
WO 2007/121087 PCT/US2007/065890  CONTROLLING PLASNIA
PROCESS NG USING PARAMETERS DERIVED  THROUGH I.HE USE
OF A PLANAR ION FLUX PROBING ARRANGEMENT BACKGROUND O
`I HE INVENTION [00011 The present invention relates
in general to substrate manufacturing  technologies
and in particular tc methods and apparatus for
measuring relative mean plasma  potential in a, plasma
chamber. [0002[ In the processing of a substrate,
e.g,, a semiconductor wafer, a MEMS device,  or a.
glass panel such as one used in flat parcel display
manufaacturing, plasma is often  employed. As part of
the processing, the substrate is divided into a
plurality of dies, or  rectangular areas, each of
which will become an integrated circuit. The
substrate's then  processed in a series of stops in
which materia] 's are selectively removed (etching)
and  deposited (deposition) in order to form
electrical components thereon [00031 In an example
plasma process, a. substrate is coated with a thin
film of  hardened emulsion (i.e., such as a
photo:resist masl~) prior to etching. Areas of the
hardened  emulsion are then selectively removed,
causing parts of the underlying layer to become
exposes. The substrate is then placed in a plasma
processing chamber on a substrate support  structure
comprising a mono-polar or bi-polar electrode, called
a. chuck. Appropriate etchant  source gases (e_gs,
C4F5, C4F,<;, CI-IF3, CH2F3, CF4, CH F, C`2F4, N2, 02,
Ar, Xe, He, H2, NT::,  SF,, I;Cl3. Cl2, etc ) are then
flowed it to the chamber. RF energy is then applied to
the  chamber to form a plasma. 100041 To avoid
confusion with concepts to be presented below, all RF
energy  applied for the purpose of forming plasma will
be referred to as "chamber RF" The plasma  created by
application of chamber RF results in the formation of:
ionized species and also  neutral molecular fragments
(radical species) derived from the source gasses which
are then  directed toward the substrate to initiate
surface chemical reactions that etch the exposed areas
of the substrate. This RF energy can be applied either
by capacitive or inductive means. This RE energy may
be applied at one frequency or at a multiplicity of
frequencies (e.g. 2  MHz, 2 MHz and 60 'MHz). This RF
energy gives rise to a potential within the plasma,
with respect to the chamber ground, commonly referred
to as the "plasma potential". In  actual application,
the plasma potential is time dependent in accord with
the applied chamber  



1. WO 2007/121087 PCT/US2007/065890  RF power used to
sustain the plasma. However we will substantially
simplify our  discussion, without loss of relevance,
by focusing instead upon a time averaged (mean) of the
plasma potential. This mean plasma. potential will be
denoted as V. [0005] In the instance of capacitive
coupling oftl the chamber IF to the plasma, a
coupling capacitor is used. Typically this capacitor,
commonly referred to as a blocking  capacitor, is
connected between the substrate holder and the chamber
RF source. It is well  known to Practitioner,. of art.
that when appl i ag charaber.R_F energy via this
blocking  capacitor, a DC voltage will develop across
this blocking capacitor. Herein this voltage will  lie
zefered tc aas the "chaaralae bia. volta e" ~a~ t~l~
r,~.r 3. Since tfae capacitor is connected to  the
substrate holder, this chamber bias voltage also
represents the voltage of the substrate.  holder with
respect to chamber ground. The chamber bias voltage
should be carefully  distinguished from the "probe
bias voltage" (V)) to be defined and discussed below.
10001 In the instance of inductive coupling of the RIt
energy to the chamber, the  substrate holder can be
considered to he at zero chamber bias voltage (Vkh;
rrr3a3 r bias:::: 0), For  all RF energy coupling
schemes, the chamber walls (excepting, the substrate
holder) will also  acquire a. potential with respect
to chamber ground which v ,,e define as V,111,
However, for  most applications of practical
importance, ,,,,,, tends to be approximately equal to
the chamber ground. [00071 Additionally, there occurs
a plasma sheath layer which surrounds the entirety  of
the plasma and serves to separate the plasma from the
chamber walls and substrate holder- '-['his sheath
layer surrounding the entirety of the plasma also
contains an electric field.  Charged particles
transiting this sheath region will experience a force
due to that field and  will suffer either a not gain
or loss of energy. The net energy acquired will depend
on the  electric potential difference and its time
dependence between the substrate surface wall and  the
plasma. This electric potential difference is referred
to as the "sheaa:t a potential" 100081 From the
foregoing discussion, one may also see that the in the
instance of a plasma over the substrate bolder, the
sheath potential is given by the plasma potential a
ainus  the chamber bias voltage  ``.}vssntn.r is iii
_' Vp - Vol1:trimtskr E?ias , in the instance of a
plasma over a  wall surface the sheath potential is
given by the plasma potential minus the wall voltage (
diartstts ,r s}ze.itz N,,r, -- 'r~.3-1.. Note that
since the plasma potential is time dependent we may
then also expect that the sheath. potential will be
time deper-der-t. 



2 WO 2007/121087 PCT/US2007/065890  [00091 The above
discussion only focuses on a fe:w parameters (e.g.
sheath potential)  associated With a typical plasma
process, in general, the quality of the results of
processes  referenced above frequently depend
sensitively on a number of parameters, including for
example the charged species 1.111 Pact energ , which
tends to correspond to the sheath potential  since the
charged species gain ener primarily while trarrsitin
the sheath above the  substrate. However, a direct
easurement of the sheath potential is often
impractical. [((()101 Another example parameter that
may also impact the, process result is the rate  at
which ionized gas species are delivered to the
substrate (i.e., ion particle flux), However, a
direct measurement of the ion particle flux tends to
be difficult to implement. Ofteritimes, in  the
absence of absolute measurable values cif these and
other parameters, changes in these other parameters
may be yield valuable. information that may also be
employed to control  and the plasma process,
Accordingly, even if absolute measurements are not
possible, a detection  of relative chan-es .in the
values of these and other parameters is still
desirable. [00.111 In vie-v of the foregoing, the
invention presented herein discloser. various
theoretical bases and proposes various techniques for
indirectly ascertaining the absolute  values of and/or
for detecting relative changes in certain l
ararireters associated with the  plasma process. The
invention further discloses the use of the
measurements and:'or  detection results in controlling
various aspects of the plasma process. SUM MARY OF THE
INVENTION [0012.1 The invention. relates, in an
embodiment, to a method for controlling a  substrate
processing process, the substrate processing process
being configured to process a  substrate using plasma
in a substrate processing chamber. The method includes
providing a  PIF (planar ion. flux) measurement
arrangement, the P1F measurement arrangement including
at least a PIF probe that .as a surface exposed to a
plasma sheath of the plasma while, the  substrate is
processed by the plasma. The method also includes
alternately creating a  charging phase and a quiescent
phase for the PIF arrangement using an energy source
that is  configured to provide energy to the plasma
via the Pll-.probe. The method ardditiorr.al y'
includes ascertaining a time tPiisF1,;?1 the time ti>;
ti,,12 representing a time during the charging phase
of the PIF measurement arrangement wherein a first
potential difference across the  



plas..ma sheath equals the plasma potential of the
plasma The method f other includes ascertaining a.
time trzc,ixti:3,:, the time tEQiitito representing a
tii-ne during the charging phase of the  3 WO
2007/121087 PCT/US2007/065890  PIF measurement
arrangement wherein a second potential difference
across the plasma  sheath equals a floating potential,
the floating potential representing a value of a
potential  difference across the plasma sheath during
the charging phase when no current flows through  the
P[F probe. The floating potential at time t,,ittE? is
achieved while IMF is applied to the PIF  probe.
Furthermore, the method includes generating a control
signal. to create at least one of  an alarm and a
transition in the substrate processing process if a
time difference between the  time and the time
tJn~ittt:u meets a predefined condition. 1001.31 In
another embodiment, the invention relates to a method
for controlling a,  substrate processing process, the
substrate processing process being configured to
process a  substrate lasing plasma in a substrate
processing chamber. The method includes providing a
PIF (planar ion flux) meascr.rement r~rran erec t, the
P:(:F measurement arranger ent including  at least a
PIF probe that has a surface exposed to a plasma
sheath of the plasma while the  substrate is processed
by the plasma.. The method also includes alternate k.,
creating a  charging phase and a quiescent phase for
the P.I:F arrangement using in energy source that is
configured to provide energy to the plasma via the PIF
probe. The r aethod additionally  includes
ascertaining a time tr>"ie7E' the time representing, a
time during tit charging  phase of the PIF measurement
arrangement wherein a first potential difference
across the  plasma sheath equals to the plasma
potential of the plasma.. The method further includes
ascertarining a probe bias voltage at the ti rile
taoiiit2, the probe bias voltage at the time tpoi,,Q,
representing a potential difference be"veen the
surface of the PIF probe and ground at the at  the
time The method also includes generating a control
signal to create at least one of  an alarm and a,
transition in the substrate pr ocessirng process if
the probe bias voltage at the  time meets a predefined
condition. [0014 In yet another embodiment,, the
invention relates to a method for controlling a
substrate processing process, the substrate processing
process being configured to process a  substrate using
plasma. in a substrate processing charvaber- The
method includes providing a  PT.:F (planar ion flux)
measurement arrangement, the PIF measurement
arrangement including  at least a PIF probe that has
a. surface exposed to a plasma sheath of the plasma
while the  



substrate is processed by the plasma. The method
additionally includes alternately creating a
charging? phase and a. quiescent phase for the PI.F
arrangement using an en r v source that is  configured
to provide energy to the plasma via the PIF p -obe.
The method further includes 4 WO 2007/121087
PCT/US2007/065890  ascertaining a time tt,e,ia'rt-,
the time tr9srepresenting a time during the charging
phase of the  PNF measurement arrangement wherein a
first potential dfierence across the plasma sheath
equals to a plasma potential of the plasma. The method
also includes ascertaining a probe  bias volta e the
time $.;i,tQ, thprobe bias voltage at the time t,, ? r
resen$1lg a second  potential difference between the
surface of the T.':IF probe and ground at the at the
time tpoir-3i2- The method also includes ascertaining
a ti e the time representing a time  during the
charging phase of the PIF measurement arrangement
wherein a second potential  difference across the
plasma sheath equals a floating potential in the
presence of an applied  RF signal to the probe, the
floating potential representing a value of a third
potential  difference across the plasma sheath during
the charging phase when no current flows through  the
PIF probe. The method further includes ascertaining a.
probe bias voltage at the time the probe bias voltage
at the time $, ~~ZE r, representing a fourth potential
difference  between. the surface of the PIP probe and
the ground in the at the time tat,::,c:,{, . This
fourth  point represents conditions at the moment of
removal of the applied RF to the probe surface.  I'lie
method also includes ascertaining a difference between
the probe bias voltage at the time  tr,oin12 and the
probe bias voltage at the time tp,,;,zf.~h. Still
further, the method includes  generating a control
signal to create at least one of an alarm and a
transition :in the substrate  processing process if
the difference between tb difference between the probe
bias voltage at  the time and the probe bias voltage
at the time t,,,;,#;rr, meets a predefined condition.
100151 in another embodiment, the invention relates to
a method fig- controlling a  substrate processing
process, the substrate processing process being
con-figured gured to process a  substrate using
plasma, in a substrate processing chamber. The method
includes providing a  Pl_F (planar ion flux)
measurement arrangement, the PIP measurement
arrangement including  at least a PIP probe that has a
surface exposed to a plasma sheath of the plasma while
the  substrate is processed by the plasma. The method
further includes alternately creating a  charging
phase and a quiescent. phase for the PIP a.rra.ngement
using an energy source that. is  configured to provide
energy to the plasma via the PIF probe. The method
additionally  



includes ascertaining a time t jFjj,, the nne $E,aattw
represent in g a time during the charging  phase of
the PIP measurement arrangement wherein a first
potential difference across the  plasma sheath equals
to a plasma potential of the plasma. The method also
includes  ascertaining a probe bias voltage at the
time the probe bias voltage at the time  representing
a second potential difference between the surface of
the PIP probe and ground at WO 2007/121087
PCT/US2007/065890  the at the time tr,v"jr?. Still
further, the method includes ascertaining a time the
time _ the charging phase of the PIF measurement
arrangement  tr,,,,,,F" representing a time durin
wherein a second potential difference across the
plasma sheath equals a floating potential, the
floating potential representing a. value of a third
potential difference across the plasma sheath  during
the charging phase when no current flow-, through the
FIF probe. 'T'he method also  includes ascertaining a
probe bias voltage at the time tfncit,, the probe bias
voltage at the time  tpointt:2Fs representing a fourth
potential difference between the surface of the PIF
probe and the  ground at the at the time, tr,,,3zr l~.
The method further includes ascertaining a difference
between the probe bias voltage at the time tp, )'2 and
the probe bias voltage at the time trhaxxrr; 3,.  The
method includes ascertaining an electron temperature
of the plasma using the difference  be"veen the probe
bias voltage at the time and. the probe bias voltage
at the time tpoint-I  and a effective ion mass valee.
The method .fitrtl er includes generating a control
signal. to  create at least one of an alarm and a
transition in the substrate processing process if the
electron temperature meets a predefined condition.
[0016[ `These and other features of the present in
sention will be described in more  detail below in the
detailed description of the invention and in
conjunction with the following  f: gures. BRIEF
I):IHSCRIPTION' 01I THE DRAWINGS [0017 The present
invention is illustrated byway of example, and not by
way  f  limitation, in the figures of the accompanying
drawings and in which like reference numerals  refer
to similar elements and in which: 100181 big. I
illustrates simplified diagram of a R.lF probe.
[00.1.9) Fig. 2 illustrates a simplified diagran-i of
a 1'IF probe measurement  arrangement, according to an
embodiment of the invention. [00201 Fig. 3 illustrates
a representative voltage-current relationship (I-V
curve)  



experienced by the PIE systein. 100211 Fig. 4 provides
a representative example of current data collected by
the  current sensor. 100221 Fig. 5 plots the same data
as presented in Fig. 4 but as a derivative respect to
time, according to an embodiment of the invention. 6
WO 2007/121087 PCT/US2007/065890  [0023_[ Fig. 6 plots
an example probe bias voltage (Vhh) as a function of
time for the  same conditions used to obtain the
example data plotted in Figs. 4 and 5, DETAILED
DESCRIPTION O I'HE PREFERRED EMBODIMENTS 100241 The
present invention will now be described in detail with
reference to a few  preferred embodiments thereof as
illustrated 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, It will be
apparent., l owwever-, 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, physical effects
andior structures have not been.  described in detail
in order to not unnecessarily obscure the present
invention. [00251 It. is recognized by the inventor
herein that the process result depends upon the  rate
at which. ionized gas species are delivered to the
substrate (i.e., ion particle flux). As  discussed
earlier, results of said processes are also commonly
known to depend sensitively L pon the energy delivered
to the substrate su:rt-ace by ionized gas species
impact. The  particular case of an ion limited etch
process (a very common occurrence in etch processing
provides one such example in that changes in. ion
energy in this case are well known to  closely
correlate with etch rate and the geometry of the
etched profile cross section. The well  known
sensitivity of an etch process to charged species
impact energy r rotivates a desire to  detect and
monitor signals which can serve as indicators of
charged species impact energy.  [0026.1 Additional
benefit is gained if ma easurement of'ionized gas
species arrival  rate can be implemented simultaneous
with the nionitoring of a.i indicator of charged
species  impact energy. Since substrate charged
species impact energy is primarily acquired by  during
transit of the sheath above the substrate, there tends
to be a direct correspondence  between charged species
impact energy and the substrate sheath potential.
[00271 Unfortunately, direct measurement of sheath
potential is usually not practical.  



However, as previously noted, the substrate sheath
potential can be derived from the  difference between
the plasma potential and the chamber bias potential
(Le., V ,t,k,tr,W,; r,6  \?c}aamberh a). The chamber
bias potential is a. readily measurable quantity. In
instances where  the chamber bias potential is known
to be of fixed value, detection of changes in plasma
potential can serve as a good indicator of changes in
charged species impact energy. 7 WO 2007/121087
PCT/US2007/065890  Measurement of plasma potential by
use in the prior art has typically been very difficult
and  impractical for many industrially relevant
applications. A new and more industrially usef tl
method for a relative measurement of plasma potential
would therefore be desirable. 100281 In actual
practice, the energy delivered by each ion impacting
the substrate  surface spans a range of values. The
time average of the number of particles impacting the
substrate with a. Rivera energy is defined to be the
Ion Energy Distribution Function (IEDF).  The
distribution of these energies (the IFDF) is a
consequence of the time variation of the  sheath
potential In most circumstances of practical interest,
it is not necessary to know the  complete details of
the IJED . Rather, it is often sufficient to know the
mean ion energy that  one could have derived from
knowledge of the IEDF, As may be expected from the
discussion above, changes in n can ion energy can be
inferred .from changes in the mean  value of the
difference between the plasma potential and the
chamber bias potential {i.e., VSf3 aEtt :: 'r-
?crtsnxr} 1+s3<< In instances where the chamber b as
is invaria:nt,, one can also infer  such changes from
changes in the plasma potential only. [0029[ In n zany
applications of industrial importance, it is only the
detection of  deviations from nominal conditions that
is of interest. Thus in the case of an ion energy
measurement, it is often sufficient to have a means by
which shifts in mean energy can be  detected. 't'his
can be i.m.plemented by any relative indicator of mean
ion energy in lieu of an  absolute t mean ion energy
measurement. For example, if relative c ange- in
sheath potential  could be detected, this can be used
as a. r weans to infer changes ion energ}. If the
chamber  bias voltage is either measured or known to
be invariant, the monitoring of an indicator of
plasma potential change could also meet this
objective. [00301 Applications of industrial
importance also occur in which the linkage between
the detected changes in plasma. potential and charged
species impact energy does not have to  be
established. Such applications are. called 'chamber
fingerprinting" and are implemented  



by recording relative changes in a variety of chamber
parameters to establish the "fingerpri.nt" of the
chamber for a given process. When subsequent processes
are run, a  finfgerprint outside of that which has
been established as nominal often suggests a fault
condition. In this circumstance, detection of changes
in plasma potential can serve as input  for chamber
fingerprinting with no further effort needed to link
such changes to physical  behavior occurring within
the chamber. 8 WO 2007/121087 PCT/US2007/065890
[00311 Since many etch process are also well known to
be sensitive to changes in ion  flux as well as ion
energy, it is adva:nta eous to have a r .ethod which
may simultaneously  monitor the ion flux and monitor
an indicator of change in the mean energy delivered to
the  substrate As noted above, detection of changes in
plasma potential is a desirable indicator  of changes
in the rrmean energy delivered to the substrate
Furthermore, it is also  advantageous for the method
to sam.ple said quantities :frequently over the course
of the etch.  process, In particular sampling of ion
flux and plasma potential (either relative or
absolute)  at intervals of less than 100 n is is
desirable. Additionally, it is also advantageous to
have a  means (i.e., an arrangement or a technique) by
which ion flux. and. ion energy could be t tonitored
at a. plurality of sites over the substrate
Accordingly, methods and apparatus for  simultaneously
detecting; local changes in plasma potential and ion
flux in a plasma  processing chamber at sampling
frequencies of industrial interest are desirable.
100321 While not wishing to be bound by theory, it is
believed by the inventor herein  that the derivative
k:vitli respect to time of the .measured change in the
current passing across  the plasma sheath as of an
electric probing sy=ste n biased by an RF pulse may be
analyzed by  the methods disclosed herein to obtain a
relative determination of changes in plasma potential.
Further, if suitable measurements of the sheath
floating voltage or the RF chamber  bias voltage and
applied chamber RF voltage are available, well known
calibration  techniques can be used to achieve an
absolute measurement. 100331 i arng well known.
relationships between mean ion energy, plasma
potential  and chamber bias voltage it is also
possible to infer changes in the mean ion energy.
However in most applications of industrial importance,
a relative indication of plasnia  potential is
sufcient. That is, the measurement does not have to
give a fixed, specific value;  but can be calculated
in comparison to a reference -value. For example, if a
plasma. potential  



measurement is taken relative to a reference and then
another plasma potential measurement  is taken
relative to the same reference at a. later instant in
time, the difference between both  measurements
represents the change in the plasma potential and does
not depend on  knowledge of the reference used.
Changes in plasma potential can, in turn, be used to
infer  changes in the mean iota enter yr if the
chamber bias voltage is known to be invariant or if
its  change has also been measured. 9 WO 2007/121087
PCT/US2007/065890  [00341 in an embodiment, ion flux
and plasma potential shift are ascertained from an
analysis of the measured collected current and the
probe Was voltage from a planar ion flux  (PIE)
probing apparatus. A PIE apparatus is commonly
implemented using a current collection surface (fili
probe) that, does not extended beyond a plasma chamber
wall into the  plasma chamber itself. That is, the
111E probe may be substantially coplanar with. the
plasma  chamber surface or, alternatively, may be
recessed into a plasma chamber wall. The PIE  probe is
a member of a class of plasma probing methods
collectively known as "Lanrrauir  Probes". This "PIF
probe" method is described in father detail in a prior
patent included  herein by reference (US patent
5.,936,41-1). However, the highlights of PIF probe
operation  are not germane to the present invention.
100351 Referring now to Fig. 1, a simplified diagram
of a. P[ probe is shown  according to an embodiment of
the inv=ention. In general, the probe is comprised of
a current  collection structure, a conductive path,
and an electrically insulating barrier which separates
the collection disk and conduction path from the
region in which it is embedded. The region  in which
the current collection. structure is embedded is
typically comprised by the chamber  wall or the Epp
grounded counter electrode. However there is nothing
fundamental to the  method which would prevent
embedding the current collection structure into the
substrate  surface. [0036 The current collection
structure 102 faces the plasma and is generally
constructed of a conductive surface area 10' that is
coplanar or recessed with respect to a.  plasma
chamber surface. In an embodiment, current collection
structure 102 is circular in  area and comprised of
doped silicon with a met el ized surface to which a
wire :may be  attached. Current collection structure
102 is further coupled to conductive path 106 which,
in  turn, is corn monly connected to power/sensing
electronics [not shown] that may measure the  



arc lta%e and current characteristics of the ion flux
probe with respect to chamber _..round as  slow
transient currents and voltages which charge and
discharge the c par for rrr: (206).  [00371 Isolating
current collection structure 102 and conductive path
106 from the  plasma chamber [not shown] is an
electrically insulating barrier 104. In an embodiment
the  electrically insulating barrier "104 comprises a
dielectric, such as quartz. in an embodimen ,
electrical insulation barrier 104 is comprised of an
electrically insulating ceramic such as  aluminum
nitride, aluminum oxide, etc. In an enlbodirrrent.,
electrical insulation barrier 104  10 WO 2007/121087
PCT/US2007/065890  is comprised by an air (,acuuna )
gap which is small enough to prevent plasma forming
within  the gap, but large enough to prevent arcing
bete een conductive path 106 and plasma  chamber [not
shown]. 100381 Referring now to Fig. 2, a simplified
diagram of at PIF probe measurement  apparatus is
shown, according to an embodiment of the invention, In
general, PIF probe 208  faces plasma sheath 213 and
plasma. 110. and is generally constructed of a
conductive surface  area that is coplanar with or
recessed with respect to plasma chamber surface, .212
as  mentioned. In an embodiment, a pulsed probe :RI'
source (an RF burst source) 202 is  connected between
chamber ground and the terminal of a DC blocking
capacitor C1,112206.  This blocking capacitor should
be distinguished from and not confused with the
blocking  capacitor previously r tentioned through
which the chamber RF is applied (not shown in.Fi4g.
2). The DC blocking capacitor Cprr. 206 is then in
turn connected to the PIF probe 208,  which faces
plasma sheath 213 and plasma 110. In general, Cpfr.
206 is configured as two  metallic plates separated
and insulated from each other by a dielectric
material. [00391 A plasma sheath (probe sheath) 213
exists between the plasma 110 and the  surface of the
probe. In general, a plasma. sheath will conduct a
current in response to a  voltage impressed across it.
A v=oltage, impressed across a plasma sheath is
referred to as the  sheath voltage (V,r,C;;ji ). The
specific instance ofar voltage impressed across the
plasma  sheath 213 is referred to as the probe sheath
voltage (V' (.An 3rEt3. i most instances of
practical. significance, the entirety of plasma 110 r
aay be regarded as being equipotential.  This
equipotential, when measured with respect to chamber
ground is then referred to as the  pla.snia potential
If it were possible to vary the sheath voltage across
a given  sheath, the conduction current which is then
caused to flow through the sheath will vary in  



accordance with a well known voltage-current
relationship ( i-V cu~e). A representative  example of
such a voltage-cur-r-ent relationship (I-V curve) is
diagramed in Fig. 3. 10 401 Fig. 2 shows that a means
is also provided to measure the current collected by
surface 103 in the form of current sensor 204. Asa.
matter of analysis convenience, current  sensor 204 is
commonly designed to respond only to signals ranging
from DC up through the  audio rangge oft'requencies.
Signals in the RI^ ranges of frequencies (t )r
example, above 500  KHz) are ty,pic ally rejected.
Note that application of Kirchoff s current law shows
that current sensor 204 also measures the current
through plasma sheath 213.  11 WO 2007/121087
PCT/US2007/065890  [0041: Fig. 4 provides a
representative example of data collected by current
sensor  204. This example data was collected using a
.La.m Research 2300 FxelanTM etch system  configured
for etching a _300mm substrate. The plasma was
sustained by 27 M z charriber  RF at a chamber
temperature and substrate temperature of 20'C'. Other
operating parameters  are detailed in Table l below,
Chamber Pressure-, about 60 to 70 mTo:rr  27 MHz Por
er .Ra IRPe: about 1700 to 2300W  Argon Flow Rate-
about 200 to 300 sccm C4Ft Floe Rate about I.5 sccn to
apout 2Q sccrn  about 0 to 5 about seem: Ta  ble 1
[00421 As a matter of analysis convenience, it is
common practice to divide the  collected current by
the area of the collection surface 103) to obtain a
determination of the  current density (current per
unit area) collected by current sensor 204. Following
this  common practice, Fig. 4 plots an example
collected current density in units of mA/cm' as a
unction of time, [00431 Fig. 5 plots the same data as
presented in Fig, 4 but as a derivative with  respect
to time, Since current sensor 204 is designed to
respond only to an audio range of  frequencies, Figgs.
4 and 5 do not show: current variations caused by the
full RF waveform  during the RF burst interval (the
interval between points I and :3 of:Figs. 4 and 5) for
which  the RF is applied. Effectively, what is shown
in Figs. 4 and 5 is the current obtained as a  



time average over an RF cycle at each point. 100441
Returning to Fib:. 2, it is seen that there is also
provided a high impedance  voltage sensor (210). As a
matter of analysis convenience only, this high
impedance voltage  sensor (210) is commonly designed
to respond only to signals ranging from DC up through
12 WO 2007/121087 PCT/US2007/065890  the audio range
of frequencies. Signals in the RE range of frequencies
((-"r example, above  500 KHz) are typically rejected.
High impedance voltage sensor (210) provides a measure
of the voltage of the collection surface 103 with
respect to chamber ground, This voltage is  defined to
be the probe bias voltage (`) The probe bias voltage (
s) should be carefully  distin uished. from the probe
sheath potential (V# ,,b.,,r. i:ndicated in Fig_ '.3,
which is  defined to be the voltage across the plasma
sheath 213' 100451 i i. 6 plots an example probe bias
voltage (V,) as a function oftime-for the,  same
conditions used to obtain the example data plotted in
f=igs. 4 and 5. Since voltage  sensor 210 is designed
to respond only to an audio range of frequencres,1-ig.
6 does not show  voltage variations due to the full
Rh' waveform during the Rh burst interval (the
interval  between points 1 and 3 of Fig. 6) for which
the RF :is applied. Effectively, what is shown is
voltage obtained as a time average over an RF cycle at
each point, From the discussion  above, one ..Wray
also note that the probe bias volage is related to the
probe sheath voltage  ('r,oE,, and the plasma
potential by use of the expression 'V3., t. [0046_[
The pulsed probe RE source 202 delivers an interval of
typically single  frequency RF of fixed amplitude (the
RF burst interval) followed. by an interval during
which  the probe .E source 202 is turned off (the
quiescent interval). For the example embodiment.  used
to obtain the data presented in Figs 4, 5, 6, the
frequency was fixed at 11.5 NA'l-1z during  the RE
burst intervals for which the RF was turned on. In
this instance, now given only by  way of example.,
theRF burst interval was fixed at 25 r rilliseco:nds
and the quiescent  interval, during which the .Rh was
ofl, was fixed at 30 milliseconds, The quiescent
internal is  commonly chosen to be long enough for the
system to establish an equilibrium configuration  of
electric charge. This equilibrium distribution of
charge will be such that there is no fret  flow of
conduction current through the system. 100471 The
details of the charge distribution are determined by
the details of the  chamber design and the method by
which the chamber RF voltage is applied. When the  



system has achieved this equilibrium condition and no
conduction current flows and the  voltage across the
plasma sheath 213 (the sheath voltage) is said to be
at the "floating  potential" (V1). This quantity is
noted by way cafillustration. as point 3a,5 in Fig.
[0048[ in actual practice, direct measurement of the
voltage across the plasma. sheath  at any point in the
chamber (including the probe) is very difficult and
rarely done. hi the 1.3 WO 2007/121087
PCT/US2007/065890  case of the example data. set
discussed above and used to obtain Figs. 4,5,6, the
voltage  across the sheath was not measured and thus
the actual value of floating potential Vj> was not
available. However, inspection of Fig. 4 shows that
zero current flows at points 0,3a and 5,  Since the
floating potential is defined to be the voltage across
the plasma :s}heath at whicl  there is no cur rent
flow, points 0,3a and S of Fig. 4 therefore represents
conditions at which.  the probe sheath voltage has
achieved the floating potential. Note carefully also
that these  same points are also shown in Fig, 6 as
points 0, 3 and 5, 100491 This fact underscores the
point that the sheath floating potential can occur at
more that one non-zero probe bias voltages (V,,,).
I)uiing the quiescent interval, the prcrlbe  sheath
achieves floating potential at point 0 in Fig, 6
corresponding to a probe bias voltage of  about I
volt. During the interval when the R:( is applied for
the example given, the. sheath  achieves floating
potential at point 3 in Fig. 6 corresponding to a
probe bias voltage of -67,5  volts. [00501 The shift
in the probe bi as voltage required to achieve the
sheath floating.  potential during the application of
the burst RF may be understood as follows. The
application of the RF burst results in an RF voltage
V{;;,f}RF appearing across the sheath.  .However, as
evidenced by pig. 3, the probe is a non-linear device.
It can be shown that this  nonlinea_rity results in a
IBC shift in the sheath. potential in accord with the
relationship given  below: _ 2 f S/Fi'f1{/3 ~~ z~ A
ksheafhpolepl.tial [31 Equation I  2 T411 [00511
WhercT~, is the electron temperature and Y i thr.i= is
the amplitude of the  voltage oscillation across the
sheath. This voltage shift. moves the ;sheath voltage
away .from  the floating potential. which then causes
conduction current to flow throuh the sheath in  



accordance vvrith fire :l~'' .relitc~ ship of :[fig.
3. This flow of conduction current results in a
charge accumulation on the plates of 'i>.i The
capacitor will continue to acquire a charge  until it
reaches a. potential of opposite sign to the Rp
induced shift in sheath potential given  by the
expression above. Eventually a new equilibrium
conditions is established in which  there is no net
current flow indicating that the plasma. sheath has
been returned to the .floating  potential. In the
specific instance of the example data of Figs. the
system required the  l4 WO 2007/121087
PCT/US2007/065890  capacitor to charge to a value of
-67.5 volts to return the sheath voltage to the
floating  potential. 100521 Consequently the instant
after RF is applied f"rom RF burst source ?02, there
will be a. probe RE vol.tage applied across both
Ct)rr: 206 ,trrd pla m.a 1 1.0. .sit the first
instant.  of burst RF application, C.t>t- 206 is not
charged and exhibits zero DC potential across its
terminals. Furthermore, at the instant of burst RF
application there is a shift in the probe  "heath
potential. 100531 In most implementations, the probe
RF voltage amplitude is sufficiently large  to result
in a probe sheath potential shift of sufficient
magnitude to bias the sheath into the " electron
saturation" region indicated in Fig. 3. Point 1 in
Figs, 3,4,5.6 denotes the instant at  which the probe
RE :is first applied. Thus, upon onset of probe RF
voltage application,  conduction current Will floww to
Clrytt. 206. If the probe sheath potential shifted
sufficient to  achieve entry into the electron
saturation, the magnitude of the charging current will
be  limited to the "electron saturation current".
[00541 The electron saturation current, or Il,
represents a limiting condition  contingent on the
basic parameters of the plasma srtc.h tr.s electro
density and temperature,  'The mechanism and means by
which electron saturation current may be calculated
are generally known to practitioners of the art.
Further detailing of the tmrteehanism Which. linits
the current to the saturation value 1, is not germane
to understanding the invention, [0055 During the
application of probe RE. by convention, electrons are
flowing from  the plasma and toward the .III' probe.
As current flows, C: prr starts become charged, with a
positive charge accumulating on plate 2.14 and a
negative charge accumulating on plate 21.6.  This
charge configuration on Cpjj in turn causes the
magnitude of the current flowing to  charge C:`tar.r;
to decrease. Eventually an equilibrium configuration
is achieved. `('his can be  



understood a.s :r tovement from point I to point 2 and
then eventually to point 3a,5 in Fig. 3.  100561 In
accordance with the general description given above,
the potential across  Cr?rt- decreases from point -1
in pig. 6 until reaching point 3 in Fig. 6 sufficient
to offset the  probe sheath. voltage shift induced by
the applied RE Note that to reach point 3 in fig. 6,
the syster must pass through point 2 M .Hg. 6, which
represents a probe bias voltage which  can be related
to the plasma potential. This significance of this
particular probe bias voltage  .15 WO 2007/121087
PCT/US2007/065890  will be discussed in greater detail
below, Upon reaching the potential noted as point I in
Fig. 6, the current drawn by 'rp.lw becomes negligible
and the probe bias voltage achieves a  value which
results in the probe sheath potential near its
floating potential Vf wherein  the capacitor ceases to
further acquire charge. Note that in this condition,
the capacitor has  charged to a potential necessary to
counterbalance the shift in sheath potential induced
by the  applied RF. This equilibrium state is noted as
point 3a, 5 in F. 6. [00571 However, once R:[t burst
source 202 is turned off, the RI, induced drift in the
sheath voltage is then ren-ioved. At this instant in
time, the probe sheath voltage is  determined by the
potential of ('1311: 206 given as point 3 in l ig. 6.
This is also represented as  a discontinuous jump from
point 3a to 3b in pig.:. The probe sheath voltage, is
driven to a t' it. Kgit,.s Z,  ma iri7um negative
Value by the probe bias voltage and is thee) init all
' equal to The probe sheath voltage achieved is
typically sufficient to bias the sheath into a
condition  known as the ion saturation regime as noted
in Fig 3. [00581 The magnitude of the current flowing
to ground 203 is commonly referred to  as the ion
saturation current, or 1i-vat, and is commonly at the
maximum voltage (Vrzaiii to which the sheath 21$ is
driven by the change in probe bias voltage which
occurs when the  RF is turned oft. I;. ;4a represents
a limiting condition contingent on the basic
parameters of  the plasma such as electron density and
temperature. The mechanis and means by which  electron
saturation current rray be calculated are, generally
known to practitioners of the art,  Further detailing
of the mechanism and calculation of this effect is not
germane to understanding the invention. 100591 As
C'pir 206 begins to dischargge, the probe bias voltage
Vii also begins to  decay resulting :in a decreasing
current drawn from the plasma.. Eventually this
Conduction  



current relaxes to zero. When the conduction current
achieves zero value, the probe sheath  potential will
have achieved the floating potential Vi; wherein there
is no further current  flow. The functional
relationship between the decay current and the probe
bias voltage can  be analyzed to obtain various
parameters characterizing the plasma. For example, the
lineat- portion of the current decay from point 33b to
point 4 can be analyzed to obtain a. measure of  the
ion flux incident upon the current collection surface.
100601 Additionally, the non-linear current decay from
point 4 to point 5 may be  analyzed to obtain an
estimate ofplasrcma. electron ten-iperature. The
nethod by which such  It, WO 2007/121087
PCT/US2007/065890  analyses are implemented is a well
documented aspect of Langmuir probe prior art and is
well known. to practitioners of this art, 100611
Recall that during the I :E burst interval, the PI1<
system will charge until point  3 in Figs. 3,4.5, is
reached. The inventor has observed that to reach point
3 in Figs. 3,4,5, ,  the system must pass through
point 2 in Figs. 3,4,5,6. As seen in Fig, =1, point 2
represents a  sheath voltage (Vi,) at which there is
the onset of enhanced curvature (a "knee") in the plot
of  tig. 3. 10 621 At this unique point, there occurs
the circumstance in which the sheath  potential
becomes equivalent to the plasma potential. As the
system passes through point 2  of Fig. 3. the "knee"
also causes a disturbance in the curvature (slope) of
the current as a  function of probe volta4ge. This
disturbance is plotted as point 2 in Fig. 4. The exact
value  of the probe voltage at which this occurs and
the details of the shape of this disturbance are a
result of a very complicated averaging effect of the
interaction of the fill time dependent  behavior of
the sheath voltage and the plasma. potential. The
details of this averaging elect  are not germane to
the invention, [00631 In accordance with an aspect of
the present invention., this disturbance, plotted  as
point 2 Fig. 4, may be further amplified by taking the
derivative of the current signal with  respect to
time. This amplification results in a signal with a
high signal-to-noise ratio, enabling, applications
such as automatic process control, end-pointing,
system fault detection,  etc. 10064 An example is
given in Fig. 5 which plots the time derivative 4.
Fig. 5  exhibits at easily distinguishable peak,
labeled as point 2, which corresponds to the  



disturbance in the curvature noted as point 2 in Fig
4. Note that this point 2 occurs during  the burst
phase of the RF, i.e., the charging phase of the PIF
system, and generally occurs  between the time the :l
.F is turned on (point 1) and the time during which
the plasma sheath  potential equals the floating
potential (point 3), The probe bias voltage at which
this occurs  is found by consulting Fig. 6 at which it
is seen that the voltage of point 2 of Fig. 4
corresponds to the same instant in time as point '_2
of Figs. 5, 6. 17 WO 2007/121087 PCT/US2007/065890
[00651 Thus it is believed by the inventor that a
method is achieved by which a  relative measure of
plasma potential may be made. The method, in summary;
is that of the  following. 100661 Find the point at
which there is a break in the curvature of the probe
current  during the burst RF phase. This is best done
by differentiating the probe current with respect  to
time and searching for the resulting peak in the
derivative of the current occurring during  the
application of burst.RE. 100671 Note the time at which
the break in current curvature (as prescribed above)
occurs (the break corresponds to, for example, the
peak found in the current derivative plot).  [00681
Inspect the probe voltage as a function of time to
determine the probe voltage  as determined by stop 2.
We now define this voltage to be Vprase n rte,, .Aia -
~ rr [0069[ The inventor believes that the probe bias
voltage found by the procedure  above is a. relative
measure of plasma potential. If the details of the
sheath voltage can also  be ascertained for this value
of probe bias voltage the method can their be made
absolute.  Recall. that r.fter application of -. F
bias the system will acquire ar probe bias voltage
~t,.,t,:t  (point :3 in Fig. 6) at which value the
sheath is found to be at the floating potential. [00
701 While not wishing to be bound by theory, the
inventor also believes that the  difference between
~rprxstst s pow;ztiar -and VE,-ei's2, also represents
a measure of the difference  between the sheath
floating poterntial atracf tyre plasma a potential,
This observatioll  advantageously has diagnostic value
since the well established Langtatu.ir probe theory
asserts  the following relationship for the difference
between the sheath floating voltage and plasma.
potentia=l when both are measured with respect to the
sarne reference. This relationship is  shown in
Equation 2 (Braithwaite, et al. J. Phys. D: Appl.
Phys. 30 (2003) 25;17-2844)  below: 



l" lT lra : r trrt., cl  e l\2:n r kit 100711 In l;
qua.tion 2 above, M is the mass of the positive ion
species or an appropriate effective mass in the
.instance of multiple ion species , T is electron
temperature and m is the electron mass. Since the PIF
method can also be utilized to obtain a  measurement
of Te, it is seen that Mi can be inferred.f -om
difference between the sheath  19 WO 2007/121087
PCT/US2007/065890  floating voltage and plasma
potential. This difference is, in turn, determinable
from the  method of the invention discussed above.
100721 There are many possible applications of
embodiments of the invention herein,  particularly for
controlling a substrate processing process that
erviploys plasma in a plasma  processing chamber. The
controlling may be performed as part of automatic
process control,  end-pointing, maintenance
n-monitoring, system fault detection, etc, to monitor,
to generate an  alarm, or to affect a. transition in
the process. The transition may i elude, for example,
initiating an endpoint handling procedure if an
endpoint condition is detected. As another  example,
the transition m aay include initiating a fault
handling procedure if a fault condition  is detected,
As another example, the transition mays include
starting a new sub-step of the  plasma process These
transitions may be performed .if. for esarrmple, a
valtic detected using  embodiments of the invention
fall within a predefined window, is equal to, or falls
be] w, or  exceeds some predefined value. [0073[ For
example, variations in the time difference between
time tr,c,ij;r (C' g.' point  2 in Figs. 4 and 5)
where the break ire the burst RF phase probe current
curvature occurs and  time lpoint,' (e. g., point"' a.
Figs. 4 and 5) where the probe sheath voltage achieves
the floating  potential during the burst RE phase may
be employed as a proxy for changes in the plasma  ion
energy. As discussed, this break may be detected more
reliably by techniques such as  taking the time
derivative, as seen in Fig. 5. This time difference
may be compared against a  predefined window or a
predefia:n.ed value to ascertain, for example, if the
ion ener<g an acceptable operating condition, if an
endpoint of a process step has been reached, if a
process fault condition has occurred, etc. 100741
Analogously, variations in the magnitude of the probe
voltage corresponding  to the burst RF phase probe
current break point (which probe voltage is obtained
by  correlating time t,; that the aforementioned break
occurs in the burst RF please of the probe  



current curvature with a similar time t, in the probe
voltage curvature) relative to sonic  reference
voltage may also be employed as a proxy for changes in
the plasma ton energy,  The magnitude of the probe
voltage corresponding to the burst :Rl~ phase probe
current break  point may be compared against a
predefined window or a predefined value to ascertain,
for I WO 2007/121087 PCT/US2007/065890  example, if
the ion energy reflects an acceptable operating
condition, if an endpoint of a  process step has been
reached, if a process fault condition has occurred,
etc. 100751 As another application of embodiments of
the invention, the ascertained  difference between
VpiasFSF s rx iaF tiai - and V E,-,,,, over time may
be employed to detect  changes in the plasma the
aristry. The detection of changes in the plasma
chemistry may then  be employed for applications such
as end-pointing (such as determining when a given
layer is  etched through), automatic process, control,
trtalntenance 7tonitoring, and/or s ystem fault
detection, As discussed earlier, the difference bet
wweera _}a m.Ftiai ~i ~rt,.ryl' pi h and t-FSaa
represents a measure of the difference between the
sheath floating potential and the plasma  potential.
In turn, the difference between the sheath floating
potential and the plasma  potential relates to the
effective ion mass III. by Equation 2. In other words,
a change in the  effective ion mass M affects the
value of ri~i:iwsF,s t>ut.:t~iesr --rrr.?rt: a ad By
monitorng the  difference of 'r 1,~s[tta~r:t tftsat..
pe;.=1'~ and 'L`r~_ttYa, over time, changes in the
effective ion mass can be ascertained for use in the
aforementioned applications. [0076[ In an embodiment,
if the effective ion mass M is independently
ascertained,  changes in the electron temperature Te
may be derived using Equation 2 and the difference
bet een the sheath floating potential and the plasma
potential (which, as mentioned, relates  to the
difference between ' ``i,ga tf, g?;.=t .FaisaE -
t=rolx and Sri, 1Y~,~t j. As such, embodiments of the
invention provide a technique for detecting changes in
the electron tempera.tur-e (Te), which  is an
important parameter to monitor in many processes.
100771 Other applications are also possible. For
example, one or more of the  parameters discussed
above (e.g., ion energy, e l1 ctive ion mass, electron
temperature; etc)  derived from the relative plasma
potential (which plasma potential relates to the probe
voltage as discussed) may be employed to monitor the
chamber condition as part of an on oita.g
raaaintenaanc,e program. Alternatively or
additionally, the burst RE phase probe  current and/or
the burst Rh phase probe voltage may employed to
monitor the chamber  



condition as part of an ongoing maintenance program.
Such monitoring may provide  information to the
operator of the plasma processing system of the
current state of the plasma.  chamber and"'or parts as
well as possible upcoming maintenance tasks that may
need to be  performed. 20 WO 2007/121087
PCT/US2007/065890  [00781 While this invention has
been described in terns of several preferred
embodiments, there are alterations, permutations, and.
equivalents which fall lthin the scope  of this
inventiorn. For example, while Fig. 2 discloses an
arrangement that may be employed  for ascertaining the
relative plasma potential in accordance withi
embodiments of the  invention, other arranger-rents
are also possible. For example, it is possible to
employ a  variable voltage source to bias surface 103.
This variable voltage source m ray supply a  variety
of time dependent waveforms (e.g., square, triangular,
sinusoidal, etc.) that could be  used to effect a
transition from point 1 to point 0, 3a, and 5 of Fig.
3 Analogously, suitable  arrangements of passive
and/or active. components may, also be used to apply a
bias voltage  to surface 10'.. As another example,
although the etch application is employe for
illustrating the invention, other applications (e.g.;
different types of plasma deposition) may  also
benefit from the invention. It should therefore be
noted that there are, many alternative  ways of
implementing the methods of the present invention .
[00791 Having disclosed example embodiments and the
best mode, modifications and  variations may be made
to the disclosed embodiments while remaining within
the subject and  spirit of the invention as defined by
the following claims. 21 WO 2007/121087
PCT/US2007/065890  CLAIMS  What is claimed is 1, A.
method for controlling a substrate processing process,
said substrate processing  process being configured to
process a substrate using plasma in a substrate
processing  chamber., conip.rising: providing a PIF
(planar ion flux) measurement arrangement, said PIE
measurement  arrangement including at least a PIF
probe that has a surface exposed to a plasma sheath o
.f  



said plasma while said substrate is processed by said
plasma"  alternately creating a charging phase and a
quiescent phase for said PIF arrangement using an
energy source that is configured to provide energy- to
said plasma via said PIF  probe, ascertaining a time
tpoittt`, said time tpoiat2 representing a time during
said charging  phase of said PIF measurement
arrangement wherein a first potential difference
across said  plasma sheath equals to a plasma
potential of said plasma; ascertaining a time
tpitnf:u, said time tj,trs~:L3a representing a time
during said charging  phase of said i'IF measurement
arrangement wherein a second potential difference
across  said plasma sheath equals a. floating
potential, said floating potential representing a
value of a  potential difference across said plasma
sheath duin4g said charging phase when no current
flows through said PIF probe; and generating a control
signal to create at least one of an alarm and a
transition in said substrate processing process if a
time difference between said time and said time tpo"
f,za  meets a predefined condition 2.. The method of
claim I wherein said time tr,ws LT is determined by
analyzing at least a  time derivative of a current
that flows through said RI probe during said charging
phase,  said time ti:o,,,t2 being ascertained by
detecting a peak i.t said time derivative of said
current  that flows through said PI.[ probe; said peak
occurs between a time when said charging phase  begins
and said time t=?esrrtT;>.r 1, The method of claim 1
wherein said energy source represents a burst RF
source.  4. Tie .method of claim I wherein said energy
source represents a variable voltage  source. 22 WO
2007/121087 PCT/US2007/065890  5, The met od of claim
3 wherein said variable voltage source is configured
to generate  time-dependent waveforms, 6. The method
of claim I wherein said predefined condition is met if
said time  difference is within a predefined window of
value. 7. The method of claim 1 wherein. said
predefined condition. is met if said time  difference
is equal to or exceeds a predefined value . The method
of claim I wherein said predefined condition is met if
said time  



difference is equal, to or is below a predefined
value, 9. The method of claim 1 wherein said
transition represents an endpoint handling  procedure.
10. The method of claim 1 wherein said transition
represents a fault condition handling  procedure. 11.
The method of claim. I. wherein said transition
represents starting a different substep  of said
substrate processing process. 12. A. method for
controlling a substrate processing process, said
substrate processing  process being configured to
process a substrate using plasma in a substrate
processing  chamber, cernp:rising providin a PIF
(planar ion flux) measurement arrangement, said PIF
measurement  arrangement including at least a.PIF
probe that has a surface exposed to a plasma sheath of
said plasma while said substrate is processed by said
plasma a.lternately> creating a charging phase and a
quiescent phase for said PIF arrangement  using an
energy source that is configured to provide energy- to
said plasma via said PIFF  probe, ascertaining a time
tr7,,;gf "; said time trw st2 representing a time
during said r hartgintg  phase of said PI_l
measurement arrangement wherein a first potential
difference across said  plasma sheath equals to a
plasma potential of said plasma; ascertaining a probe
bias voltage at said time said probe bias voltage at
said  time tr,;>FF,L.2 representing a potential
difference between said surface of said P:1F probe and
ground at said at said time tr,,,113i~; and generating
a control signal to create at least one oofan alarm
and a transition in said  substrate processing process
if said probe bias voltage at said time meets a
predefined  condition, 23 WO 2007/121087
PCT/US2007/065890  13. The method of claim 12 wherein
said time tiAl, U is determined by analyzing at least
a  time derivative of a. current that flows through
said 1'11 probe during said charging phase.,  said
time ,,,,r being ascertained by detecting a peak in
said time derivative of said current  that flow.--s
through said 1'1.1 probe, said peak occurs between a
time when said charging phase  



begins and a. time tr,;ritt?,, said time
tr9s.representing a, time during said charging phase
of  said P IF measurement arrangement wherein a second
potential dillf rence across said plasma  sheath
equals a. floating potential, said floating potential
representing a value ofa potential  difference across
said plasma sheath during said charging phase when no
current flows  through said 1'IF probe. 14. The i
aethod of claim 12 wherein said eneag source
represents a burst Rp source.  15. The method of claim
12 wherein said energy source represents a variable
voltage  source. 16. The method of claim 14 wherein
said variable voltage source is configured to
generate tinge-dependent waveforms. 17. The method of
claim 12 wherein said predefined condition is met if
said probe bias  voltage at said time tpoirO is within
a. predefined window of value. 18. The method
ofclaaim. 1.2 wherein said predefined condition is met
:if said probe bias  voltage at said time tr,o;ltra is
equal to or exceeds a predefined value. 19. The method
of claim 12 wherein said predefined condition is met
if said probe bias  voltage at said time tr:t,; O is
equal to or is below a predefined value. 20. The
method of claim. 1.2 wherein said transition
represents an endpoint handling  procedure. 21. The
method of claim 12 wherein said transition represents
a .fault condition handling  procedure. 22. The method
of claim. 12 wherein said transition represents
starti.ng a different substep  of said substrate
processing process. 2 a. A. method for controlling a
substrate processing process, said substrate
processing  process beings configured to process a
substrate using plasma in a substrate processing
clamber, corgi prism : providing a. P1F (planar ion
flea.) Measurement arrangement, said 'IF measurement.
arrangement including at least a PIF probe that has a
surface exposed to a plasma sheath o .f  said plasma
while said substrate is processed by said plasma; 24
WO 2007/121087 PCT/US2007/065890  alternately creating
a charging phase and a quiescent phase for said PIP
arrangement 



using an energy source that is configured to provide
energy to said plasma via said PIF  probe,
ascertaining a. time trz,k7{a said time t,;,,zf)
representing a time during said charging phase of
said PIP measurement arranger- ent wherein a first
potential difference across said plasma  sheath equals
to a plasma potential of said plasma; ascertaining a
probe bias voltage at said time tp,iize, said probe
bias voltage at said  time tpoilin representing a
second potential difiere nce bets. seen said surface
of said PIF probe  and ground at said at said time
t1:cus;.2; ascertaining a tim tpoitft.<., said time tp
nt:a representing a. t:me during sad chargiig phase of
said l'IF measurement arrangement wherein a second
potential difference across  said plasma sheath equals
a floating potential., said floating potential
representing a value of a  third potential difference
across said plasma sheath during said changing phase
when no  current flows through said PIP probe, and
ascertaining a probe bias voltage at said time
tp,,ffE,3; said probe bias voltage at said  time tpoi;
O representing a fourth potential difference between
said surface of said RIF probe  and said ground at
said at said time tf, itio, ascertaining a difference
between said probe bias voltage: at said time t,aiezt
and said  probe bias voltage at said time tp;E,ar,
generating a control signal to create at least one of
an alarm and a transition in said  substrate
processing process if said difference between said
difference between said probe  bias voltage at said
time tpomi.2 and said probe bias voltage at said time
tr3;:szu meets, a predefined condition. 24 The method
of claim 23 wherein said time tpoi,O is determined by
analyzing at least a  time derivative of a current
that flows through said PiF probe during said charging
phase,  said time tr,,Aut2 being ascertained by
detecting a peak in said time derivative  f said
current  that flows through said PIF probe, said peak
occurs between a time when said charging phase  begins
and a time tpotft:<,, said time try sntE3a
representing a. time during said charging phase of
said PIF measurement arrangement wherein a second
potential difference across said plasma  sheath equals
a loati:n potential, said floating potential
representing a. value of a potential  difference
across said plasma sheath during said charging phase
when no current flows  through said V.l.F probe. 25 



WO 2007/121087 PCT/US2007/065890  2-5 . The method of
claim 23 wherein said energy source represents a burst
RF source.  26. The method of claim 23 wherein said
energy source represents a variable voltage  source.
27. The method of claim. 25 wherein said variable
voltage source is configured to  generate
time-dependent waveforms. The method of claim 23
wherein said predefined condition is met if said
difference  between said probe bias voltage at said
time trrssif.t2 and said probe bias voltage at said
time  tp i,,E3 is within a predefined window of value.
2'. The method of claim. 23 wherein said predefined
condition is met if said difference  between said
difference between said probe bias voltage at said
time t"im_ and said probe bias  voltage at said time
tp;,1F,O is equal to or ec,eeds a predefined w slue..
30. The method of claim 23 wherein said predefined
condition is suet if said difference  between. said
difference between said probe bias voltage at said
time t;,,,,;:. and said probe bias  voltage at said
time tr,oiznO is equal to or is below a predefined
value. U. The method of claim 23 wherein said
transition represents an endpoint handling  procedure.
32. The method of claim. 23 wherein said transition
represents a fault condition handling  procedure. 33.
The a iethod of claim 2' wherein said transition
represents starting, a di.l-Terent sa.abstep  of said
substrate processing process. 34. A method for
controlling a substrate processing process, said
substrate processing  process being configured to
process a substrate using plasma in a substrate
processing  chamber, comprising providing a PIF
(planar ion flux) measurement arrangement, said Pi:l~
measurement  arrangemet including at least a. Pl F
probe that has a surface exposed to a plasma sheath of
said plasma while said substrate is processed by said
plasma; alternately creating a, charging phase and a
quiescent phase for said PIF arrangement  Using "In
energy source that is configured to provide energy to
said plasma via said PIE  probe: ascertaining a. time
tfxI4112, said time ljwint2 representiri4g za time
during said charging.  phase of said PIF n
easurerri.ent arraige ri nt wherein a first potential
difference across said  



plasma sheath equals to a plasma potential of said
plasma; 26 WO 2007/121087 PCT/US2007/065890
ascertaining a probe bias ventage at said time tp
f,,t2, said probe bias voltage at said time t,..j,t2
representing a second potential diference between said
surface of said PIF probe and g -ound  at said at said
time tixiitt2 ascertaining t.#11 t .i~zt3a. said time
t#,aiE~E+t  Ares t.ti7 time dring sat charging phase
of said PIF measurement arrange ent wherein a second
potential difference across said plasma sheath equals
a floating potential, said floating potential
representing a value of a  third potential difference
across said plasma sheath during said charging phase
when no  current flows through said PIF probe; and
ascertaining a probe bias voltage at said time t
>::ZE3 said probe bias voltage at said  time t">Fml
representiri4g a fourth potential dif'erence between
said surface of'said PIF probe  and said ground at
said at said ti 110 tpoiw i; ascertaining, a
difference between said probe bias voltage at said
time trAjr,2 and said  probe bias voltage at said time
t#te r' 3 ascertaining in electron temperature of said
plasma using said difference between said probe  bias
voltage at said time t#,,,,,,iz and said probe bias
voltage at said time t~,,, rr[3 arid a effective  ion
mass value, and generatin4g a control signal to create
at least one of an alarm and a transition in said
substrate processing process if said electron
temperature meets a predefined condition. 35. i he
method of claim 34 wherein said time t#?ouirz is
determined by analyzing at least a  time derivative of
a current that flows through said Pll~ probe during,
said charging phase,  saiI time tp,jnO being
ascertained by detecting a pear. in said time
derivative of said current,  that flows through said
1'11:1= probe, said peak occurs between a time when
said charging phase  begins and a time tix~tt~i,< said
time t#,,,iztt3a representing a. time during said
charging phase of,  said P[F measurement arrangement
wherein a second potential difference across said
plasma  sheath equals a floating potential, said
floating potential representing a value of a potential
difference across said plasma sheath during said
charging phase when no current flows  through sai d
PIF probe. 36. The method of claim. 34 wherein said
energy source represents a burst RF source.  37. The
method of claim. 34 wherein said energy source
represents a. variable voltage  



source. 27 WO 2007/121087 PCT/US2007/065890  3& The
nee hod of claim 36 wherein said variable voltage
source is configured to  generate time-dependent
waveforms. _39. The method ofclair 34 wherein said
predefined condition is met if said electron
temperature is within a predefined window of value.
40. The method of claim 34 wherein said predefined
condition is met if said electron  temperature is
equal to or exceeds a predefined value, 41. The method
of claim 34 wherein said predefined condition is met
if said electron  temperature is equal to or is below
a predefined value. 42. The method of claim 34 wherein
said transition represents an endpoint handling
procedure 4 3. The method of claim 34 wherein said
transition represents a fault condition handling
procedure. 44. The method of chaff. 34 wherein said
transition represents starting a different substep  of
said substrate processing process. 29 


