat ESC. The

detectign . of this inerease.in the RE voltage delivered {0 the ESC
repr eséﬁ?‘é?one cz" ‘dﬁt‘ifgﬁfi ﬁ” ’?Ihe proposed unconfi nenent %&‘5’3@ detection

schene {6442} desi r Sthee @ =NMEGNE ¥ uded {Re eghol dher Aragaistude ichangestiheeshol d may
be established to reduce false positives. 10045.1lin addition to the
cor r el RAFBA L hECFRSGIPE 4FECSEaWH i ed to the ESC to plasma confinenent, it

has beg@n@? scovergehd Nalcetrhel e \i S.ANAkRE [sef uRdaNEDtiabo Gkl 8l@hégn bet ween
t he ESC pol e voltage and plasnma confineiment. Fig. 3 illustrates the

cor r el apfsomtbEE wewsrsEsE gofeesarghd hge(esyesand the state of plasma

cont AR, " 2k B AP BB

c I srn a (representing-the ESC
cl anp dicacinsmide froandegpiiat&pR30Rbsiik epreseotfing! glenawafie fs)actemmnesdntaad.

Paral l el plate capacitar 302 is.farnmed between the.ESC pole and.the plasm
Eheat h e Lo Rae Bapanye B s Sar S SrREHEs e e TretsialBhtine fwo

pl at es inckQR4RIAN RFESfa RQlevé:8d €Y thY BRCRYpasRG ROWBII SR Ne fdfosdnd the
sheath voltage is a function of plasma acting as a DC source, G ven that
t he ratihepndbepeietasmadeeeirrogbeny| Hdgerelor graunde iradpikoueagsittdigdaprs equal

5 o LR B AU S5 g g, pover o o ot ode e ((ai
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ESC pole voltage and plasma confinement. Fig. 3 dllustrates the correlation between ESC pole
voltage{s) and the state of plasma confinement. In this ssmphified DC equivalent circutt of Fig.

3, a parallel plate capacitor 302 comprising plate 302a (representing the ESC clamp electrode)
and plate 302b (representing the wafer) is presented. Paralle! plate capacitor 302 15 formed
between the ESC pole and the plasma sheath, where the ceramic and wafer form the dielectnic
between the two plates.

{0046} The ESC pole 18 driven by a DC power supply 310 and the sheath voltage s a
function of plasma acting as a DC source. Given that the ratio of powered elecirode voliage to
ground electrode voltage 1s equal to the ratio of ground electrode area to powered electrode area
{ratio holds true for both DC and RF), as the area of the grosad electrode mereases due to the
occurrence of an unconfined plasma event and the powered electrode area remams constant, the
sheath voltage increases.

{6047] In Fig. 3, the DC voltage at the ESC pole 15 a function of voltage supplied
by the ESC PSU 310 as well as the charge on the opposite pole and the capacitance formed by
the two poles. As the sheath voltage increases as the plasma changes from a confined to

unconfined state and the capacitance remains constant between the poles, the ESC pole will be



100471ln Fig. 3, the DC voltage at the ESC pole is a function of voltage
supplied by the ESC PSU 310 as well as the charge on the opposite pole and
t he capacwoanu#esmwened by the two pol es. As the sheat h Portusgaoiosareases as
t he plasma changes froma confined to unconfined state and the capacitance
remai ns constant between the poles, the ESC pole will be WO

2011/ 063262PCT/ US2010/ 057478 chargedhy the sheath voltage. This charging
effect can be seen in the inpulse response of the ESC PSU 310 as the plasma
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is shown in blocks 414 and 416. f[00521lf there is a sufficient positive
magni t A% (fh’é.ﬁ@é’ *¥W| sypphciy, 1@5: REVelinge paenpiegis labeled Broadband RF (BB RF)

signal, and will be referred to as BB RF from here forward.
[oos1] The BB RF signal and the ESC PSU Center Tap voltage are fed through
mdependent low pass filters {408 and 406 respectively). Fig. 4 refers to a first order low pass
filter known as a simple moving average. However, it should be undersiood that any other
suitable filter, whether analoy or digital, may also be emploved. The output of wach respective
filter 1s then compared to the current sample of each respective signat (410 and 412). The
comparison is shown in blocks 414 and 416.
{60521 If there 1x a safficient positsve magnitude change (dvidt »> @) 1 the ESC PSU
Center Tap voliage (414} then an event flag s set, labeled "PSU _Event =17 1 block 420 of Fig.
4. Insinular fashion, if the BB RF signal has a sufficient negative magnitude {(dvidt << 0} (block
416} then an event flag is set, labeled "RF Event = 17 {block 422). If esther event flag fails to be
set to the equivalent digital “on” state, then the detection loop will continue to poll and compare

the next available sample for each respective signal {block 424 and 426).



Center Tap voltage (414) then an event flag is set, |abeled 'PSU. ..Event

eeeel ' in block 420 of Fig. 4. In simlar fashion, if the BB RE signal has
a suf ficiwotonegatszve magni tude (dv/dt <: 0) (bl ock 4. 1@rTiusenoas’4es ent
flag is set, labeled 'RE Event |' (block 4.2.2). If either event flag fails
to be set to the equivalent digital "on" state, then the detection | oop
will continue to poll and conpare the next avail able sanple for each

respective signal (block 4:24 and 426). WD 2011/ 063262PCT/ US2010/ 057478
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frequencies, as wel e anount of power associ ate each
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may be ehibeonRasateda IPIM? aspddotseist indogbdeadod §yith ﬁﬂq@ﬂ&lcﬁﬁ(ﬁﬁﬂﬁcl@tﬂbOdI ment s.
100571As can pprecia fromthe foregoin enbodi nents of the
i nvent 31! @H%E‘PE * Yprgoq g?ct?,‘gl“é}ﬁ“bf]’“aﬁ Fob#uisrat gbl asma condition (of which

pl asma gipgenf i NEMBAL %@ BuBXATRLE) hdMihB Qe &:%Heu;é}vm thbRadis; Of an
[ ntru3| ve, in-situ nonitoring instrument. In so doin i ssues WO

2011/ 0 @@azwygg o forosrayzge driving RF frequencies, as well ast he amount of POWEL
associated with each RF frequency. In one or more embodiments, RF signals with more power
tend to dosmnate, and the responses at these frequencies may be more pronounced, which render
detection more reliable. These are general observations that may be mcorporated into a detection
strategy. i one or more embodiments.

[0057] As can be appreciated from the foregoing, embodiments of the mvention enable
the detection of an abnormal plasma condition (of which plasma unconfinement is an example)

without requiring the use of an intrusive, in-sity monitoring nstrurnent. In so doing, issues



regardi ng pl asma-i nduced wear, contam nation, and replacenent/cl eaning
associated with such in-situ nonitoring instrunents are elimnated. By

noni t ori rgokotimesise change in the RF voltage delivered PoTiuseo1B8874and t he
change in the open | oop response of the ESC PSU and optional | y enpl oyi ng
threshol ding to reduce fal se positives, enbodi nents of the invention
provi de a robust technique for detecting abnormal plasma conditions,

t hereby enabling the tool host to provide tinmely corrective nmeasures or to
shut  downdifepih @Rl -idiBeM@d cfe Hﬁkﬂ%log ARISackIRBIERY, ﬁg\&‘&%&i Rtk

exenpl ary eﬁﬁo diments and t nmode, nodifications and variations may
be nadekwuimhemuuecm@®e@neWM©ﬁnmmmt@ QMnkeﬂmendwmﬂﬂgcvmbhumdwﬁﬁ~gﬁbkect and
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detectmﬁ@k@h&&ﬁﬁﬁuﬂ@ﬁ@ﬁiﬁ&ﬂﬁﬁhh&ﬁmﬁnak&&ﬂﬁﬁpﬁ@wﬁﬁﬁhm@\@hﬁmhﬁmmdéﬂkﬁuﬂlasna
processi ng chanber having an electrostatuﬁ (ESC) @ %npr|5|n
provi dif§fgTaHe ‘%EW/‘HI”%*&’@’@W%‘ S5 pdiigig ciReredby E““b Aiten! §°ta° BSE Sower

suppl Y it c&&@ﬁ\!&ﬂéﬁﬂm& 8y Waﬁ%ﬁ!dif%xtﬁh%ebtcﬁsﬁa}épﬁdtﬁﬂf%akﬁt@a' d ESC chuck, said
ESC power ‘supply unit having a center tap coupled to réceive said RE

vol t agdttss] s Hervibg diselosrs) agzewmmwt orbatlgmens ehdRbe bess hodganehbcasighdangent er
tap for a&%’ﬂg ‘3131\ W0 ﬂ&a@u %S Rt 10%(110{!“%%&&'&0\% d J’é&gﬁ %}L \98@9%2& 28 L%El
provi d|n ar resence o unconf1 nene

cond|thmntnfmsandnmhasmhﬁmnﬂnnhenﬂhmnmfﬁmndlt|on IS detected by sald
nmonitoring. 2. The nmethod of claiml. wherein said RE voltage is a

br oadband RE vol tage conprising at | east two RE frequencies. 3. The nethod
of claiml wherein said nonitoring includes detecting a change in said RE
voltage. 4. The nethod of claim 3 wherein said nonitoring thither includes
ascertai ni ng whet her a magni tude of said change exceeds a predefined

t hr eshol d.



5. The method of claim| wherein said nonitoring includes detecting a
positive change in said RE voltage. 6. The nethod of claiml wherein said
noni t or i rygoi2ncilass®e det ecti ng a change in an pen-| oop DECTASp@N®E740% sai d
center tap. 7. The nethod of claim6 wherein said nonitoring. further

i ncl udes ascertaini ng whether a magni tude of sai d change exceeds a
predefined threshold, 8. The nmethod of claim| wherein said nonitoring.

i ncl udes detecting a positive change in an open-1oop DC response on said
center tap. 9. The nethod of claing}spygrein said open-loop DC response
represents an open-loop DC voltage. 10. The nethod of claim|l wherein said
open- | ot DG lzissponse represents an open-1oop DC Current. |1 The net hod of
cl ai m I, wher.ei i.d Joni toni ng. includes. detecti a_chaj Jn.said RF
Vol t agd” ana e b3 19 ¢ BN A% R ERER: FEsfobE Mo SN LaF] Cont or
tap. YWRs20 pldO6IREAREHEUGR DG QR4 dF8aticZSCT Hauchpidagdisel: cl aim 1 wherein
sai d signal 1S:QWPL0M@d-@‘ fegdbac ignal to automatically initiate
corrective HEMiWRE PhRF aelisrdes¥dbaldiydeti on of said plasma unconfi nenent
condi tion, nk3idifNs BECIRAENRALL O dek&FEd RGPl iaSFBCUNEORTRERRALG tdT @

pl asma processi ng chanber, sala pl asma” processi ng chanmber havi ng an

el ect r o8kt pagd (:’«Eé@}*wéhi}@ki,}’ g VESE cefiackp beiphy! e ot gurddilt volikgeei ve an RF
vol t age, connliSLNGu .. ESCopower. WounLt. f N ) PprQyj de a
0C bigs vor PRyt mpritgrfe FFERP R SRR ML of BT M Bl QuRLOY.
cent er ptapacouplfedmtia coedetmvendai d RE vol tage; and means for

anal yzi ng sai d. RF val tage. gnd an open-|oop DC response on said center tap
For. ahanges TANEat T g1 Bl AR e P AURBAC BORBE P G ot T
ar r angemeah vRorShah B lk3ndhes Riddwesat ty REdvwint88&: 1 s a broadband RF vol tage

conprising at |east two RF frequencies. , - o
2. The method of claim | wherein said RF voltage 15 a broadband RF voltage comprising at

least two RF freguencies.

3. The method of claim 1 wheremn said monitoring mcludes detecting a change in said RF
voltage.
4. The method of claim 3 wherein said monitoring further mclodes ascertaming whether a

magnitude of said change exceeds a predefined threshold.

5. The method of clamm 1 wherein said monstoring mcehudes detecting a positive change n
said RF voltage.

6. The method of claim 1 wherein sard monstoring mcludes detecting a change m an open-
loop DC response on said center tap.

7. The method of clam & wherein said monttoring futher includes ascertaming whether a
magnitude of said change exceeds a predetfined threshold.

8. The method of claim 1 wherein said monitoring includes detecting a positive change in
an open~-loop DC response on saxd center tap.

9. The method of clarm 1 wheremn satd open-loop DC response represents an open-foop DC
voltage.

0. The method of claim 1 wherein said open-loop DC response represents an open-foop DC
current.

i1, 'The method of claim 1 wherein said monitoring includes detecting a change mn said RF

voltage and detecting a change in an open-loop DC response on said center tap.
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15The arrangenent of claim 13 wherein said nmeans for analyzing is
configured to at | east detect a positive change in said RE voltage. 16.
The arr amngermentocsfe2cl ai m 13 wherein sai d neans for anal yzirng2019/0514r78 her
configured to ascertain whether a nagnitude of a change in said RF voltage
exceeds a predefined threshold. 17. The arrangenent of claim 13 wherein
said neans for analyzing is configured to at | east detect a positive change
in an open-|loop DC response on said center tap. 18. The arrangenent of

clai m 33 whenehRuRaled cARANS HoRiy SRRLYAL RerySiof é&%h%&%}éé%?%ﬁi to
ascertai n whether a nmagnitude of a change I’ 'sai d open-1oop DC response

exceedsufan'pnezdbﬁmme@ cohregshebihn n I&poTinde adeangend stidplasok abmutBemnksr ei n
sai d ope {oop DC response represents an open-1oop DC voltage. 20. The
arrangéﬁ%‘% '9%Ff claim 13 wherein said open-loop DC response represents an
open-1 aep D@nchiahgbent for detecting plasma unconfinement in g plasma processing chamber,

satd plasma processing chamber having an electrostatic (ESC) chuck, said ESC chuck being
configured to receive an RF voltage, comprising;

a ESC power supply unit configured to provide a DC bias voltage to said ESC chuck,
said ESC power supply unit having a center tap coupled to receive sard RF voltage; and

means for analyzing said RF voltage and an open-loop DU response on said center tap for
changes indicative of a plasma uncontinement condition.
14, The arrangement of claim 13 wherein said RF voltage 15 a broadband RF voliage
comprising at feast two RF frequencies.
15, The arrgngement of ¢laim 13 wherein said means for analyzing 1s configured 1o at least
detect a positive change in said RF voltage.
6. The arrangement of clanm {3 wherem said means for analyzing is further configured to
ascertain whether a magmtude of a change 1 said RF voltage exceeds a predefined threshold.
17.  The amvangement of clamm 13 wherein said means for analvaing s configured to at least
detect a positive change in an open-loop DC response on said center tap.
18, The arrangement of clanm 13 wheretn sad means for analyzing 1s further configured to
ascertain whether a magnitede of a change 1 said open-loop DC response exceeds a predefined
threshold.
9. The arrangement of elawn 13 wherein said open-loop DC response represents an open-
foop DC voliage.
20, The arrangement of claim 13 wherein said open-loop DC response represents an open-

foop DC carrent.
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