wo 2010/005930 A2 I 10K 0 O A OO A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

. TN
1 rld Intellectual Property Organization /) -sady
(19) World Intellectual Property Organization /g5 1IN I 00T 00 O 000 0O 1
International Bureau S,/ )
3\ i 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10

14 January 2010 (14.01.2010) PCT WO 2010/005930 A2
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
HOIL 21/66 (2006.01) HOIL 21/205 (2006.01) kind of national protection available): AE, AG, AL, AM,
HOIL 21/3065 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
. . e CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(21) International Application Number: DZ. EC. EE. EG. ES. FL. GB. GD. GE. GH. GM. GT
PCT/US2009/049757 HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
(22) International Filing Date: KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
7 July 2009 (07.07.2009) ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
. . NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(25) Filing Language: English SE, SG, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT,

(26) Publication Language: English TZ,UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: 84) Designateq States (unle.ss othemise indicated, for every
61/078,739 7 July 2008 (07.07.2008) Us kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
(71) Applicant (for all designated States except US). LAM ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
RESEARCH CORPORATION [US/US]; 4650 Cushing TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
Parkway, Fremont, CA 94538 (US). ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,

(75) Inventors/Applicants (for US only): BOOTH, Jean-paul E/[Ii)’ D(/)[ﬁPII\I(]?FS,I\]IS J,E]SF,}(C}G’ CL CM, GA, GN, GQ, GW,
[FR/US]; 4650 Cushing Parkway, Fremont, CA 94538 > - NE, SN, TD, TG).
(US). KEIL, Douglas, L. [US/US]; 4650 Cushing Park- Published:

way, Fremont, CA 94538 (US). —  without international search report and to be republished
(74) Agent: NGUYEN, Joseph, A.; P.O. Box 700640, San upon receipt of that report (Rule 48.2(g))
Jose, CA 95170 (US).

(72) Inventors; and

(54) Title: CAPACITIVELY-COUPLED ELECTROSTATIC (CCE) PROBE ARRANGEMENT FOR DETECTING STRIKE
STEP IN A PLASMA PROCESSING CHAMBER AND METHODS THEREOF

136
102,

120 104p 1042
. E\. C:‘.: , i

>
FIG. 1

(57) Abstract: A method for identifying a stabilized plasma within a processing chamber of a plasma processing system is provid-
ed. The method includes executing a strike step within the processing chamber to generate a plasma. The strike step includes ap-
plying a substantially high gas pressure within the processing chamber and maintaining a low radio frequency (RF) power within
the processing chamber. The method also includes employing a probe head to collect a set of characteristic parameter measure-
ments during the strike step, the probe head being on a surface of the processing chamber, wherein the surface is within close
proximity to a substrate surface. The method further includes comparing the set of characteristic parameter measurements against
a pre-defined range. If the set of characteristic parameter measurements is within the pre-defined range, the stabilized plasma ex-
ists.
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CAPACITIVELY-COUPLED ELECTROSTATIC (CCE) PROBE
ARRANGEMENT FOR DETECTING STRIKE STEP IN A PLASMA
PROCESSING CHAMBER AND METHODS THEREOF
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 18 particularly
true for processes such as deposition, etching, cleaning, etc., that are emploved to

manufacture modern high density integrated circuits.

[Para 2| In the execution of certain etch processes, for example, the plasma needs to be
stable and well-characterized before the actual etch step may be performed on the substrate.
To initiate a stable and well-characterized plasma, a special recipe known as a strike-step
recipe is often emploved. Duoring this strike step, a relatively high gas pressore s emploved
1 the plasma processing chamber to ensure plasma igoition. Radio frequency (RF) power is
often kept low to prevent inadvertent damage to the substrate and/or the chamber
components. The strike step ensures that the plasma conditions m the chamber reaches some
pre~-defined acceptable level before actual eiching {which typically employs a igher RF
power} begins on the substrate i accordance with a pre~defined etch recipe. Thus, while the
strike step may involve plasma conditions that are not suitable for the actual etching, the
strike step is nevertheless a very important step i ensuring satisfactory etch results and high

device yield per substrate.

[Para 3} In the prior art, the strike step is often executed for some arbitrary period of
time 10 accordance with some pre-defined best known method, or BKM. The strike step
duration is typically empirically deternuined beforehand based on feedback data obtained
from test substrates and 1s executed before the execution of each etch recipe. For example,
some BKMs mav call for a five second strike step to ensure reliable ignition and stabilization
of the plasma prior to etching. The entire five second strike step i3 typically performed
irespective whether the plasma has been ignited and stabilized in the first, second, third or

fourth second of the five-second duration.

[Para 4] I the plasma is ignited and stabitized very early on in the predefined strike
step duration, the remaining portion of the strike step duration represents, in essence, wasted
time smce the plasma has already been ignited and stabilized, and no useful etching occwrs

during that time. The wasted time reduces the overall throughput of the plasma processing
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system, leading to a higher cost of ewnership for the plasma tool (as a function of vnuts of
device prodoced). Furthermore, the presence of the strike plasma in the chamber doring the
wasted time contributes to the premature degradation of the chamber components (thereby
necessitating more frequent cleaning and maintenance cycles) and/or contributes to the
unwanted etching of the substrate without a corresponding benefit in terms of improved

and/or increased substrate production.

[Para 5] On the other hand, if the plasma fails to ignite or stay sustained after the
expiration of the sirike step, the mitiation of the main eich step in the absence of a well-

characterized plasma often results in damage to the substrate.

[Para 6] In view of the foregoing, there are desired improved techniques for detecting
whether the strike step is successtul andfor for minimizing the time duration required to

perform the strike step.

BRIEF SUMMARY OF THE INVENTION

[Para 7} The invention relates, in an embodiment, to a method for identifving a
stabilized plasma within a processing chamber of a plasma processing system. The method
includes executing a strike step within the processing chamber to generate a plasma. The
strike step mncludes applving a substantially high gas pressare within the processing chamber
and mamtaining a low radio frequency (RF) power within the processing chamber. The
method also includes employing a probe head to collect a set of characteristic parameter
measurements during the strike step, the probe head being on a surface of the processing
chamber, wherein the surface is within close proximity to a substrate surface. The method
further includes comparing the set of characteristic parameter measurements against a pre-
defined range. 1f the set of charactenistic parameter measurements is within the pre-defined

range, the stabilized plasma exists.

[Para 8} The above summary relates to only one of the many embodiments of the
tnvention disclosed herein and is not intended to hmit the scope of the invention, which 1s set
forth in the clanms heretn. These and other features of the present invention will be described
m more detat! below in the detailed description of the invention and in conjunction with the

folowing figures.

3



WO 2010/005930 PCT/US2009/049757

BRIEF DESCRIPTION OF THE DRAWINGS

{Para 9] The present invention is illustrated by way of example, and not by way of
Himitation, in the figures of the accompanying drawings and in which like reference numerals

refer to stmitlar elements and in which:

{Para 16} Fig. 1 shows an example CCE probe amrangement.
{Para 11} Fig. 2 shows a plot of the 1on current (ton flux per vt area per unit of time)

versus time as is done in the prior art.

{Para 12} Fig. 3 shows, in accordance with an embodiment of the invention, a plot of the
ton current (ion flux per unit area per unit of time) versus time.

[Para 13} 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 to a reactor

chamber to produce plasma.

{Para 14} Fig. B of the DISCUSSION shows a graph of voltage versus time after a RF

charge.
{Para 15] Fig. B2 of the DISCUSSION shows a graph of current data collected after a

RF charge.

[Para 16} Fig. C of the DISCUSSION shows a simple current versus voltage graph for a

single time interval between a RF burst.

[Para 17| Fig. D of the DISCUSSION shows, m an embodiment of the invention, a
simple flow chart llustrating the overall steps for automatically charactenizing plasma during

subsirate processing.

[Para 18] Fig. E of the DISCUSSION shows, i an embodiment of the invention, 4

simple algorithm for determyining the relevancy range and the seed values.

(3

[Para 19} Fig. F1 of the IISCUSSION shows an example of current versus time after a
RF burst,

{Para 20] Fig. F2 of the DISCUSSION shows an example of voltage versus time after a
RF burst.

Lk
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[Para 21] Fig. F3 of the DISCUSSION shows an example of an mflection point.

[Para 22] Fig. F4 of the DISCUSSION shows an example of a curve-fitting applied to a

current versus voltage graph.

DETAILED DESCRIPTION OF EMBODIMENTS
[Para 23} The present invention will now be described i detait with reference 1o a few
embodiments thereof as ilustrated in the accompanving drawings. In the following
description, numerous specific details are set forth in order to provide a thorough
understanding of the present tnventton. It will be apparent, however, to one skilled in the ar,
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

tn order to not unnecessanly obscure the present mvention.

[Para 24] Ewmbodiments of the invention relate to the use of capacitively-coupled
electrostatic (CCE) probes to detect the successtul completion of the strike step. CCE probes
have long been enployed to measure plasma processing parameters. CCE probes are known
in the art and details may be obtained from publicly available literature, including for
example US Patent No. 5,936,413 entitled “Method And Device For Measuring An Ion Flow
In A Plasma™ (August 10, 19989), which is incorporated herein by reference. CCHE probes
offer many advantages, mchiding 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, insensitivity to polymer deposition on the sensor head. 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

advantages make CCE probes highly desirable for use in sensing process parametess.

[Para 25| Generally speaking, a CCE probe arrangement mvolves a plasma-facing
sensor connected to one plate of a measuring capacitor. An example CCE probe arrangement
1s shown i Fig. | herein. In Fig. 1, plasma facing sensor 102 {which 1s disposed in a wall of
chamber 130} is coupled to one plate 104a of measwring capacitor 104. The other plate 104b
of the measuring capacitor 104 1s coupled to an RF voltage source 106, The RF voliage
source 106 periodically supphies RF oscillation trains, causing the probe to become
negatively biased, and measurements are performed across the measuring capacitor 1o
determine the rate of capacitor current discharge tmmediately following the end of each RF

oscitlation frain. A current measurement device 120 is disposed in series between measuring



WO 2010/005930 PCT/US2009/049757

capacitor 104 and RF voltage source 106 to detect the capacitor current discharge rate.
Alternatively or additionally, a voltage measurement device 122 15 coupled between plate
104a and ground to measare the potential of the probe head. Details pertaining to the CCE
probe arrangement and CCE probe operation are discussed in the aforementioned US Patent

No. 5,936,413 and will not be further discussed herein.

{Para 26} As mentioned, a probe head made of a conductive material is installed in a
sarface of the chamber. A short RE train is applied to the probe, causing the capacitor {(Cm)
to charge up and the surface of the probe to acquure a negative potential {several tens 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 Cm discharges. The rate at which the potential
changes is determained by the plasma characteristics. During this discharge, the potential of
the probe VHis measwed with voltage measurement device 122, and the current following to
the probe and through capacitor Cm is measured with the current measurement device 120,
The curves V(1) and I{1} are used to construct a current-voltage characteristic, VI, which is
then analyzed by a signal processor. A model function s fitted to these data points,
producing estimates of the floating potential Vi, on saturation current Isat and electron
temperature Te.  Further details may be found m a co-pending application entitled “Methods
for Automatically Characterizing a Plasmoa”, 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}, which is inchuded in the DISCUSSION herein.

[Para 27} In accordance with one or more embodiments of the present invention,
mnovative techniques are proposed to enable the detection of the saccessful completion of
the strike step. 1t 15 realized by the inventors herem that by monitoring the ton flux, ¢ signal
step charactenistic of plasma ignition 1 the 1on flux data may be detected using appropriate

signal processing svstem software and/or hardware. Once plasma ignition has occurred, the

ton flux ntay be monitored for a period of time. The monitoring of the signal step
characteristic of plasma ignition mayv be performed in the time frame where plasma ignition
mav be expected to occur. I the establishient of a stable jon flux is observed within this
window of time, the plasima 1s said to be stabilized and the strike step is deemed successful.
Thus the successful completion of the strike step requires both the detection of a plasma
ignition event and the determination that subsequent plasma parameters tulfill certain

conditions for a given period of time.

41
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[Para 28] Alternatively or additionally, the electron temperature may be monitored. By
momtoring the electron temperature, an additional verification data point may be available to

verify the detected plasma ignition event.

[Para 29| Alternatively or additionally, the floating potential of the probe head may be
monttored. By monitoring the floating potential, a signal step charactenistic of plasma
ignition i the floating potential data may be detected using appropriate signal processing
system software and/or bardware. Once plasma ignition has occurred, the Hoating potential
may be monitored for a pertod of time.  If certain conditions are met within this window of
time, the plasma is said to be stabilized and the strike step is deemed successful. As in the
case with ton flux monttoring, the successtul completion of the strike step requures both the
detection of a plasma 1gmition event and the deternunation that subsequent plasma parameters

fulill certain conditions for a given period of time.

[Para 30} Fig. 2 shows a plot of the ton current (lon fhex per unit area per unit of time)
versus time as is done in the prior art. In Fig. 2, point 200 represents the start of the strike
step. The time pertod between point 200 and point 210 represents the strike step. Step 202
reflects the ignition of the plasma. In fact, as can be seen i Fig. 2, the plasma already is
stabilized starting at point 204, Since the prior art BKM calls for a fixed amount of time after
the start of the strike step 200, the strike step is allowed to ron until the fixed time period
expires at potnt 210, One in the art can readily appreciate that the time period between point
204 and point 210 represents essentially wasted time, which reduces system thronghput and
potentially damages the substrate and/or the chamber components duoe to the presence of the

strike plasma over a fengthy post-stabilization point.

[Para 31} Fig. 3 shows, in accordance with an embodiment of the mvention, a plot of the
ton current {lon fhux per unit area per unit of time) versus time. In Fig. 3, point 300
represents the start of the strike step. Step 302 reflects the ignition of the plasma. Following
the ignition event, the plasma then begins to stabilize, At poing 304, the plasma is stabilized,
By menitoring the ton flux andfor the electron temperature and/or the floating potential, the
ignition of the plasma may be detected. If plasma conditions in the time period between
point 302 (plasma 1grution) and pomt 304 are satisfactory, the etch process may start from
point 304, thereby eliminating the lengthy wasted period (such as the tume period between
point 204 and 210 of prior ant Fig. 2}, Note that if plasma ignition is never detected {(e.g.,
there is no step 3023, the strike step is deemed to have fatled. In this manner, the invention

offers significant advantages over the prior art in which the etch step is started at the

G
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expiration of the predefined strike step duration irrespective whether the plasma has been

successtully igmited and/or has stabibized.

[Para 32} o one or more embodiments of the invention, characteristic parameter
measurements (such as ion flux measurements, electron temperature measurements andfor
floating potential measurements) may be empirically obtained for the plasma ignition, for the
stabilization period, etc. in an example etch. Once these characteristic parameters are
ascertained for some test substrates, the characteristic parameter patterns may be employed o
compare against parameter readigs from futere process rens to determine whether the strike

step has been successfully completed.

{Para 33} In contrast to prior ant parameter measurement technigues, such as measaring
the incident or reflected RF power or RF impedance probes, the mventive CCE probe-based
strike step detection technique is highly sensitive. This is because embodiments of the
mvention uses a probe that directly measures the fon flux o a reactor wall, close to the
substrate being processed. Thus, the 1on flux measured by the probe is very closely related 1o
the flux that arrives at the substrate sarface, rendering this measurement an inherently
absolute measurement. Therefore, a detection system may verify that the ion flux is stable
{e.g., no undue oscillations or instabilities) and within set control himits before iriggering the

transition to the etch step.

[Para 34} This direct measurement approach is unlike prior ant techniques {such as the
aforementioned RF power measurement or impedance probe measurement} that tend to be
maore indirect measurements and are more likely to provide false positives and/or false

negatives for the strike step detection and are more ditficolt to calibrate or make absolute.

[Para 35} Additionally, there i3 minimal perfurbation to the plasma since the CCE probe
head tends to be small, to be mstalled flushed with the surrounding plasma-facing structures
of the plasma processing chamber, and niay have a plasma-facing probe surface formed of
the same material as that of the plasma-facing components of the chamber. Furthermore, the
mventive CCE probe-based stiike step detection technigue s insensitive to polymer
deposition on the plasma-facing probe head since the current 1s capacitively coupled through
any deposition that may be formed on the plasma-facing surface of the probe head.

{Para 36} While this invention has been described in terms of several preferred
embodiments, there are alterations, permutations, and equivalents, which fall within the scope

of this invention. It should also be noted that there are many alternative ways of
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mplementing the methods and apparatuses of the present invention. Although various
examples are provided herein, 1t 15 intended that these examples be ilustrative and not

limiting with respect to the fnvention.

[Para 37} Also, the ttle and summary are provided herein for convenience and should
not be used to constroe the scope of the claims herein. Forther, the abstract is written in a
highty abbreviated form: and is provided herein for convemence and thus should not be
employed to construe or limit the overall invention, which is expressed in the claims. If the
term “set” is employed heremn, such term s intended to have its commonty understood
mathematical meaning to cover zero, one, or more than one member.  Also, it is intended
that the following appended claims be interpreted as including all such alterations,

permutations, and eguivalents as fall within the true spirit and scope of the present invention.

{Para 38} The DISCUSSION 15 also found in a co-pending application entitled
“Methods for Automatically Characterizing a 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 incorporated by reference herein.

[Para 39} DISCUSSION OF METHODS FOR AUTOMATICALLY
CHARACTERIZING A PLASMA

[Para 40} Advances in plasma processing have provided for growth m the
senuconductor industry. To supply chips for a typical electronic product, hondreds or
thousands of substrates (such as semiconductor waters) mav be processed. In order for the
manufacturing company to he competitive, the manafacturing company needs to be able to

process the substrates into quality semiconductor devices with minimal processing time.

[Para 41] Typically, during plasma processing, problems may arise that may cause the
substrates 1o be negatively impacted. One important factor that may alter the quality of the

substrate being processed s the plasma self. In order to have sufficient data to analyze the
plasma, sensors may be employed to collect processing data about each substrate. The data

collected may be analyzed in order to determine the cause of the problems.

[Para 42] To facilitate discussion, Fig. A shows g simple schematic diagram of a data
collecting probe 11 a portion of a plasma svstent A-100, Plasma system A-100 may include a
radio frequency (RF) source A-102, such as a pulsating RF frequency generator, capacitively-
coupled to a reactor chamber A-104 to produce plasma A-106. When RF source A-102 15

turn on, a bias voltage 15 developed across an external capacitor A-108, which may be about
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26.2 nanofarads {(nF). In an example, RF sowrce A-102 may provide a siall burst of power
{e.g, 11.5 megaherts) every few milliseconds {e.g, about five milliseconds) causing external
capacitor A-108 to be charged. When RF source A-102 is turned off, a bias voltage remains
on external capacitor A-108 with a polarity such that probe A-110 is biased to collect ions.

As the bias voltage decays, the curves as shown i Figs. B, B2 and C may be traced.

[Para 43} Those skilled in the art are aware that probe A-110 s usually an electnical
probe with a conducting planar surface that way be posittoned against the wall of reactor
chamber A~104. Probe A-110 15 thus directly exposed to reactor chamber A-104
environment. Current and voltage data collected by probe A-110 may be analyzed. Since
certaimn recipe may cause a non~conducting deposition layer A-116 to be deposited on probe
A-110, not all probes may be able to collect reliable measurements. However, those skilled
1 the art are aware that g PIF (planar ton flux) probe enables data to be collected despite the
non-conducting deposition laver since the PIF probe scheme s not required to draw a direct

cuarrent (DC) to implement a measurement,

[Para 44} The current and voltage signal i plasma system A-100 is measored by other
sensors. in example, when RF source A-102 is switched off, current sensor A-112 and a high
mnpedance voltage sensor A-114, are emploved to measure the current 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 data may be

manually plotted or the data may be entered into a software program to create the graphs.

{Para 45] Fig. Bl shows a graph of voltage versus tume after a RF charge cycle. Atdata
point B1-202, RF source A-102 has been switched off after an RF charge has been provided
{i.e., RF burst). In this example, at data point B1-202, the voltage across probe A-110 is
about negative 57 volts. As plasma system A-100 returns (o a rest state (interval between
data points B1-204 and B1-206), the voltage nsually reaches a Hoating voltage potential. In

-
!

this example, the floating voltage potential rises from about negative 57 volts to about zero
volt. However, the floating voltage potential does not have to be zero and may be a negative

or a positive bias voltage potential.

Para 46 Stauiarly, Fig. B2 shows a graph of current data collected after a RF charge.

: ¥, g g 2
At data point B2-252, RF source A-102 has been switched off after an R¥ charge has been
provided. During a decay period B2-254, the retwn current at external capacitor A-108 may

be discharged. In an example, at full charge (data point B2-252), the curvent 18 about 0.86

9
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mAem”. However, when the current is fully discharged {data point B2-256), the current has
returned to zero. Based on the graph, the discharge takes about 75 milhiseconds. From data

point B2-256 to data point B2-238, the capacitor remains discharged.

[Para 47| Since both the current data and the voltage data are collected over a period of
time, a current versus voltage graph may be generated by coordinating the time 1 order to
eliminate the time variable. In other words, the current data collected may be matched
against the voltage data collected. Fig. € shows a simple corrent versus voltage graph for a

single time mterval between a RF burst. At data point C-302, RF sovrce A-102 has been

switched off after an RF charge has been provided.

jPara 48} By applying a noun-linear fit to the data collected during cach RF burst, plasma
A-106 may be characterized. In other words, parameters {e.g.. 10n saturation, ion saturation
slope, electron temperature, floating voltage potential, and the like} that may characterize
plasma A-106 may be determined. Although plasma A-106 may be charactenized with the
data collected, the process of calculating the parameters is a tedious manual process that
reguires human intervention. In an example, when the data has been collected after each RF
burst {1.e., when the RF charge has been provided and then nwned off), the data may be fed
mto a software analysis program. The software analysis program may perform a non-linear
fit to determine the parameters that may characterize the plasma. By characterizing the
plasma, the engineer may be able 1o determine how a recipe may be adjusted i order to

minimize substandard processing of the substrates.

[Para 49] Unfortunately, the prior art method of analyzing the data for each RF burst
may require several seconds or as much as several minutes to complete. Since there are
typically thonsands, if not millions of RF bursts to analyvze, the total time for charactenzing
the plasma for a recipe may take hours to calculate. As a result, the prior art method is not an

effective method in providing timely relevant data for process control purposes.

[Para 56} The present mvention will now be described in detatl with reference to a few
embodiments thereof as tHustrated 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

mn order to not unnecessarily obscure the present invention.

1G
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[Para 51} Various embodiments are described hereinbelow, including methods and
technigues. It shoukd be kept 1n nund that the invention might also cover articles of
manufacture that includes a computer readable medinm on which computer-readable
mstructions for carrying out embodiments of the inventive technigue are stored. The
computer readable medium may include, for example, semiconductor, magnetic, opto-
magnetic, optical, or other 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 circuits, dedicated and/or programimable, to carry out
tasks pertaining to embodiments of the inveation, Examples of such apparatus include a
general-purpose computer andior a dedicated computing device when appropriately
programmed and may include a combination of a computer/computing device and
dedicated/programmabile circuits adapted for the various tasks pertaining to embodiments of

the imvention.

{Para 52} As aforementioned, the PIF probe method may be emploved to collect data
about the plasma that may be positioned within the reactor chamber environment. Data
collected from a sensor (e.g., PIF probe) may be employed to characterize the plasma in the
reactor chamber, Additionally, since the sensor employs a collection surface as shown in Fig,
A, data about the chamber surface may also be determined. In the prior art, the data collected
by the PSD probe provides a ready sowrce of data that is available for analysis.
Unfortunately, the sheer volume of data that may be collected has made analyzing the data in
a timely manner a challenge. Since thousands or even millions of data points may be
collected, the task of identifying the relevant interval i 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 hag not been usetul in providing the plasma processing system

with a timely characterization of the plasma.

[Para 33] However, if relevant data points that are needed in order to characterize a
plasma are wdentified from the thousandsimithions of data points that niay be collected, then
the time required to characterize a plasma may be significantly reduced. In accordance with
embodiments of the invention, a method is provided for antomatically characterizing plasma
in a relatively short time perrod. Embodiments of the invention described herein provide for
an algorithin for identifyving the relevancy range in order to reduce the data points that may

need to be analyzed in order to characterize a plasma. As discussed herein, the relevancy
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range refers to a smaller set of data points from the thousands or mullions of data points that
may be gathered between each RF burst. Embodiments of the invention further provide for
estimating seed valnes that may be applied to a mathematical model that calculates the values
for characterizing a plasma. By performing curve-fitting to the relevancy range, parameters

that may be emiploved to characterize a plasma may be calculated.

[Para 54} The features and advantages of the present mvention may be better understood

with reference to the figures and discussions that follow,

[Para 55] Fig. D shows, in an embodiment of the invention, a sunple flow chart
Hustrating the steps for antomatically characterizing plasma during substrate processing.

Consider the situation wherein, an RF charge has been provided during substiate processing.

[Para 56 At a first step D-402, cwrrent and voltage data are collected. In an example,
after the RF source has been turned on, an RF charge (pulse) is provided. After the RF

charge has been twrn off, a current sensor and a voltage sensor may be emploved to collect

data at a probe, such as a planar ion flux probe, which may be mounted to a chamber wall of
the reactor chamber. As aforementioned, the number of data points that may be collected by
the sensors may range in the thousands or millions. In some cases, thousands to ten of
thousands of data poits may be collected between each RE buorst making near-realtime

analysts in the prior art nearly impessible.

[Para 57] In the prior art, several hours mav be allotted for analvzing the measurement
data that s collected during semiconductor substrate processing. In one aspect of the
ivention. the inventors berein realived that the measurement data between each RF burst
does not have 1o be analyzed o order to characterize a plasma. Iostead, if curve-fitting is
applied to a relevancy range of the data set, parameters that may be emploved to characterize

the plasma may be determined.

[Para 58] At a next step D-404, a relevancy range is determined. As aforementioned,
the relevancy range refers to a subset of the data set that has been collected between each RF
burst. In the prior art, since the data is being manually analvzed, the sheer volume of the data
collected make calculating the relevancy range a challenging task. In many instances, the
relevancy range may be visually estimated. In identifying the relevancy range, noses that
may exist may be substantially eliminated from the subset of data set. In an example, during

complex substrate processing, a polymer butldep may occur on the probe, causing a portion
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of the data collected to be skewed. For example, the portion of the data that may be impacted
tends to be the data that may be collected once the capacitor has been fully discharged. In
identifying the relevancy range, data associated with the polymer buildup mayv be removed
from the analysis. In other words, the determination of the relevancy range mav enable
plasma characterization to occur without being subject to random noises. Discussion about
how a relevancy range may be deternuned, for an example, is provided later in the discussion
of Fig. .

[Para 39] In addition 1o tdentifving the relevancy range, the seed values may also be
determined, at a pext step D-406. As discussed herein, the seed values refer to the estimated
value of the slope, the electron temperature, the fon saturation value, the floating voltage
potential, and the ke, Discussion about how the seed values may be estimated, for example,

is provided in the discussion of Fig. E.

{Para 60} The relevance range and the seed values are utilized to perform curve-fitting.
Since curve-fitting has to be performed before the next REF burst, the methods emploved to
determine the relevancy range andior seed values have to utilize numimuam overhead and
produce values 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 61} With the relevancy range and the seed values, at a next step D-408, a non-
hinear 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 mnterval due 1o a single RF
burst to be characterized in approximately 20 milliseconds instead of requiring a few minutes
or even a few hours to process. With near-realtinme analysis capability, the method may be
applied as part of an automatic control system to provide the engineer with relevant data

during plasnma processing.

[Para 62} Fig. E shows, in an embodiment of the invention, a simple algorithm for
determining the relevancy range and the seed values. Fig. E will be discussed m relation to

Figs. F1, F2. F3, and F4.

{Para 63} At a first step E-302, the data collected during each RE barst i3 automatically
plotted. In an example, the current data that may be collected by the current sensor is plotted

into a current versas timme graph F1-600, such as the one shown i Fig. F1. Inanother
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example, the voltage data collected may be plotted into a voltage versus time graph F2-650,
as shown in Fig. F2. Although the data may produce similar graphs as the prior art, unlike
the prior art, the data collected is automatically fed into the analysis program without
requiring human intervention. Alternatively, the measurement data collected does not have to
be plotted. Instead, the data may be fed directly into the analysis program. Instead, the

graphs are provided as visual examples to explain the algonthm.

[Para 64] Unlike the prior art, the entire data set 1s not analvzed in order to characterize
a plasma. Instead, a relevancy range is determined. To determine the relevancy range, a
percentage decay point may first be determined, at a next step E-504. As discussed herein,
the percentage decay poimnt refers to the data point at which the oniginal valoe has decayed to
a certain percentage of the original value. In an embodiment, the percentage decay point may
represent the end of the data interval to be analvzed. In an example, when the RF source is
switched off, the current value is about 0.86 mA/em™. The value is represented by a data
point F1-602 on graph F1-600 of Fig. F1. If the percentage decay point is set to ten percent
of the oniginal value, the percent decay point is at data point F1-604, which is abowt 0.086
mA/em’. In other words, the percentage decay point may be determined by applying a pre-
defined percentage to the oniginal value, which s value of the electrical charge when the RF
source is switched off and the system is returning to an equilibrium state. In an embodiment,
the percentage is empirically determined.  In an embodiment, mnstead of employing &
percentage decay pomnt to determine the end of the data interval, the peak of a first derivative

of the data collected for cach RF burst may be calculated.

{Para 63] At g next step E-306, the algorithm may determine the fon saturation interval,
which 1s the data subset between the original value and a second decay point. As discussed
herein, the ton saturation interval refers to the region of the current-voltage (IV) curve at
which the probe potential is sufficiently negative with respect to the floating potential such
that the electron flux to the probe is negligible. In this region the current to the probe
mcreases slowly and hnearly with increasingly negative potentral. In addition, the 1on
saturation interval is the regime at which the bias voltage s sufficiently negative with respect
to the floating potential such that the probe will collect all the available tons 1n the svstemi. In
other words, the collected current “saturates™ as the bias vollage s raised sufliciently high.

3

Also, as discussed herem, the “avatlable tons™ refers to the flux of tons impinging upon the

sheath boundary, which may enlarge as the bias voltage s further mereased.
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[Para 66] In other words, the ion saturation interval i the interval from data points F1-
602 and F1-606 of Fig. F1. In an embodiment, the second decay point may be deternuned by
taking a percentage of the original value (1.e., data point F1-602). In an example, if the
second decay point is about 95 percent of the original value, the second decay point is about
0.81 mA/en” (i.e., data point Fi-606). Hence, the ion saturation interval is from the original
value (data point F1-602) to the second decay point {data point F1-606). Note that the second
decay point i 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 oun a pre-defined threshold, in an embodiment. In an embodiment, the percentage 1s

empirically determined.

[Para 67] Once the ion saturation interval has been determined, at a next step E-508, the
slope (s} and the ion saturation (ip) may be estimated. As aforementioned, the slope () and
the ion saturation {1n) 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 (s} may be determined by perfornung linear regression. In avother
embodiment, the algorithm may also determine the fon saturation (iy) by taking the average of

the data values between data points F1-602 and F1-606.

[Para 68} At a next step E-510, the algorithm may determine the inflection point, which
is the point at which the first derivative changes sign. In an embodunent, the inflection point
may be calcolated by identifying the minimal valee of the first derrvative of the current
alnes between the percentage decay point and the second decay point. To tlustrate, Fig. F3
shows the first derivative of the values between a percentage decay pomnt {F3-664} and an
original point {(F3-662) of a current signal F3-660. The mflection point is the mimmal data
point of the first dertvative (F3-670), which has a value of -0.012 mA/em” and an index value
of 226 (as shown by data powmt F3-666). To determine the inflection value, the mdex value is
mapped to current signal plot F3-660. In tlus example, when the index value of the first
devivative is mapped to current signal F3-660, the inflection valoe is 0.4714 mA/ent, as

shown by data point F3-668.

[Para 69} In an embodiment, the relevancy range is defined as the range between the
origingl value and the inflection point, Additionally or alternatively, a percent decay

threshold may be set {e.g., at 35 percent} wistead of calculating the inflection point. Inan

e
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example, using the percent decay pomt of 35 percent, which may be empirically determiined,

the relevancy range may fall between points F1-602 and F1-604 of Fig. F1.
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Table 1; Parameters defined

Parameters Variable name
I Current measured
W e Voltage measured
1 Current e
T: Electron tomperature
[Para 76| With the inflection point identified, the electron temperature may be

estimated, at a next step E-512. The electron temperatire may be estimated by emploving
Equation 1 above. The current and voltage data utilized to calculate the electron temperatuge

i less current than

o

1s within the transition interval, which is asually when a probe s drawin
the ton saturation current. In an embodiment, the time at which the cwrent and voltage data
ts measured may correspond with the inflection pomt, Altemnatively, the inflection point of
the current-voltage (I-V) curve may also be emploved. Since the electron temperatore s a
ratio of a first derivative (as determined in calcolating the percentage decay point) of the data
collected for an RF burst at a time corresponding to the mflection point on the current-voltage

curve, the computational overhead that mav be required to generate the number is minimal.

[Para 71} At a next step E-514, the algorithm may determine the floating voltage
potential. Since the floatig voltage potential 18 deternuned based on the voltage data
collected, the floating voltage potential may be determined without first having to determine
the values as calculated in steps E-504 —- B-312. Those skilled in the art are aware that
floating voltage potential is the electrical potential at which the probe floats afier the external
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 to the

possibility of polymer butldup causing distortion, errenecus data (i.e., noise} may be

e
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collected; thus, the floating voltage potential may be calculated by averaging the voltage
values collected toward the end of the collection period. In an embodiment, the floating
voltage potential may be calculated from data point F2-652 (the data point at which the
voltage first reaches its floating potential) to data point F2-654 (the data point just right
before the next R¥ burst), as shown in Fig. F2. In another embodiment, the floating voltage
potential may be based on the voltage values within a window F2-656, which 1s located
between data points F2-652 and F2-634, as shown in Fig. F2. In an embodiment, window
F2-656 may be of any size as long as the window begins before the prior pulse has decayed
more than 99 percent and ends when the next palse begins. In one embodiment, the floating
voltage potential may be determuned from a window that provides an average value with a

low standard deviation {error).

[Para 72] As can be appreciated from the foregoing, the methods for determining the
relevancy range and the seed vatues account for anomalies that may occur in the current,
voltage andfor current-voltage (I-V) curves. In an example, polymer buildup may occur at
the end of an RF burst. However, by applying the aforementioned algonithms, the relevancy
range and the seed values are impervious to unexpected artifacts that may occar during

processing.

[Para 73} Once the relevancy range has been determined and the seed values bave been
calculated, at a next step E-516, the current values may be plotted agamst the voltage values
and curve-fitting may be applied to generate graph F4-680 of Fig. F4. In an example, a non-
hinear curve ti, such as Levenberg-Marquardt algorithm, may be applied to perform the
curve-fitting. By generating a curve-fitting graph and applving the seed values to the
mathematical model, such as Equation 2 below, the foar parameters that may be employed to

characterize the plasma may be determined.
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Table 2: Parameters defined

Parameters Yariable name
i Churrent

o lon sawration

S Slope
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¥ Voltage
Yy Fioating voltage potential
T. Electron temperatre
{Para 74} As can be appreciated from one or more embodiments of the present

mvention, an automated method for charactenizing plasma during plasma processing is
provided. By determining a relevancy range and a set of seed values, plasma characterization
may occur without having to process thousands or millions of data points that ave usually
collected after a single R¥ burst. The automated method transforms a previously tedious and
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 houars) to a few
milliseconds, plasma characterization may be performed during plasma processing instead of
being a post- production process. Thas, relevant data may provide insights into the current
plasma environment, thereby enabling recipe and/or tool adjustinent to occur and waste to be

mininiized.

[Para 75] While this invention has been described in terms of several pretferred
embodiments, there are alterations, permutations, and equivalents, which fall within the scope
of this invention. It should also be noted that there are manyv alternative wavs of
implementing the methods and apparatuses of the present invention. Although various
examples are provided herein, 1t 15 intended that these examples be ilustrative and not

himiting with respect o the invention,

[Para 76} Also, the title and summary are provided herein for convenience and should
not be used to construe the scope of the claims hersin. Further, the abstract is written in a
highly abbreviated form and 1s provided herein for convenience and thus should not be
empioyed to construe or limit the overall invention, which is expressed in the claims. If the
term “set” 1s employed herein, such term is intended to have its commonly understood
nathematical meaning to cover zero, one, of move than one member.  Also, it is intended
that the following appended claims be interpreted as including all such alterations,

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

I8



WO 2010/005930 PCT/US2009/049757

CLAIMS
What i1s claimed is:

1. A method for identitving a stabilized plasma within a processing chamber of a plasia

Processing system, comprising:

executing a strike step within said processing chamber to generate a plasma, wherein

said strike step includes
applying a substantially high gas pressure within said processing chamber, and
matntaming a low radio frequency (RF) power within said processing chamber;

emploving a probe head to collect a set of characteristic parameter measurements
during said strike step, said probe head being on a surface of said processing chamber, wherein
said surface i3 within close proximity to a substrate surface; and

comparing said set of characteristic parameter measurements against a pre~defined
range, if said set of characteristic parameter measurements is within said pre-defined range,
satd stabilized plasma exists.
1. The method of claim | wherein said probe head 1s a capacitively-coupled electrostatic
{CCE) probe.
3. The method of claim 2 wherein said probe head is a small device, wherein a plasma-facing
surface of said probe head s made from a matenial simidar to other plasma-facing components
of said processing chamber.
4. The method of claim | wherein said set of characteristic parameter measurements 1s a set of
ion fox measurement.
S. The method of claim 1 wherein said set of characteristic parameter measurements is a set of
electron temperature measurements.
6. The method of claim 1 wherein said set of charactenistic parameter measurements 1§ a set of
floating potential measurements.
7. The method of claim 1 wherein if said set of characteristic parameter measurements is not
within said pre-detined range, said plasma 15 not stabilized and corrective actions is applied.
8. An arrangement for wdentifying a stabilized plasma within a processing chamber of a plasma
PrOCessing system, comprising:

a substrate, wherein said substrate i1s positioned on a lower electrode within said

processing chamber;
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a radio frequency {RF) power source, wherein said RF power source 18 being applied at
a low RF power within said processing chamber;

a gas delivery system, wherein a gas is delivered into said processing chamber to
mteract with said RF power to create a plasma;

a pressure module, wherein said pressure module 18 applied at a substantially high

g chamber:

s

force within said processin
a probe arrangement, wherein said probe arrangement includes a plasma-facing sensor
and 15 disposed on a sarface of said processing chamber, said surface 1s within close proximity
to a surface of said substrate, wherein said probe arrangement is configured at least to collect a
set of characteristic parameter measurements during a strike step; and
a detection module, wherein said detection module is configured to compare said set of
characteristic parameter measurentents against a pre-defined range, if said set of characteristic
parameter measarements 1s within said pre-defined range, said stabilized plasma exists.
9. The arrangement of claim 8§ wherein said plasma-facing sensor is a capacitively-coupled
electrostatic (CCE) probe head.
10, The arrangement of clann 9 wherem said plasma-facing sensor is a small device, wherein a
plasma~-facing sorface of said plasma-tacing sensor is made from a material similar to other
plasma-facing components of said processing chamber.
11, The arrangement of claim 8 wherein said set of characteristic parameter measorements is a
set of ion flux measurement.
12, The arrangement of claim 8 wherein said set of characteristic parameter measurements is a
set of electron temperature measurements.
13. The arrangement of claim 8 wherein said set of characteristic parameter measurenents is a
set of floating potential measurements.
14, The arrangement of clain 8 wherein said detection module 1s a software algonithm.
15, The arrangement of clain 8 wheremn if said detection module is unable to deternune said
stabilized plasma, corrective actions is applied.
16, Anarticle of manufacture comprising a program storage mediom having computer
readable code embodied therein, said computer readable code being configured for identifying
a stabihized plasma withia a processing chamber of a plasma processing system, compyising:
code for execoting a sirike step within said processing chamber to generate a plasma,
wherein said strike step includes
code for applying a substantially high gas pressure within said processing

chamber, and

20
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code for maintaining a low radio frequency (RF) power within said processing

chamber;

code for collecting a set of characteristic parameter measurements during said strike
step by using a probe head, said probe head being on a surface ot said processing chamber,
wherein said surface is within close proximity to a substrate surface; and

code for comparing said set of characteristic parameter measurements against a pre-
defined range, if said set of characteristic parameter measurements is within said pre-defined
range, said stabilized plasma exists.
17, The article of manufacture of claim 16 wherein said probe head 1s a capacitively-coupled
electrostatic (CCE) probe,
18. The article of manufacture of clatm 16 wherein said set of characteristic parameter
measwements is one of 4 set of 1on Hox measurement, a set of electron temperature
measurements, and a set of floating potential measurements.
19, The article of manufacture of claint 16 wherein if said set of characteristic parameter
measurements is not within said pre-defined range, said plasma is not stabilized and corrective
actions is apphied.
26. The article of manufacture of claim 16 wherein said code for comparing of said set of
characteristic parameter measuremnent against said pre-defined range is performed by a

detection module.
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FIG. 1



PCT/US2009/049757

WO 2010/005930

960'821

Nw

i

524

wmw

YA

(LYY "ORd)

¢ Oid

{SONODIS) 3L

A

A

mmw

mw,\

ARSI RSB BEEON S, Nl R ISR

Vil mm.wz

{"‘)

Lt"\"@t‘
Lo S e S o

@
o
{(Zuioel} VS QEXI

TN LS IIW

;m

YNSY id N Iw

(:3(:3&)

 — — — e m | I




PCT/US2009/049757

WO 2010/005930

,,,,,,,,

£ZL A A 1747

o gy Ko 2 ossx s s

L& EE 8% 8 48

¢ Ol

{SONODES) ami

AR IR T T

S E AL 5 %8I

5Ll

S 8 R k& & & i

gil P

Sasiiaisasd

THR

ba s s as $5axsa axan

b 42 2 A

Aiaa X £ s s

—

» €
“p o r:f-.z

I

¥

louﬂau%tkou

w W

AAHLE
YINSY Td

& oS v B o S o S e \‘:’;i
{(gviuo/en) LyS1 QaXid

o3 o

o
o




13

4

PCT/US2009/049757

WO 2010/005930

(LMY HOMd)

Y 'Oid
911y by ‘
. by
HAAY] | HOSNIS JOVLI0A mwmwmm e
NOLLISOd30 | .

901Y
YHSYld |

01y Y
380ud HOLIOYAYD

i i e

wmwm“mmw

)

POL-Y UIEWYHS
H010Y3Y

A%

HOSNIS
LMZHEN0

M iy



WO 2010/005930

‘A
—
Ld

PCT/US2009/049757

Yoltage (V)

] Y o @y O

2 Q‘smm%gzg Sy ﬁﬂ*%}g‘g,ﬁ,
Sl 1 v R 3 s RN 1 } 3 S -
} i N { | { } i { { i H § R
m ] gg =
o ¥ -
=
R =
Eaa T ST S s sanceceens secesce s seseess seeeee st s = hot
- 2
"
&
- 3
Ty
i
- L3
R
- ]
. 'g -
58 o
I
3
= tE
I o
€3
-
" e
Q2
-
T et
2
- L3
\“W\\W ..... =
I P PR -

o

(PRIOR ART)



WO 2010/005930

PCT/US2009/049757

.05

.04
Time { Seconds

o

i3

82254

@ w e o
o TR s S v S s

{Z. Wy gw) ueaan)

FIG. B2
PRIOR ART)



WO 2010/005930

3
—
L

P8 E 1§ 8 3§

-10

8 £ 8 3 33 3%

-20

f ¥t 33 13 %

-3
Yoltage {¥)

FIG.C
(PRIOR ART)

[ I A A

~4{

$ 8t % 18 33

-50

4

fr ot 3t 33 %}

3%,
£
e

0.8~

.7~

H { H
g w3 3
3 3

g:%s

(7. ) Juaaansy

0.2~

4.1~

"

o0

L2
5

PCT/US2009/049757



PCT/US2009/049757

WO 2010/005930

w0

1

Lid WYINNTNON ¥ OS24

i

Y-

SENWA G338 FNNEE130

i

JONYY

wmw.m\/w ASRYATTEY ¥ SNIEEL3D

i

AL e

G4133T00 Y YIYQ

FOVLI0A ONY INIWHNO

1dYLS




9713

PCT/US2009/049757

WO 2010/005930

S3IYA (G338 Gy JONVY
ADNYAZ T NIHLIM DNILLE3AHN0
WO d3d GNY INTVA DY LIOA GHL

LONIVOY SN VA INJYEND 3K 1O

1

pigI ™

TLNDLOd
ONLLYO TS 30YLT0A SNINLZ130

*

mwm,m\/w FANIYHAAHAL NOPL0ETE SNINY3L30

3914

NI NOLLOZTNE SNINGE 130

1

NOLYHNLYS
WO ONY 34078 INIEF130

g0ed

i

AT LN NOLLYENLYS NO 3NIZR130

i

NI
AYO30 IOV INIOUEI INIAME1E0

#3549

1

031107
S1 LSUNG 4 ONMNG A3L03TIO0 YiY0

7053




10413

WO 2010/005930 PCT/US2009/049757

IV
g
e
~
_—
=
= 0D

L -

-~ Amia

& X -
N B . R
Aund < é_g 3. e w3
< ® @

F1-608

ue

DRI 2

:
:

Data point

s

o=
. .@
. anad m
W ‘ Z
PR : | | |
[T O A £ T g
ol oW oot ad
g LL h;%‘} x "ol g N
V\ Y S :
Y Fom P “ |
\ -\s-s-}-} A ~ m
\ Loy l:::
~ -\w\« : ‘:}
¥ “ S
= ‘ H
N |
f $
oo B3 ] *
L. e j “
o g “u
“5 } G v Yok
55 “{3
ﬁ (,ts \\ o
e ‘ v
3 | *
} .
¢ “
; o
S O AT SR ol S S B R B ;
e R B Fouc] )‘3 % W - 2 = 5 5 : T L“

{2, AU Y 2R



11413

WO 2010/005930 PCT/US2009/049757

Yoltage (W

Yalue = 057

~t N N (AN
¥ 3 ¥ i}

¥ { ¢ i ¢

103
5

0.0

R R A

1

0.7

o s e o a2 2t a0
i i A s . i i i i i e e A

L N
3 .

\\ - g

) =

N 2

: 3
L

404y 2 L vy s

F2-655
R13

Bata pon

3
i3

-~

Fime {$aronds)

55 % % ¥ %

IR

PR 2R 2 )

Dala point FZ2-652
Yalus = 357

D
®
S - b

,
;
7
;
-
i

£3,f

T
] B o NN
R N N

2% ¥ % 72 €2 %

NN N

NSRS g

R

i
£



WO 2010/005930 PCT/US2009/049757

15t Dartvative of Turrent

oy o RN U s e o @ -
& b D @ D D s -~

133
2
g

7 3 5 § ) § § § i i : )
§ pad
B &3
S TS : Y
H X8 3 k-
£ = y
£ %3 g o] B ¥
aamaa u t\"" Si t,“c}
g gy WD ;i =
o & 2 : =
i Mo W -
et o g i Al
& e
1 asd fCon ] o
i = - o O3 Ry
% bt 20 3 e,
hed R g D] -~
pas [ e o™ 2 & .
L £33 TP 8N e
‘. &y W &N s =
$ - w K = ou )
e = L H Py @ i)
ool AN
. kY kY S e & & ul
& X & 5. B i
o &= [ i
= ay B 3
e \ e el
o LY Y Sgm o2
o \ \‘ £ A ] »
& ; %
el . A - kY LR
o R i . 1 b
e N ‘ 35
'g \ R . e 1
,\“tﬂ \ > \\)-X\l)- V"\X\.\\;\ - . {:?
W PR ] o
<8 e T o
= et
froay ARRRORS ] \@;‘ N
o I B i | £l
I RRERTOT S B it SARNE -
B ] : oxl
£ W3
Fo
-
Lo
O i
& e b
LA TR 1 ] hid
B &
e S I
= oy -
F 0w
L T v ] fhec)
2T S
[ ¢
& > R
o=
£
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o3
‘ &
s "
] bet 3
EReE P g; Wi u}} w Ki; gl ’g} o S T %S oW
&2 N L B T - b
- i - band - ) - £ v o N ) 4 .
S S N~ S~ S R - S S o

{2, AI3HY JURLNY

FIG. F3



WO 2010/005930

S
¥

o~

e

SN

" e

N
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
N
A
¥

L)

Lo

.

g

.

£

ERIE S TN ) BT

ST o

4

o,

Yobyage (V3

PCT/US2009/049757

FIG. F4



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings

