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METHODS AND APPARATUS FOR DETECTING THE CONFINEMENT
STATE OF PLASMA IN A PLASMA PROCESSING SYSTEM
BACKGROUND OF THE INVENTION

jo001] In the manufacture of semivonductor products, substrates (e.g.. semiconductor
waters) are processed by successively depositing, etching, and polishing various lavers o create
semiconductor devices. Within the semiconductor mdustry, 11 1s conumon practice to uttlize the
benefits of a RF {Radio Frequency) driven plasma to dry etch material from a substrate. During
plasma etch processes, it 1s paramount that the stabthity and uniformity of the plasma s
controllied i order to mnprove process efficiency and yield for the substrate under process. This
can be accomplished throagh a vanety of methods, one of which 1s to control the plasma
formation through the use of mechanical and electrical elements within the plasma chamber to
confine the plasma to the process region of interest. These arrangements are well-known in the
art and will not be elaborated further here.

[8002] Whale plasma confinement 1s a well understood practice, there is a need to detect
when confined plasma changes to an unconfined state within a process chamber, Unconfined
plasma can cause particle contanunation and plasma non-untfornuties, leading to degradation m
the vield of the substrate ender process and‘or damage to the plasma processing system. A
current scheme for detecting a change m plasma confinement employs a S Cavbade pin that s
attached to the outer ning of the electro~static chack (ESC) and i direct contact with the plasma.
US 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.
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BRIEF DESCRIPTION OF THE DRAWINGS

{0008 The present invention is ilustrated by way of example, and not by way of
tmitation, m the figures of the accompanymg drawings and in which like reference numerals
refer to stimilar elements and in which:
jo009] Fig. I 15 an example system configuration for producing confined multi-frequency
capacitive RF plasma, in accordance with an embodiment of the present invention,
jou 1] Fig. 2 illustrates, in accordance with an embodiment of the present invention, a
simplified circuit of the RF components of Fig. 1.
joo11] Fig. 3 illustrates, in accordance with an embodiment of the present mvention, the
correlation between the BESC pole voltage and the state of plasma confinersent.
jou12] Fig. 4 1s a flow diagram of an example algorithm implementing the plasma
unconfinement detection techmique, in accordance with an embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0013] The present invention will now be described m detail with reference to a few
embodiments thereot as iflustrated in the accompanyving dravemgs. In the followmg desenption,
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,
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jo015] In one or more embodiments of the mvention, the rate of change {denivauve) and
optionally the magnitude of the change of both the RF voltage delivered to the ESC

{RF_VDT ESC}and the open loop response {OLR_DC BIAS) of the DC bias ESC power
supply are examined. In the regime wheve the rate of change of the RF_ VDT ESC is positive
and rate of change of the OLR_DC BIAS is negative, an abnormal condition alert 1s triggered.
I the magnitude of the changes is above a certain threshold that has previously been empirically
determined to be indicative of a plasma unconfinement event, a plasma unconfinement condition
1s deemed to have occurred and an unconfinement alert signal 1s generated, in one or more
embodiments.

{0016} To turther elaborate, 1t has been discovered that when the plasma changes from a
confined to unconfined state, the computed ESC Bias value using RF voltage parameters was
mversely proportional to the true plasma sheath voltage. Upon firther review of the system, it
has been discovered that the open loop response of the ESC Power Supply Unit {(PSU) DC/DC
brick responstble for driving the reference voltage for the ESC poles oscillates when the plasma
changes from a confined to unconfined state, a reflection of the increased plasma sheath voltage.
{0017} Fig. 11s an example system configuration for generating confined mulsi-
frequency capacitive RF plasma, where the powered electrode 15 a bipolar ESC. Plasma 15 also
confined by a set of crreadar quartz nings, controlling the flow of gas and thas controlling the
space within which the plasma exists.

|80 18] Plasma processing system 100 13 a multi-frequency capacitively-coupled plasma
processing system in which three R¥ poveer supphes 102, 104, and 106 deliver RF voltages to an
ESC chuck 108 via a match network 110, In the example of Fig. 1, 3 RF frequencies (2MHz,
27MHz, and 60MHz) are emiploved alithough any number and range of frequencies may be
employed.

{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
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regarding RF voltage probe 156 are disclosed n a commonly-owned provisional patent
application entitled “BIAS COMPENSATION APPARATUS AND METHODS THEREFOR™,
US Appheation Number 617303 628, filed on February 10, 2010 by John Valcore, Jr, and a
commaonly-owned provisional patent application entitled "METHOD AND DEVICE FOR
COMPENSATING WAFER BIAS IN A RF DRIVEN PLASMA CHAMBER”, US Application
Number 617262 886, filed on November 19, 2009 by John Valcore, Jr., both of which are
incorporated herein by reference.

[0021] As will be discussed later herem, the inherent delay in this feedback loop results
i the presence of an momentary response that s detectable at center tap 140 when a plasma
unconfinement event occurs. This momentary, essentially open-loop response 15 brief and occuors
before the feedback signal from RF voltage probe 156 can compensate. By monitoring the rate
of change and optionally the magnitude of change of this momentary, open loop response of ESC
PSU 125(OLR _DC BIAS), one of the two metrics indicative of a plasma unconfinerent event
may be detected. The other metric of the two metrics indicative of a plasma unconfinement
event s the rate of change and optionally magnitude of the RF voltage delivered to ESC chuck
108, as discussed earlier,

{66221 For completeness i the discussion of Fig. 1, a wafer is typically disposed on a
powered electrode 168 which 15 in turn disposed above ESC chuek 108, During processing, a
bulk plasma 170 1s formed above the wafer, and 15 confined by a set of confinement nings 172 as
well by upper grounded electrode {74,

{60231 It has been discovered that when the plasma transitions from a confined state to an
unconfined state, the rate of change and the magniude of the RF voltage delivered 10 the ESC
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
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chamber in Fig. 1 can be reduced to Fig. 2 by ignoring inductive and resistance cireuit
components. This simplified circuit can be used 1o ilustrate the correlation between the plasma
impedance, the magnitude of the RF voltage delivered to the ESC chuck and the state of plasma
confinement.

j0025] Given that RF power 13 a function of voltage, and plasma impedance 1s a function
of voltage as well as of the capacitance of the chamber, if RF power 1s 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 m detecting a state change in plasma confinement.

jou26] To further elaborate, capacitance is defined by:
{0027] C=K*R¥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.
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j0839] When R= 0, Z can be simplified to be L(2*Pi*£*C) (see Eq. 2 above).

{00404 Given that Z is approximately R¥Pr¥ (), it follows then from Eqg. 4. that
jo041) LRYPIFFC) =V T Fq. S

[0042] Since C=K ¥ E ¥ A&/ D (see Eq. 1), when A increases due to an unconfinement

plasma event, C mcreases and Z decreases.

[0043] Further, since P=1% ¥V * cos (theta) (see Eq. 3), 1 P 1s constant and theta 1s
constant, 1f C mncreases, V decreases and | mereases,

{0044] Thus, as can be seen i from Fig. 2 and the discussion that accompanies Fig. 2,
the ransition from a confined plasma state to an unconfined plasima state 18 accompanied by an
merease {positive denvative) m the RF voltage delivered to the ESC. The detection of thasg
increase in the RF voltage delivered to the ESC represents one condition in the proposed
unconfinement plasma detection scheme. 1f desired, a magnitude threshold or magnitude change
threshold may be established to reduce false positives.

[{0045] In addition to the correlation of the RF voltage supplied to the ESC 1o plasma
confinement, 1t has been discoverad that there 1s another fundamental correlation between the
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
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charged by the sheath voltage. This charging effect can be seen i the wapulse response of the
ESC PSU 310 as the plasma goes unconfined.

j0048] In particular, the center tap DC voltage supply will oscillate as a function of the
toad change induced by the charging of the ESC pole veoltage. The center tap DC supply is used
to mainiam the reference voltage for the ESC clamp voltage supply for the purpose of providing
a consistent clamp force on the wafer regardiess of the plasma sheath potential. The momentary
open loop response of the ESC PSU 310 {present at the center tap) provides the second metric
used in detecting the state of plasma confinement {and correspondingly the state of plasima
unconfinement).

0049 Using both the change in RF vohage delivered to the BESC and the change m ESC
PSU open loop response in response to the plasma changing from a confined to unconfined state
provides the necessary parameters for detecting the state change of plasma confinement.

[o030] Fig. 4 is 4 flow diagram of an example algonthm tmplemented within a
microprocessor and/or via code, with the mput parameters betng the DC voltage measured at the
ESC PSU center tap (402} and a RF voltage probe parameter (404). The R¥ voltage probe
parameter 404 can be a singular or a composite signal representative of the RF voltage at the
ESC. For the sake of simphicity, the RF Voltage parameter 1s 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 {lag 1s set, labeled "‘RF Event = I’ {block 422} If etther 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).
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0053 H both event flags are toggled on (block 430}, a delta function is computed. This
delta function computes the magnitude of the RF BB derivate with respect to the magnitude of
the ESC PSU Center Tap derivate. If the derivates are of sutficient magmtude relative one
another (block 432), then a “Unconfined Plasma = 17 event flag (434} is sent to the Tool host
{436}, responsible for controlling the plasma chamber so that corrective action can be taken, such
as changing RF delivered power, changiog the pressure or gas flow to the chamber, or adjusting
the confinement ring position, or the like.

[0054] Alternatively, it is possible to monitor the electrical center tap current to the ESC
baseplate, rather than or i addition to the center tap voltage. The sudden corrent required to
charge the capacttor shown n Fig. 2 duning an onconfinement event would also be another
suitable indicator of a potential uncontrolled processing condition event.

[0055] In one or more embodiments, the plasma anconfinement detection scheme may be
tplemented within the analog doman using analog low pass filters and comparators andfor
within the digital domain using a DSP, FPGA/CPLD, or nucroprocessor. In one or more
embodiments, the RF Voltage probe can be located anywhere along the transmission hine
between the mmpedance matching network and the powered electrode, as seen m Fig. 1. Inone or
more embodiments, the ESC PSLY center tap voltage can be measured anvwhere between the
ESC and the ESC PSU mternal circutt. In one or miore embodiments, a high spedance voltage
divider at the base of the ESC 15 employed, as seen m Fig. 1, and the ESC PSU center tap voltage
at the direct output of the ESC PSU. Both of these signals may then be fed, 1 one or more
embodiments, into a PIC 18F4523 8-bit mucroprocessor with an equivalent 40MHz clock
{available from Microchip Technology, Inc. of Chandler, AZ).

{00361 In one or more embodiments, the time scale and divection of the ransient
responses may be a function of the driving RF frequencies, as well as the amount of power
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
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regarding plasma-induced wear, contanunation, and replacement/cleaning associated with such
m-situ monitoring instruments are elininated. By monttoring both the change in the RF voltage
delivered to the ESC and the change in the open loop response of the ESC PSU and optionally
employing thresholding 1o reduce false positives, embodiments of the invention provide a robust
technique for detecting abnormal plasma conditions, thereby enabling the tool host to provide
timely corrective measures or to shut down the ool to avoid further damage.

[O0S8] Having disclosed exemplary embodiments and the best mode, modifications and
variations may be made to the disclosed embodiments while remaining within the subject and

spirit of the invention as defined by the followmg claims.
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CLAIMS

What 15 claimed 1s:
1. A method for detecting plasma unconfinement in a plasma processing chamber, said
plasma processing chamber having an electrostatic (ESC) chauck, comprising;

providing an RF voltage to said ESC chuck;

providing 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 said RF voltage;

stmultaneously monitoring said RF voltage and said center tap for changes indicative of a
plasma unconfinement condition; and

providing a signal to indicate a presence of said plasma unconfinement condition if said
plasma unconfinement condition is detected by said monitoring.
2 The method of claim | wherein said RF voltage 15 a broadband RF voltage compnising 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.

10
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12, The method of claim | wherein said signal 1s emploved as a feedback signal to
automatically mutiate corrective action in response to a detection of said plasma unconfinement
condiion,
13, An arrangement 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.

11
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