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RE-BIASED CAPACITIVELY-COUPLED ELECTROSTATIC (RFB-CCE)
PROBE ARRANGEMENT FOR CHARACTERIZINGA FILM IN A

- PLASMA PROCESSING CHAMBER
BACKGROUND OF THE INVENTION
[Para 1} During the processing of a substrate in the plasma processing chamber,
satisfactory results often require tight control of the process parameters. This is panicularly
true for processes such as deposition, ewching, cleaning, etc., that are employved to
manufacture modern high density integrated circuits. When the processing parameters {such
as bias vohage, RE power, fon flux, plasma density, pressure, etc ) exceed a nagrow, pre-
defined window, & process excuorsion is said to have occnrred. These process excursions
represent undesivable events that often lead to undesirable processing results (e.g., poor etch
profile, low selectivity, etc.). Accordingly, the detection, characterization, and avoidance of
process excursions are important tasks for process engineers in the manufaciure of iegrated
circuits. '
{Para 2| Detecting process excursions is ofien performed via monttoring of varions
process parameters, Some process parameters (such as bias voltage, reflected power, ete.}
may be measured directly while others may be inferred from measured parameters.
fPara 31 During a plasma process, such as & plazyma eich process for example, pelymer
deposition often oceurs. This polymer deposition results in a layer of film deposited on
component surfices in the chamber. The deposited film affects subsequent etch processes,
increases the possibility of particulate contamination, and necessitates frequens chamber
cleaning. Further, if a sufficiently thick deposition layer is present in the chamber, the sensor
head may be coverad with polviner, resulting in erroneons values for the sensor signal. In
other processes, the filin deposition may be intentional yet would affect sensor reading the
Samie way.
[Parad]l  Accordingly, the characterization of the deposited film on the chamber surface
is desirable for the purpose of wol control, diagnostic and/or recipe adjustment in oxder to
improve pracess results and process yield, as well as to avoid damage 1o the substrate and/or
the chamber components.
BRIEF SUMMARY OF THE INVENTION
fPara 5] The invention relates, in an embodiment, to a method for characterizing a
deposited film on a substrate within a processing chumber of 2 plasma PIOCessing system

during substrate processing, The method includes determining a voltage-current
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characteristic for a probe head, wherein a measuring capaciter 13 sef at a fivst capacitance
value, The method also includes applying a radio frequency (R¥) train to the probe head,
thereby cansing the measuring capacitor to be charged, wherein the measuring capacior 1 set
at a second capacitance vatue, the second capacitance valne being greater than the first
capacitance value. The method further inclndes providing an initial resistance value for the
deposited film and an fnitial capacitance value for the deposited film. The method yer also
includes emploviag the initial resistance value, the mitial capacitance value, and the voltage-
current characteristic to generate a first simutated veltage-time curve. The method yet further
includes determining 2 fhrst measared voltage-thme curve, the first measured voltage-time
curve representing a potential drop across the deposited flm for one RF uwain, The method
more over includes comparing the first simulated voltage-time carve to the first measured
voltage-time curve, wherein if a difference between the first simulated voltage-time carve
and the first measured voltage-time curve is less than a predefined threshold, employing the
initial resistance value and the initial capacitance for characterizing the deposited film.
{Para 6} The above summary relates tw only one of the many embodiments of the
invention disclosed herein and is not intended o limit the scope of the invention, which is set
forth in the claims herein. These and other features of the present invention will be described
in more detail below in the detailed description of the invention and in confunction with the
following figures.

BRIEF DESCRIPTION OF THE DRAWINGS
fPara 7} The present Invention is Hustrated by way of example, and not by way of
Himitation, in the Bgures of the accompanying drawings and in which like reference numerals

rafer 1o similar elements and bn which:

[Para 8] An example RFB-CCE probe arrangemens is shown i Fig. | herein,
[Para 9 Fig. 2 shows, in accordance with an embodiment of the invention, a circuit

mode!l of a RFB-CCE probe arrangement, including a model of the deposited film.

fPara 16} The equivalent circott is sbown n Fig. 3
{Para 11} Fig. 4 shows, in accordance with an embodiment of the invention, an erative

techaigue for calculating R and Cana.

fPara 12} - Fig 3 shows the simultaneons differential equations for solving Ripe and
t
A

[Para 131 Fig. 6 shows a characteristic Vi characteristic curve for a small capacitor

value for Cmv and an observed V1 curve for a larger capacitance value (e.g., 100 nF and

higher).
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{Para 14} Fig. 7A shows, in accordance with an embodiment of the invention, the
refative relationship between Cpy, from and the thickness (d) of the film.

[Para 15} Fig. 7B shows, in accordance with an embodiment of the invention, the
caleulation for the resistance valpe for R

[Para 16 Fig. & shows a modeled V(t) curve.

{Para 17} Fig. A of the DISCUSSION shows a simple schematic diagram of a portion of
a plasma system with a radio frequency {RF} source capacitively-coupled 1o & reactor
chambsey fo produce plasma.

{Para 18} Fig. B of the DISCUSSION shows a graph of voltage versus time after a RF
charge.

{Para 19] Fig. B2 of the DISCUSSION shows & graph of current data collected after a
RF charge.

[Para 24} Fie. C of the DISCUSSION shows a simple current versus voltage graph for a

Py

o

single time interval between a RF burst.
Para 21} Fig. I of the DISCUSSION shows, in an embodiment of the invention, a
simple flow chart illastrating the overall steps for automatically characterizing plasma during
subsirate processing.
[Para 22} Fig. E of the DISCUSSION shows, in an embodiment of the mvention, a
simple algorithm for determining the relevancy range and the seed values.
fPara 23] Fig. F1 of the DISCUSSION shows an example of current versus time after a
RF burst.
{Para 24} Fig. F2 of the DISCUSSION shows an example of voltage versus time after a
RF busst.
[Para 25] Fig. F3 of the DISCUSSION shows an example of an mflection point.
[Para 26‘[ Fig. F4 of the DISCUSSION shows an example of a curve-fitting applied o a
current versus voltage waph.

DETAILED DESCRIPTION OF EMBODIMENTS
{Para 27] The present invention will now be described in detail with reference to a few
embodiments thereof as illustrared in the accompanying drawings. In the following
description, numerous specific details are set forth in order to provide a thorough
understanding of the present invention. [t 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 steps and/or structures have not been described in detail

in order to not unnecessarity obscure the present invention.
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{Para 28]
coupled electrostatic {RFB-CCE) probe arrangement to characterize the deposited filmin a

Embodiments of the mvention relate 1o the use of a RF-biased capacitively-

plasma processing chamber. By way of backgroun& RFB-CCE probes have long been
emploved to measure plasma provessing parametars such as lon flux, electron temperature,
floating potential, thin film thickness, ete. RFB-CCE probes are known in the art, and details
may be obtained from publicly available literarure, including for example US Patent No.
5.936,413 antitled “Method And Device For Measuring An Ion Flow In A Plasma™ (August
10, 1999), which is incorporated herein by reference.

{Para 29] RFB-CCE probes offer many advantages, including for example improved
detection sensitivity, minimal perturbation to the plasma due to the small size of the sensor,
ease of mounting on the chamber wall, relative insensitivity to polymer deposition on the
sensor bead in some circumstances, etc. Furthermore, the plasma-facing surface of the sensor
can often be made of the same material as that of the surrounding chamber wall, thereby
further minimizing perturbation to the plasma. These advaniages make RFB-CCE probes
highly desirable for nse in sensing process parameters.

[Para 30} Generally speaking, a RFB-CCE probe arrangement involves a plasma-facimg
sensor connected to one plate of a measuring capacitor. The other plate of the measuring
capacitor is coupled to an RF voliage source. The RF voltage source periodically supplies RF
ascillation trains, and measurements are performed across the measuring capacitor o
determine the rate of capactior ctarent discharge immediately following the end of each RF
oscillation train. Details pertaining o the RFB-CCE probe arrangement and RFBE-CCE probe
pperation are discussed in the aforementioned US Patent No. 3936413 and will not be
further discussed herein.

[Para 31} The inventors herein realize that the sensor current signal {which reflects the
current-across the measurement capacitor in between RE oscillation trains) is relatively
insensitive to the thickness of the deposited film on the sensor head when the measurement
capacitor has a relatively small capacitance value. However, the inventors also realized tha
the sensor current signal is affected to a greater degree by film thickness if the measwrement
capacitor has a relatively large capacitance value. From these observations, methods and
arrangements for characterizing the depostted filin are formulated and disclosed herein
{Para 32} In accordance with one or more embodiments of the present invention,
innovaiive methods and arrangements using a RFB-CCE probe are provided to characterize
the thickness and quality of the deposited film oo the probe sensor head. In one or more

embodiments, a switchable measurement capacitor arrangement is provided whereby 4
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smalier capacitance value is emploved for the measurement capacitor when sensitivity to
deposited film thickness is desited. RFB-CCE probe operation when the messurement
capacitor has a relatively small capacitance value vields probe V-I characteristics, which can
be used to determine the ion satwration current, the floating potential and the electran
temperature. The probe Vi characteristics may be employed subsequently to assist in the
caleulation of the film’s capaciiance and the film’s resistance using sensor parameters
obtained when the measurement capacitor has a larger value. Thus, one or more
embodiments of the invention relate 1o techniques for deriving the film’s capacitance and the
film"s resistance from RFB-CCE probe readings.

{Para 33} The features and advantages of embodimenss of the presen: invention may be
better understood with reference to the figures and discussions that follow, In general terms,
a RFB-CCE probe amangement involves a plasma-facing sensor connected 10 one terminal of
a measuring capacitar, An example RFB-CCE probe srrangement is shown in Fiz. t herem.
In Fig. 1, plasma facing sensor 102 (which is disposed in a wall of chamber 130 and is
substantially co-planar with the chamber wall) is coupled to one plate 104a of measuring
capacitor 104, The other plate 104b of the measuring capactor 104 1s coupled to an RF
voltage source 106, The RF voltage source 106 periodically suppliss RF oscillation trains
and measurements are performed across the measuring capacitor to determine the rate of
capacitor current discharge in between R¥ oscillation frains. A current measurement device
120 is disposed in series between measuning capacitor 104 and RF voltage source 106 10
detact the capacitor current discharge rate. Alternatively or additionally, a voltage
measurement device 122 is coupled between plate 104a and ground to measure the potential
of the probe head. Details pertaining to the RFB-CCE probe arrangement and RFB-CCE
probe operation are discussed m the aforementioned US Patent No. 5,936,413 and will not be
farther discussed hergin.

Para 34} As mentioned, a probe head made of a conductive material is installed i a
surface of the chamber. A short RF {rain is applied 1o the probe, causing the capacttor {Cm)
to charge up and the surface of the probe fo acquire a negative potential (several teas of volts
negative with respect to ground}. Following the end of the RF pulse, the potential of the
probe decays back to the floating potential as Cro discharges. The rate at which the potential
changes 1 determined by the plasma characteristics. During this discharge, the potential of
the probe V{is measured with bi gh impedance voltage measuring device 122, and the carrent
following to the probe and through capacitor Cm is measured with the current measuring

device 120, The carves V(1) and K1), where in t is Hime, are used to construct a current-
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voltage characteristic, V-1, which is then analyzed by a signal processor. Further details may
be found in a co-pending application entitled “Methods for Automatically Characterizing a
Plasma”, filed June 26, 2008 in the US Pazent Office (Application No. 61/075.948) and filed
June 2, 2009 in the US Patent Office (Application Mo. 12/477,007), which is included in the
DISCUSSION herein. '

Para 35] Fig. 2 shows, in accordance with an embodiment of the fnvention, a circudt
model of a REB-CCE probe anrangement, including a model of the deposized {ilm 202, Since
the deposited film is typically some type of polymer and is typically an imperfect dielecuric,
there is typically leakage current and the flm may be modeled by an RO circuit {reference
204) whereby the rasistor Rew is paraliel with the capacitor Cam. The resistance value of
R relates to the resistance across the film, which in tarn relates to the chemical
composition of the deposited flm. The capacitance value of Cyr, relates to the thickness of
the filn: and its relative dislectic permistivity ©.. Cuin Fig. 2 represents the measurement
capacitor, which is charged by the RF source. The presence of the deposited film resulis in a
potential drop between point 206 and the plasma-facing surface of film 202,

fPara 36} The equivalent circuit is shown in Fig. 3 wherein Vy 15 the voltage drop
berween the measurement point 206 and ground and Vi, 13 the voltage drop across the film
with respect to point 206, Vi, cannot be divectly measured but may be deduced from the RC
model as will be discussed herein.

[Para 371 In an embodiment, a relatively small capacitance value (e.g. between 1 10 30
nF in an embodiment) is initially employed for the measurement capacitor Cm (see Fig. 3}
Tt this case, the decay sensor current and voltage signals following each RF excitation frain
ave relatively unaffected by the film thickness. With the small capacitor value for Cm, the V-
1 characteristic curve for the CCUE probe may be obrained, a3 seen in curve 602 in Fig. 6. This
VY corve 18 then fisted to the Rmction o[ T-a{ V-V-exp({{(V-Vg/To) to oblain values of the
ion satyration current, Io, the electron temperature, Te, the floating potential, Vg, and the
slope of the Huear part of the -V curve, g, Further details regarding the VI charactenistic
curve may be obtained in the aforementioned patent application No. 61,075 948

{Para 38} Subsequently, a larger capacitance valoe {e.., 100 nF and higher) may be
employed for Cm in order 1o facilitate the calculation of Ry and Cpg. Inthis case the
observed VI curve is distorted, as seen in curve 604 of Fig. 6. Fig. 4 shows, 1 accordance

with an embodiment of the invention, an iterative technique for calonlating Ry and Chye.
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{Para 39} In step 402, an initial guess for R, and Cayy s provided. The inttial guess
may represent, for example, ar educated guess based on experience, based on theory, or
based on other empirical data. I step 404, the initial values for Ry and Cyyw are emploved
to solve the simultancous differential equations of Fig. §, in combinarion with the values I,
Te. Vrand @ determined previously with 2 small value of Cm, to generate 2 simulated
voltage-time curve, V(1)

[Para 46} There exist many mathematical technigues for solving the simultaneous
differential equations of Fig. 5, inchuding using a software known as Matlab, by The
MathWorks, Inc. of Natick, MA.

[Para 41} The result is a simuelated curve of vollage versus time; Vs(t). This modelad
V(1) curve is shown in Fig. 8 as curve 806, Fig. 8 also shows curve 804, representing
experimentelly measured vaives for V(t), which is voltage versus time measured at point 206
of Fig. 2 for a single excitation oscillation train, The difference i ascertained {step 4067 and
compared to a threshold in step 408, If the exror is less than a predetined threshold, the value
of Ry and Cin v employed to characterize the film (412} On the other hand, if the error
is greater the predefined threshold, a Levenberg-Marquardt non-linear least square curve
fitting alporithm is employed to refine the value for Ry, and Cam (410Y

{Para 42] The new R, and Cape values are fod back into step 404 to execute iteration
through the steps of Fig. 4. The steps of Fig. 4 are executed iteratively until the enor is
betow the predefined threshold (see step 408) at which point the vatue Ry and Cy are
deermed acceptable for characterizing the deposited fiim.

A

[Para 43} Fig, 7A shows, in accordance with an embodiment of the invention, the

relative relationship between Cr from and the thickness (d) of the film. As canbe seen in
Fig. 74, the capaciiance value Cyg is egual to the product of ssand g and A chvided by 4
where d represents the film thickness, & represents the relative permittivity of the dielectrie
material that comprises the film, A represens the surface area of the probe sensor head, and
g Tepresents the permittivity of free space. See Equation 7A-1. By algebraic muani pulatioh}
the ratio of dis, is equal to the product of gy and A divided by the capacitance value Crpn.
Since the capacitance value Cyp, can be ascertamed (see above), and the surface area of the
probe sensor head (A) as well as the permittivity of free space g i knowa, the matio of dfe,
can be readily determined. See Eguation TA-2.

[Para 44} Further, the value for & (relative ;;:::rmiﬁivii}f for the film) can be provided by &

process engineer who has sore knowledge of the film or by measuring the film capaciances
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and by independently measuring film thickness. The thickness of the film may be measured
using any technique, including for example ellipsometry. Once the value for ¢ {relative
permittivity for the film) can be ascertained, that value for g (relative permittivity for the
film) can be can be usad o find the thickness d for any particolar capacitance value Cu, for
any particular probe sensor with probe sensor head area A.

iPara 45] Fig. 7B shows, in accordance with an esbodiment of the inventicn, the
caleulation for the resistance value for R A8 can be seen in Fig. 7B, the value for Ry,
zquals the resistivity for the film p times the distance (d) and divided by the cross-area of the
probe head A, See Equation 7B-1. Multiplving both sides of the equation by the permittivity
of free space 5 vields the next equation. See Equation 7B-2. Substituting the inverse of the
ratio of d&/z, from Bquation 7A-2 vields Equation 78-3, wherein the product of the resistivity
for the film p Himes the value for ¢ {relative permittivity for the film) equals the pméu‘cf of
resistance value Ry, and capacitance vakne Cup, divided by the permittivity of free space o,
Since the resistance valte Ry, capacitance value Cgy, and the permittivity of [ree space g
are known, and the relative permittivity for the filme, can be provided, the resistivity for the
film ean be determined, which reflects the chemical make-up of the film,

[Para 46| In an embodiment, a switchable capacitor arrangement is provided with
multiple capagitors, each having a different value. In this manner. the RFB-CCE probe may
be running with a smaller value for the measurement capacitor to render the sensor reading
relatively insensitivity 1o film thickness, Occasionally, a larger capacitor may be switchad in
io facilitate the calenlation for Raws and Cr. In an embodiment, the values for Ry and Ce
obtained while a larger capacitance value is used for the measurement capacitor are then
sulate the effect of film thickness on the measurement of the V-l curve. The
R 20d Cim valnes may then be employed 1o correct, for the presence of the {ilm, the
measurement of the plasma parameters (e.g., lo, Te, V) such that the measured values reflect
those that would have been measured with a clean probe.

{Para 47} In another embodiment, the value of Ran and Cay, may be emploved 10
inform the operator or the tool controller module of the thickuess and resistivity of the film
that is intentionally deposited during a processing step for process control purposes. By
positioning the sensor head close to the substrate, it is possibie to ascertain with some degree
of accuracy the thickness and quality of film being deposited on the substrate, for example.
{Para 48] As can be appreciated from the foregoing, embodiments of the invention
provide methods and arrangements for calculating the guality and thickness of the deposited

film. These caloulated resistance and capacitance value (Reuw and Ci) may then be

[+
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employed 1o improve the accuracy of the sensor readings as the film builds up over time on
the senser probe head surface, or may be employed altematively or additionally
characterize the film for process control purposes or maintenance purposes. With the use of
the RFB-CCE probe, there is minimal perturbation to the plasma since the RFB-CCE probe
head tends to be smal I, to be instalied flushed with the strrounding plasma-facing structures
of the plasmia processing chamber, and may have a plasma-tacing probe surface formed of
the same material as that of the plasma-facing components of the chamber,

[Para 494  Wiile this invention has been described in terms of several preferred
embodiments, there are alterations, permutations, and equivalents, which fall within the scope
of this invention. For example, although the irerative calculation method employing non-
linear teast square curve fitting algorithn is employed to catonlate Ry, and Cpyy, 80
approximation technique may be emploved to determine the value of Rep and Ci from the
Vit curves of Fig. 3 if desired. It shonld alse be noted that there are many alternative ways
of implementing the methods and apparatuses of the present invention. Although various
examples are provided herein, it is intended that these examples be illustrative and not
fimiting with respect to the mvention.

{Para 54} Also, the title and summary are provided herein for conventence and should
not be used fo construe the scepe of the claims herein. Further, the abstract is wrdien in a
highty abbreviated form and is provided herein for convenience and thus should not be
employed to construe or limit the overall invention, which is expressed in the claims. Ifthe
term “set” is employed herein, such tenm is intended to have its conumonly understood
mathematical meaning to cover zere, one, or more than one member, Also, it is imended
that the following appended claims be interpreted 2s including all such alterations,
permutations, and equivalents us fall within the troe spirit and scope of the present Hivennon.
[Para 51} The DISCUSSION is also found i & co-pending application entitled
“Methods for Automatically Characterizing s Plasma”, filed June 26, 2008 in the US Patent
Office (Application No. 61/075,948) and filed June 2, 2009 in the US Patent Office

{ Application No. 12/477,007) and are incorperated by reference herem.

[Para 52} DISCUSSION OF METHODS FOR AUTOMATICALLY
CHARACTERIZING A PLASMA

[Para 53} Advances in plasma processing have provided for growth in the
seviconductor industry. To supply chips for a typical electronic product, lnmdreds or

thousands of substrates (such as semiconductor wafers) may be processed. In order for the
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manufacturing compény to be competitive, the manafacturing company nezds 1o be able o
process the substrates into quality senticonductor devices with wrinimal processing time.
[Para 54} Typically, during plasma processing, problems may arise that may cause the
substrates to be negatively impacted. Oge important factor that may alter the quality of the
substeate being processed is the plasnia iself. In order to have sufficient data to analyze the
plasma, sensors may be employved to collect processing data about each substrate. The data
collected may be analyzed in order to determine the cause of the problems.

{Para §5] To facilitate discussion, Fig. A shows a simple schematic diagram of a data
collecting probe in a portion of & plasma system A-100. Plasma system A-100 may include a
radio frequency {RF) source A-102, such as 3 pulsating RF frequency generator, capacitively-
coupled to a reactor chamber A~104 to produce plasma A~106. When RF source A-102 g
turn on, a bias voltage is developed across an external capacitor A-108, which may be about
26,7 nanofarads (nF), In an example, RF source A-102 may provide a small burst of power
(e., 11.5 megahertz) every few miiliseconds (e.g., about five milliseconds) causing external
capacitor A-108 to be charged. When RF source A-102 is tumed off a bias vollage remains
on external capacitor A-108 with a polarity such that probe A-110 is btased 1o collect wous.
As the bias voltage decays, the curves as shown in Figs. B1, B2 and C may be traced.

{Para 56} Those skilled in the art are aware that probe A-110 is usually an electrical
probe with a conducting planar surface that may be positioned against the wall of reactor
chamber A-104. Probe A-110 is thus directlv exposed to reactor chamber A-104
epvironment. Current and voltage data collected by probe A-110 may be analyzed. Since
certain recipe may cause a non-conducting deposition layer A-116 to be deposited on probe
A-3110, not all probes may be able to collect reliable measurements. However, those skilled
i the urt are aware that @ PIF (planar fon flux) probe enables data to be collected despite the
non-conducting deposition layer since the PIF probe scheme is not required to draw a divect
current {C) to implement a measurgnient.

[Para 57] The current and voliage signal in plasma system A-100 is measured by other
sensors. In example, when RF source A~102 is switched off, current sensor A-112 and a high
impedance voltage sensor A-114, are employed to measure the cutrent and the voltage,
respectively. The measurement data collected from current sensor A-112 and voltage sensor
A-114 may then be plotted to create a current graph and a voltage graph. The dasa may be
mamually plotted or the data may be entered into a software program to create the graphs.
[Para 58] Fig. B1 shows a graph of voltage versus time after a RF charge cycle. At data

point Bi-202, RF source A-102 has been switched off after an RF charge has been provided
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{i.e., RF burst). In this example, at data point B1-202, the voltage across probe A-110 i3
about negative 57 volts. As plasma system A-100 returns to 8 rest state (imerval between
data points B1-204 and B1-206), the vohage usually reaches a floating volrage potential. in
this example, the ﬁc}ating voltage potential rises from about negative 57 volts to about zero
volt. Howsver, the floating voltage potential does not have to be zero and may be a negative
or a positive bias volmge potential,

{Para 3%} Similarly, Fig. B2 shows a graph of current data collected after a RF charge.
At data point B2-252, RF source A-102 has been switched off after an RF charge has been
provided, During a decay period B2-254, the retarn current at external capacitor A-108 may
be discharged. In an example, at full charge (data point B2-252}, the current is about 0.86
mAicm®. However, when the current is fully discharged (data point B2-256), the current has
returned to zero. Rased on the graph, the dischargs takes about 75 mulliseconds. From data
point B2-256 1o data point B2-238, the capacitor remains discharged.

{Para 60} Since both the current data and the voltage data are collected over a period of
time, 3 current versus voltage graph may be generated by coordinating the time in order to
sliminate the time variable. In other words, the current data collected may be matched
agamst the vollage data collected. Fig. C shows a simple cutrent versus voltage graph for a
single time Interval between a RF burst. - At data point C-302, RF source A-102 bas been
switched off after an RF charge has been provided.

{Para 61} By applving a non-linear fit to the data collected daring each RF burst, plasma
A-106 may be characterized. In other words, parameters (2.g., fon saturation, ion saturation
slope, electron remperature, floating voltage potential, and the tike) that may characterize

plagma A-106 me 1 he determined. Al mugh E}Zva,gma A-106 may be ch wractarivesd with the
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data collected, the process of calculating the parameters is a tedioos manual process that
requites human intervention. In an example, when the data has been collected after each RF
burst (i.e., when the RF charge has been provided and then turned oﬁ’}; the data may be fed
into a software analysis prﬁgmm. The software analysis program may perform & non-linear
fit to determiine the parameters that may characterize the plasma. By charactenizing the
plasma, the engineer may be able to determing how & recipe may be adjusted in order to
mininxze substandard processing of the substrates.

[Para 621 Unfortanatety, the prior art method of analyzing the daa for sach RF burst
may require several seconds ov as much as several minates to complete. Since there are

rypically thousands, i not mithons of RF bursts to analyze, the total time for characterizing
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the plasma for a recipe may take hours to caloulate. As a result, the prior art method 1 not an
effective method in providing timelv relevant data for process comtrol purposes,

{Para 63| The present invention will now be described in detail with reference to a few
emthodiments thereof as ilustrated in the accompanying drawings. In the following
deseription, numerous specific details are set forth in order to ;nﬁ"ide a thorough
understanding of the present tnvention. 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 steps andfor structures have not been described in detail
in order to not wmecessarily ohscure the present mvention,

[Para 64] Various embodiments are described hereinbelow, inchuding methods and
technigoes. 1t should be kept in mind that the invention might also cover articles of
manufacture that includes a computer readable medium on which computer-readable
instructions for carrying out embodiments of the mventive technique are stored. The
computer readable medium may include, for example, semiconductor, magnetic, opto-
magnetic, optical, or ather forms of computer readable medium for storing computer readable
code. Further, the invention may also cover apparatuses for practicing embodiments of the
invention. Such apparatus may include circaits, dedicated and/or programmable, to carey out
tasks pertaining to embodiments of the invention. Examples of such apparatus include a
general-parposs computer and/or a dedicated computing device when appropriately
programmed and may inchude # combingtion of 4 computer/computing device and
dedicated/programmable circuits adapted for the various tasks pertaining to embodiments of

the mveniion.

d to collect data

{Para 65} As aforementioned, the PIF grobe method may be emplove
about the plasma that may be positioned within the reactor chamber environment. Datg
collected from a sensor {e.g., PIF probe) may be emploved to characterize the plasma in the
reactor chamber. Additionally, since the sensor employs a coilection surtace as shown m Fig,
A, data abowt the chamber surface may also be determined. In the prior an, the data collected
by the PSD probe provides a ready source of data that is available for analysis.
Unfortunately, the sheer volume of data that may be collected has made analyzing the data
a timely manner a challenge. Since thousands or even millions of data points may be
collectad, the task of identifving the relevant interval in order to accurately characterize a
plasma may be a daunting task, especially since the data is usually being analyzed manually.
As a result, the data collected has pot been usefud in providing the plasma processing system

with # timely characterization of the plasma.
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[Para 66]  However, if relevant data points that are needed in order to characterize a
phasma are identified from the thousands'mitiions of data points that may be collected, then
fhe time required to characterize a plasma may be significantdy reduced. In accordance with
embodiments of the invention, 8 method is provided for automatically characterizing plasma
in a relatively short the beﬁad. Embodiments of the invention described herein _pmvidﬁ for
an aigorithm for identifying the relevancy range in order to reduce the data po ints that may
nead o be analyzed in order to characterize a plasma. As discussed herein, the relevancy
range refers o a smailer set of data points from the thousands or millions of data poinss that
muy be gathered between each RF burst. Bmbodiments of the invention further provide for
estimmating seed values that may be applied to a mathematical model that caloulates the values
for characterizing a plasma. By performing curve-fitting to the relevancy range, parameters
that may be emploved fo characterize a plasma may be calculatad.

[Para 67} The features and advantages of the present invention may be better understood
with reference to the figures and discussions that follow,

[Para 68] Fig D shows, in an embodiment of the invention, & simple flow chant
illastrating the steps for antomatically characterizing plasma during substrate processing.
Consider the situation whergin, an RF charge bas been provided during subsirate processing.
[Para 69} Ad a first step D402, current and voltage data are collected. In an example,
after the RF sowrce has been turned on, an RF charge (prise) is provided, After the RF
ch.arge'has been tarn off 8 curvent sensor and a voltage sensor may be emploved to collect
data at a probe, such as a planar ion flux probe, which may be monnted o a chambe;r. wall of
the reactor chamber. As aforementioned, the number of data points that may be collected by
the senzors may range in the thousands or millions, In some cases, thousands tw ten of
thousands of data points may be collected between each RF burst making near-reaitime
analysis in the prior art nearly impossible.

[Para 78] I the prior art, several houss may be allotted for analyzing the measurement
data that is collected daring semiconductor subsirate processing. In one aspect of the
invention, the inventors herein realized that the measurement data berween each RF burst
daes nat have to be analyzed in order to characterize a plasma. Instead, if curve-fitting 15
applied to a relevancy range of the dara set, parameters that may be employed to characterize
the plasma may be determined.

[Para 71} Ata next step D-404, a relevancy range is determined. As aforementioned,
the reie-v‘ancy range refers to a subset of the data set that has been collected between each RE

burst. In the prior art, since the data is being manually analyzed, the sheer volume of the data

i3
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collected make calculating the relevancy range a challenging task. In many instances, the
relevancy range mav be visnally estimated. In wentifying the relevancy range, noises that
may exist may be substantially eliminated from the subset of data set. In an example, during
complex substrate processing, a polymer buildup may occwr on the probe, causing a portion
of the data collected to be skewed. For example, the portion of the data that may be impasted
sends to be the data that may be collected once the capacitor has been fully discharged. In
identifying the relevancy range, data associated with the po tvmer buildap may be removed
from the apalysis. In other words, the determination of the relevancCy range may enable
plasma charsctetization o occur without being subject {0 random noises. Discussion about
how a relevancy range may be determined, for an example, is provided later in the hiscussion
of Fig. E.

{Para 72} In addition to identifving the relevancy range, the seed values may also be
determined, af a next step D-406. As discussed herein, the seed values refer 1o the estimated
value of the slope, the electron temperature, the ion satwration value, the floating voliage
potential, and the like. Discussion about how the seed values may be estimated, for exanple,
i provide& in the discussion of Fig. E,

[Para 73] The relevance range and the seed values ate utiized to perform curve-fituing.
Since curve-fitting has o be performed before the next RF bursy, the methods employed to
determine the relevancy range and/or seed values have to utilize mivimum overhead and
prociuce valoes that are close to the final fit values, thereby reducing number of curve-fitting
iterations that may be required in order to achieve a rapid convergence.

{Para 74} With the relevancy range and the seed values, af a next step D-408, a non-
Unear fit {e.g., curve-fitting) may be performed, thereby enabling the plasma to be
characterized within a shorter time period without requiring an expensive high-end computer,
Unlike the prior art, the method allows for results from a decay tuterval due to a single RF
burst to be characterized in approximately 20 milliseconds instead of requiring a few minutes
or even a fow hours o process. With near-realtime analysis capability, the method may be
applied as part of an automatic control system to provide the engineer with relevant data
during plasma processing.

[Para 75} Fig. E shows, in an embodiment of the invention, a simple algorithin for
determining the relevancy range and the seed values. Fig. E will be discussed in relation 10
Figs, F1, F2,F3, and B4

{Para 76} At a first step £-502, the data collected during each RF burstis automatically

piotted. in an example, the current data that may he collected by the current sensor is plotted

bat
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info a current versus time graph F1-600, such as the one shown in Fig. F1. In another
example, the voltage data collected may be plotted into » voltage versus fime graph F2-638,
as shown in Fig. F2. Although the data may produce similar graphs as the prior art, unlike
the prior an, the data collected is automatically fed into the analysis program without
requiring human intervention. Alternatively, the measurement data coligcted does not have 1o
be plotted. Instead, the data may be fed directly info the analysis program, Instead, the
graphs are provided as visual examples o explain the algorithm.

[Para 77} Unlike the prior arz, the entire data 58t 1s not analyzed in arder to characterize
g plasma. Instead, & relevancy range is determned. To determine the relevancy range, a
percentage decay point may first be determined, af a next step E-584. As discussed herein,
the percentage decay point refers 10 the data point at which the original value has decayed 1o
a certain percentage of the original value. in an embodiment, the percentage decay point may
represent the end of the data interval 3o be analyzed. In an example, when the RF source is
switched off the current value is abont 0.86 mA/ent’. The value is represented by a data
point F1-602 on graph F1-600 of Fig. F1. If the percentage decay point is set 1o ten parcent
of the original value, the percent decay point is at data point F1-604, which is about 3.086
ma/em?. In other words, the percentage decay point may be determined by applying a pre-
defined percentage to the original value, which s value of the electrical charge when the RF
source is switched off and the svsten is returning 1o an equilibrium state. In an embodiment,
the percentage is empirically determined. In an embodiment, mnstead of emploving a
percentage decay point to determine the end of the data interval, the peak of a first derivative
of the dara collected for each RF burst may be caloulated.

Para 78] Atz next step B-506, the algorithm may determine the fon saturation interval,
which is the data subset between the original value and a second decay point. As discussed
herain, the ion saturation interval refers to the region of the current-voltage {1V curve al
which the probe potential is sufficiently negative with respect 1o the floating potential such
that the electron flux to the probe is negligible. In this region the current to the probe
increases slowly and linearly with Increasingly negative potential. In addition, the ion
saturation interval is the regime ar which the bias voltage is sufficiently negative with respect
to the floating potential such that the probe will collect all the available ions m the system. In
other words, the collected curvent “saturates™ as the bias voltage i raised sufficiently high.
Also, ag discussed herein, the “ayailable jons” refers to the fhux of ions impinging apon the

sheath boundary, which may enlarge as the bias voltage is further increased.
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{Para 9] In other words, the ion saturation interval is the faterval from data points Fl-
502 and F1-606 of Fig. F1. In an embodiment, the second decay point may be determined by
raking a percentage of the original value (Le., data point F1-602). In an example, if the
second decay point is about 95 percent of the original vatue, the second decay point is about
0.81 ma/cnr (i.e., data point F1-606). Hence, the ion saturation interval is from the-oniginal
value (data point F1-602) 1o the second decay point (data point F1-606). Note that the second
decay point is between the original value (data point F1-602) and the percentage decay point
(data point F1-604). Similar to the percentage decay point, the second decay point may also
be based on a pre-defined thweshold, i an embodiment, In an embodiment, the percentage s
empirically deternuned.

{Para 80] Onee the ion saturation imerval has been determined, at a next step E-508, the
slope {s) and the fon saturation (s} may be estinated. As aforementioned, the slope {5} and
the ion saturation (In) are two of the four seed values that may be applied to a mathematical
model (Equation 2 below) to determine the parameters that characterize a plasma. In an
example, the slope {5) may be determined by performing linear regression. In another
embodiment, the aleorithm may also detenmine the ion saturation (ie} by taking the average of
the data values between data points ¥1-602 and F1-606.

iPara 81} At a next step E-510, the algorithm may determine the inflection point, which
is the point at wihich the first derivative changes sign. In an embodiment, the inflection pomnt
may he calculated by identifying the minimal value of the first dertvative of the current
values between the percentage decay point and the second decay point. To iftasirate, Fig. F3
shows the first derivative of the values between a percentage deeay point (F3-664) and an
poing (F3-662) of 2 corrent'signal F3-860. The inflection point is the minimal data
point of the first derivative (F3-670), which has a value of -0.012 mAsem” and an index valoe
of 226 (as shown by data point F3-666). To determine the nflection value, the index value is
mapped 1o current signal plot £3.660. In this example, when the mdex value of the first
derivative is mapped to current signal F3-660, the inflection value is 64714 mAfom’, as
shown by data point F3-608,

{Para 82} In an embodiment, the relevancy range is defined as the range between the
original value and the inflection point. Addionally or alternatively, a percent decay
threshold may be set {e.g., at 35 percent) instead of calculating the infiection point. In an
example, using the percent decay point of 35 percent, which may be empirically determined,

the relevancy range may fall between points F1-602 and F1-604 of Fig. Fl.
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Table 1: Parametors defined
Parameters Variabic mame
Tuess Current measured
oo Voitage mossornd
t Current time
T, Eloctron emperatise
{Para 83] With the inflection point identified, the elecron temperature may be

estimated, at a next step E-512. The electron temperature may be estimated by employing
Equation ! above. The current and voltage data wtilized to caleulate the glectron temperature
is within the transition interval, which is useally whena probe is drawing less current than
the on saturation current. In an embodiment, the time at which the corrent and voltage data
is measured may correspond with the inflection point. Altematively, the inflection point of
the current-voltage {-V} curve may also be employed. Since the electron tenperature is a
ratio of a first derivative (as determined o calculating the percentage decay point} of the daw
collecied for an RF burst at a time corresponding to the mflection point on the current-voltage
curve, the computational overhead that may be required to generate the nurber is miimal.
{Para 84} At a next step E-514, the algorithm may determine the floating voltage
potential. Since the floating voltage potential is determined based on the voltage data

ned without first having to deternune

e tes TP et 12 ﬁshfﬁ‘r‘rﬁ
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cotlected, the flosting voliage potentinl may be dete
the values as calculated in steps E-504 — E~512. Those skilled in the arl are aware that
floating voltage potential is the electrical potential at which the probe floats after the externat
capacitor has fully discharged. Typically, the floating voltage potential may be determined
by looking at the signal that occurs right before the next RF burst. However, due 1o the
possibility of polymer buildup consing distortion, erroneous data (1.e., noise) may be
collscted; thus, the floating voltage potential may be calenlated by averaging the voltage
values collected toward the end of the collection peried. In an embodiment, the floating
voltage potential may be caleelated from data point F2-652 (the data peint at which the
voltage first reaches its floating potential) 1o data point F2-654 (the data paunt just right

bhefore the next RF burst), as shown in Fig. F2. In ancther embodiment, the floating voltage
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potential may be based on the voltage values within a window F2-656, which is located
between data points F2-632 and F2-654, as shown in Fig. F2. In an embodiment, wingdow
F1-656 may be of any size as long as the window begins before the prior pulse has decayed
mote than 90 percent and ends when the next pulse begins. In one embodiment, she floating
voltage potential may be determined from a window that provides an average value with a
low standard deviation {grror).

[Para 85} As can be appreciated from the foregoing, the methods for determining the
relevancy range and the seed values account for anomalies that may occw i the current,
voltage andfor carrent-voltage (I-V) curves, In an example, polymer buildup may ocour gt
the end of an RF burst, However, by applying the aforementioned algorithms, the relevancy
range snd the seed values are fmpervious 10 unexpeeted artifacts ihat may occur during
processing.

Para 86} Omee the relevancy range has been determined and the seed values have been
caloulated, at a next step E-516, the current values may be plotted against the voltage values
and curve-fitting may be applied to generate graph F4-680 of Fig. F4. In an exampie, a non-
linear curve fit, such as Levenberg-Marquardt algorithin, may be applied to perform the
curve-fitting, By penerating a curve-fiiting graph and applying the seed values to the
mathematical model, such as Fguation 2 below, the four parameters that may be emploved o

characterize the plasma may be determined.
{Egueation 2f

Tahle 27 Parameters defined

Paranmweters Variabie name

i Current

b Ton saiaration

5 Slope

¥ Voliage

Yy Floating vollage potentiyd
T, Eleciron temperatiure

{Para 87} As can be appreciated from one or more embodiments of the present
ivention, an awtomated method for characterizing plasma during plasma processing is
provided. By determining a refevancy range and a set of seed values, plasma characterization
may oconr without having to process thousands or millions of data points that ave usually

collected after & single R¥ burst. The automated method transforms a previously tedious and
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manual process into an automatic task that may be performed quickly and efficiently. With
data analysis significantly shortened from a few minutes {or even a few hours) to a few
miliiseconds, plasma characterization may be performed during plasma processing instead of
being a post- production process. Thus, relevant data may provide insights into the current
plasma enviromment, thereby enabling recipe and/or tool adjustment to occur and waste 1o be
minimized.

[Para 88} While this invention has been deseribed in terms of several prefened
enrbodiments, there are alterations, permutations, aud equivaiems, which fail within the scops
of this invention. H should also be noted that theve are many alternative wavs of
implementing the methods and apparatuses of the present invention. Although various
examples are provided herein, it is intended that these examples be ithustrative and not
limiting with respect to the invention,

iPara 89] Also, the title snd summary ave provided herein for convenience and should
not be used fo constre the scope of the claims herein. Further, the abstract is written in a
highly abbreviated form and is provided herein for converience and thus should not be
employed to construe or limit the overall invention, which is expressed i the claims, 1 the
term “set” is employed herein, such term is intended to have its commonly understood
mathematical meaning o COver Zero, one, O e than one member.  Also, it Is imended
that the following appended claims be interpreted as including all such altevations,

permutations, and equivalents as fall within the true spirit and scope of the present HIVERHON.
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CLAIMS

What i3 claimed is:
1. A method for characterizing a deposited film on & substrate within a processing charnbey
of a plasma processing system during substrate processing, comprising:

determyining a voltage-current characteristic for a probe head, wherein a measuring
capacitor is set at a first capacitance value;

applying a radic frequency (RF) tain to said probe head, thereby causing said
measuring capacitor to be charged, wherein said measuring capaciior is set af a second
capacitance value, said second capaciiauce value being greater than said first capacitance
value;

providing an initial resistance value for said deposited film and an initial expacitance
value for seid deposited film;

emploving said initial resistance valve, said initial capacitance valpe, and said
voltage-current characteristic to generate a first simulated voltage-time curve;

determining 3 first measured voltage-time curve, said first measured voltage-time
curve representing a potential drop across said depesited film for one RF gaim; and

comparing said first simulated voltage-time curve to said first measured voltage-time
curve, whevein if g difference between said first simulated voliage-time curve and said first
messured voltage-time curve is less than a predefined threshold, employing said initial
resistance value and said initial capacitance for chavacterizing said deposited film.
2. The method of claim 1 further including

if said difference between said first simulated voltage-time curve and said first
measured voltaga-time curve is greater than said predefined threshold, applying a non-linear
Teast square curve slgorithin to generate 3 second resistance value and a second capacitance
value;

employing said second resistance value, said second capacitance value, and said
voltage-current characteristic to generate a second simulated voltage-time curve; and

determvining a second measured voltage-time curve; and

comparing said second simnuiated voltage-time curve to said secomd measured volisge-
time carve, whergin

if a difference between said second simulated voltage-time curve and said
second measured voltage-time curve is less than said predefined threshold, employing
said second resistance value and said second capacitance for characterizing sad

deposited film, and
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if said difference between said second simulated voltage-time curve and said
second measared voRage-time curve is grester than sawd predefined threshold,
applying said non-linear least square curve algorithm fo generate a third resistance
value and a third capaciance vatue.
3. The method of claim 2 further including calcudating a simuiated voltage-time curve and a
measured voltage-time curve and comparing said simuiated voltage-time carve against said
measured vollage-time curve untif a difference hetween said simalated voltage-time curve
and satd measured voltage-time curve s less than said predefined threshold.
4, The method of claim 3 wherein said voltage-current charactoristic is generated by
measuring potential across said measuring capacitor 1o determine a potential rate of
change, and
measuring curtent across said measuring capacitor to determine a rate of capacitor
current discharge.
5. The method of claim 4 wherein said initial resistance value and said initial capacitance
value are empirically calcalated.
6. The method of claim 4 wherein said initial resistance value and said initial capacitance
value are theorencally determined.
7. The method of claim 4 wherein a resistance value of said deposited fitm s related to
chemical composition of said deposited film, said resistance valne is a function of film
resistivity, distance, and cross-arca of said probe head.
8. The method of claim 4 wherein a capacitance value of said deposited film is related to
at Ieast thickness of said deposited film and relative dielectric permittivity, said
ue being a function of permittivity of free space, rel
film dielectric material, surface area of said probe head, and film thickness.
9. The method of clamm | whersin said measuring capacitor is a switchable capacitor
arrangament with multiple capacitors, wheremn 2ach capacitor of said multiple capaciiors has
a different capacitance value.
10. An article of manufacture comprising a program storage medium having computer
readable code embodied thersin, said computer readable code being configured for
characterizing a deposited film on a substrate within a processing chamber of a plasma
processing svstem dunng substrate processing, comprising:
codde for determuining a voltage-current characteristic for a probe head, wherein a

Measuring capacitor 1s set at & first capacitance value;
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code for applving a radio frequency (RF) train to said probe head, thereby causing
said measuring capacitor to be charged, wherein said measuring capacitor is set ata second
capacitance vatue, said second capacitance value being greater than said first capacitance
value;
code for providing an initial resistance value for said deposited film and an initial
capacitance valug for said deposited filmy;
code for emploving said initial resistance value, said initial capacitance vatue, and
said voltage-current characteristic to generate a first simulated voltage-time curve;
code for determining a first measured voltage-titne curve, suid first measured voltage-
tirne curve representing a potential drop across said cia;msiiad fitm for one RF uain; and
code for comparing said {irst simulated voltage-time curve to said first measured
voltage-time curve, wherein if a difference between said first simulated voltage-time curve
and said first measured voltage-time curve is less than a predefined threshold, code for
employing said initial resistance value and said initial capacitance for characterizing said
deposited film.
11, The article of mamsfacture of claim {0 further inchuding
if said difference between said first simulated voltage-time curve and saud first
measored voltage-time curve is greater than said predefined thresbold, code for applying o
non-linear least square curve algorithm to generate a second resistance value and a second
‘capacitance value;
code for emploving said second resistance value, said second capacitance value, and
said voltage-current characteristic to generate a second simulated voltage-time curve; and
code for determining a second measured voltage-time curve; and
code for comparing said second simulated voltage-time curve 1o said second
measured voltage-time curve, wherein _
if a difference between said second simuiated \-‘oizage~t-iraia curve and saxd
second measured voltage-time curve 1s less than said predefined threshold, code for
employing said second resistance value and said second capacitance for characterizing
said deposited film, and
if said difference between said second shmulated voltage-time curve and said
second measured voltage-time curve is greater than sald predefined threshold, code
for applying said non-linear least square curve algorithm to generate a third resistance

value and a third capacitance value.
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12, The article of manufhcture of clayn 11 further including code for cakeulating a stmulated
voltage-time curve and 2 measured voltage-time curve and code for comparing said simulated
voltage-time curve against said mensured voltage-time corve wmil a difference hetween said
simulated voltage-time curve and said measured voltage-time curve is less than said
predefined threshold.
13, The article of manufactire of claim 12 wherein sgid vohage-cuent characieristic is
generated by

code for measoring porential across said measuring capacitor wo deternune a potential
rate of change, and

code for measanng current Across said measuring capacitor 1o determine a rate of
capacitor corrent discharge,
14, The article of manufacrurs of claim 13 wherein said ininal resistance value and said
initial capacitance value are empirically calculated.
13, The article of manufacture of claim 13 wherein a resistance value of said deposited fihm
is related to chemical composition of said deposited film, said resistance value s a function
of film resistivity, distance, and cross-area of said probe head,
16. The article of manufacture of claim 13 wherein a capacitance value of said deposited
film is related to at east thickness of said deposited film and relative dielectric permittivity,
said capacitance value being a function of permittivity of free space, relative permittivity of

film dielectric material, surface area of said probe head, and film thickness.
17, The article of manufacture of claim 10 wherein said measuring capacitor is a switchable

capacitar arrangement with multiple capacitors, wherein each capacitor of said multiple
hag a different capacitance value.
18, An arrangement for characterizing a depeosized film within a processing chamber of g
plasma processing system during substrate processing, comprising:
a probe arrangement, wherein said probe arrangement 18 configured for at least
measuring one plagma processing pararmeter, said probe arrangement including
a plasma-facmg sensor made of a conductive material, and
& measuring capacitor configured to be switched between two or more values,
wherein said plasma-facing sensor is coupled to a first plate of said measuring
CRPACIoN
a radio frequency (RF) voltage source, said RE voltage source being coupled to a
second plate of said measuring capacitor, wherain said RF voltage sowrce 15 configured io

provide RF oscillation frains to said plasma-facing sensor;
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a resistor-capacitor circudt, wherein said resistor-capacitor circuit includes a resistor in
parallel with a capacitor;

4 current measurement device, said current measurament device being disposed in
series hetween said measuring capacitor and said RF voltage sonrce, wherein said current
measurement devi;ce is configured to detect said measuring capacitor current d.ischmge rage;

a witage measurement device disposed between said first plate of said measuring
capacitor and ground, wherein said voltage measurement device is configured for measurng
potential of said plasma-facing sensor; and

4 sigual processor, wherein said sigaal processor is configured for analyzing said
current discharge rate and said potential of said plasma-facing sensor to determine & voltage-
current chavacieristic for said plasma~facing sensor.

19. The armangerent of claim 18 wherein said plasma-facing sensor is disposed on a
charsher wall of said processing chamber and is substantially co-planar with said chamber
wall.

20, The arrangement of claim 18 wherein said plasma-facing sensor is a radio frequency-

biased (RFR) capacitively-coupled electrostatic (CCE) probe head.
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