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METHODS AND APPARATUS FOR SELECTIVELY MODIFYING RF CURRENT
PATHS IN A PLASMA PROCESSING SYSTEM
BACKGROUND OF THE INVENTION
{0001] Plasma has long been employed to process substrates to form electronic devices. For
example, plasma enhanced eiching has long been emploved to process semuconductor wafers
into dies in the manufacture of integrated circuits or to process flat panels into flat panel displays
for devices such as portable mobile devices, flat screen TVs, computer displays, and the like.
{0002] To facilitate discussion, Fig. | shows a typical capacitively coupled plasma processing
system having an upper electrode 102, a lower electrode 104 on which a water 106 may be
disposed for processing. Lower electrode 104 15 typically disposed inside of the plasma chamber
of which chamber wall 108 1s shown. The region between upper electrode 102 and lower
electrode 104 above wafer 106 is known as a plasma generating region denoted by reference
number 110 m the example of Fig. 1. There s typically a plurality of confinement rings 112,
which are substantially concentric rings disposed around and above lower electrode 104 1o define
and confine the plasma for processing wafer 106, These components are conventional and are
not further elaborated heve,
[8003] To process wafer 106, a process gas s introduced into plasma generating region 11, and
RF energy is supplied to one or more of apper electrode 102 and lower electrode 104 m order to
facilitate the 1gmition and sostenance of plasma in plasma generating region 110 for processing
water 106, In the example of Fig. 1, a powered lower electrode and a grounded upper electrode
are emiployed as an example set up to generate the plasma although this setup s nota
requarement and both electrodes may be provided with a pharality of RE signals, for example.
RF energy 1s provided to the lower elecirode 104 from RF power supply 120 via an RF
conductor 122, which is typically a conductive rod. The RF delivery path follows the direction
of arrows 134A and 1348 in the cutaway Fig. 1 to allow the RF energy to couple with the plasma
in plasma generating region 110, RF current returns to ground following the direction of arrows
140 and 142 in the example of Fig. 1. Again, these mechanisms are known and are conventional
i the field of plasma processing and are well known to those skilled 1n the art.
[0004] In the ideal situation, the RF delivery current {(delineated by arrows 134A and 134B) and
the ground RF return current {delineated by arrows 140 and 142) are symmetric in the azimuthal

direction around the chamber. In other words, given g reference orientation on the wafer surface,
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the ideal situation would see the RF delivery and RF return current being symmetric at any angle
theta from a reference radius on the wafer surface. However, practical imitations due to
chamber construction and other processing realities may mtroduce non-syimmetry into the
chamber, which influences the azimuthal uniformaity of processing results on wafer 106,

j0003] To elaborate, when the chamber components are not symmetric around the center of the
chamber (as viewed from the top of the chamber) for example, the non-symumetry of chamber
components influences the RF flux hines, the pressure, plasma density, RF delivery current, or
RF ground return current such that the azimuthal non-antformity of the process may result in
non~uniform process results on the processed wafer,

[0006] Fig. 2A depicts vanous factors affecting the syrametry of components within the chamber
andfor affecting the wafer symumetry relative to the chamber center, which may in turn affect the
azimuthal untfornuty of the process results on the water surface. With respect to Fig. 2A | there
ts shown g top view of chamber 200, There 15 shown chamber wall 202, within which there 13
disposed a lower electrode 204, A wafer 206 1s shown disposed shightly off-center relative 1o
lower electrode 204, As such, the processing center 1s offset from the center of the substrate,
mtrodacing axmuthal non-uniformity of processing results on substrate 206,

[8007] As another example, lower electrode 204 may be offset from the center of chamber 200,
which may miroduce non-symmetry and azimuthal non-uniformity of process results even 1f
wafer 206 13 centered correctly on fower electrode 204, Since the lower elecirode 204 13 charged
relative to the grounded chamber wall 202, the different distances between the edge of the lower
electrode 204 and chamber wall 202 around penphery of lover electrode 204 introdaces
variations in the parasitic coupling between the charged lower electrode and the grounded
chamber wall, which i turns affect the plasma density at different locations on waler 206,
thereby mitroducing azimuthal non-umformity.

{0008 Further, the RF delivery conductor (122 of Fig. 1) may be offset relative to the chamber
enclosure, kewise introducing variations in the parasitic coupling between the RF conductor
and the grounded chamber wall, thereby affecting the azimuthal uniformity of processing results
on the wafer. Stll further, the presence of certain mechanical components, such as the cantdever
arm 208 that supports lower electrode 204 mmside chamber 202, presents an iapediment to the
exhaust gas flow, which typically Sows from the plasma generating region around the edge of

the lower elecirode o be exhausted toward the bottom of the lower elecivrode {150 and 152 of
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Fig. 1}, The impediment of the gas flow due to the presence of the cantilever army would affect
the local pressure i the region of the lever arm, thereby affecting the plasma density and n turn
affecting the azinusthal uniformity of the process results. Still another factor affecting gzinwthal
uniformity is the presence of wafer loading port 210, which exists on only one side of chamber
200,

{00091 Fig. 2B 15 a side view of the chamber to tllustrate that certain iherent characteristics of
the chamber design also introduce non-symmetry and therefore affect the azimuthal untformity
of the process results. For example, one side 252 of the lower electrode 204 may be provided
with components such as gas feed, coolant tubes, and the like, which components change the
mductance that is presented to any current travehng along the surface of lower electrode 204,
Some of these components may not be present on another side 234 of the lower electrode 204,
As such, one side of the wafer, which rests on lower electrode 204, may expenence a different
process result relative to the other stde of that water, agan mtroducing azimuthal non-
uniformity. Further, the fact that the RF feed and/or exhaust current path is a sideway feed in the
direction of arrow 220 means that the RF return current has vartabie-length azumuthal path to
return to the power supply dependmg on whether the RF ground retumn carrent is measured on
the inside path 222 or the outside path 224

{00010 The differences in the lengths of the R¥ ground return paths introdoce different
mductances along the ground return paths, which also affect the smpedances of the ground retum
paths. These vanations thus create non-synmmetry and azimuthal non-uniformity of the process
results.

{06011} When the process requirements are fairly hiberal (for example, when the device
sizes are large andfor device density 1s low) azimusthal non-uniformity is a lesser concern. As
device sizes become smaller and device density mereases, 1t 18 important to maitain unifornuty
not only i the radial direction {from the center to the edge of the wafer but also in the azimuthal
direction at any given angle theta from a reference radius R on the water surface. For example,
some customers nowadavs require that azimuthal non-uniformity be at 1% or even below the 1%
threshold. Accordingly, there are desired improved methods and apparatus for managing

azimuthal non-uniformity of process results in a plasma processing chamber,
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SUMMARY OF THE INVENTION

[00012]  The mvention relates, 11 an embodmment, to a plasma processing system having a
plasma processing chamber that includes an RF power supply and a lower electrode having a
conductive portion. The plasma processing chamber also includes an insulative component
disposed i an RF current path between the RF power supply and the conducuive portion. The
plasma processing chamber addittonally mcludes a plurality of RF path modifiers disposed
within the sulative component, the phuality of RF path modifiers bemyg disposed at different
angular positions relative to a reference angle drawn from a center of the insulative component,
whereby at feast a first one of the plurality of RF path modifiers is electrically comnected 1o the
conductive portion and at least a second one of the plurality of the plurality of RF path modifiers

15 not electrically connected to the conductive portion.

[00013]  In another embodiment, the wventon relates to a method for compensating for
azimuthal non-uniformity 1n a plasma processing system having a plasma processing chamber.
The method mcludes measuring, using at least one sensor assoctated with the chamber, indicia of
the azimuthal non-uniformity. The method alse includes adjusting, responsive to the measuring,
by adjusting an impedance value of at least a first RF path modifier of a plurality of RF path
modifiers to a first impedance valae, whereby at least a second mapedance value of a second RF
path modifier of the plurality of RF path modifiers is different from the first unpedance value
after the adjusting and wherein the phwality of RF path modifiers are disposed in an msulative
portion that 15 disposed in an R¥F corrent path between an RE current source and a conductive

portton of & lower electrode i the plasma processing chamber.

BRIEF DESCRIPTION OF THE DRAWINGS
[60014]  The present invention 18 illustrated by way of example, and not by way of mitation,
i the figures of the accompanymg dravvmgs and i whach like reference numerals refer 1o
similar elements and m which:
jo0015]  Fig. 1 shows, m accordance with an embodiment of the mvention, a typical
capacitively coupled plasma processing svstem having an upper electrode, a lower electrode on
which a water may be disposed for processing.
[00016]  Fig 2A shows, m accordance with an embodiment of the wivention, various factors

affecting the symmetry of components within the chamber andfor affecting the water symmetry
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relative to the chamber center, which may i turn affect the azimuthal untformuty of the process
results on the wafer surface.
J0017]  Fig 2B shows, in accordance with an embodiment of the invention, a side view of the
chamber to lustrate that certam inherent characteristics of the chamber design also mtroduce
non-symmetry and therefore affect the azimuthal uniformity of the process results.
[00018]  Fig. 3A shows, n accordance with an embodiment of the invention, a plurality of
ground straps implemented with timpedance devices.
[00019]  Figs 3B-3F show, in accordance with embodiments of the invention, various ways to
maedify the current i the ground strap to address ammuthal non-uniformity.
[00020]  Fig 3G shows, in one or more embodiments, the steps for m-site compensation to
address the azimuthal non-uniformity issue,
[00021]  Fig. 4A shows. in accordance with an embodiment, an arrangement for tuning the RF
delivery currents in the azimuthal direction,
[00022]  Fig 4B 1s a cutaway top view, n accordance with an embodiment, of an insulator
ring with conductive plugs disposed around mselator ring.
[00023]  Fig 40 shows, m accordance with an embodiment, another view of an arrangement
for tuming the RF delivery currents in the azimuthal direction.
[00024]  Fig 5 shows, m one or more embodiment, the steps for in-situ compensation to
address the azimuthal non-unmiformuty msue.

DETAILED DESCRIPTION OF EMBODIMENTS
[00025]  The present invention will now be described m detail with reference to a few
embodiments thereof as iHlustrated m the accompanying drawings. In the followmg description,
numerous specific details are set forth in order to provide a thorough understanding of the
present invention. 1t will be apparent, however, to one skilled m the art, that the present
myention may be practiced without some or all of these specific details. In other mstances, well
known process steps and/or structures have not been described in detail in order to not
unnecessarily obscure the present myention.
jo0026]  Vanwous embodiments arg described herembelow, including methods and techniques.
1t should be kept in mind that the imvention might also cover articles of manufacture that includes
a computer readable medium on which computer-readable mnstructions for carrymg out

embodiments of the mventive technique are stored. The computer readable medium may
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wclude, for example, semiconductor, magnetic, opto-magnetic, optical, or other forms of
computer readable medmm for storing computer readable code. Further, the invention mayv also
cover apparatuses for practicing embodiments of the invention, Such apparates may include
cireuits, dedicated andfor programmable, to carry out tasks pertaining to embodiments of the
mventton. Examples of such apparatus include a general-purpose computer andfor a dedicated
computing device when appropriately progranuned and may inchude a combination of g
computer/computing device and dedicated/programnmable circuits adapted for the various
{00027  In accordance with embodiments of the invention, there are provided methods and
apparatuses for compensating for the inherent or foreseeable non-synunetry andfor azimuthal
non-uniformity i a plasma processing chamber. In one or more embodiments, the impedances
of the ground straps that are emploved to couple the sidewall or liner of the chamber with the
grounded plane are provided with tunable impedances in order to permit an operator or a design
engineer to vary the gnmuthal impedances i the groand straps to compensate for the inherent or
foreseeable non-symmetry due to the presence or use of other components of the chamber.
[60028]  In one or more embodiments, there are provided methods and apparatus for
controlhing the impedances of the ground straps affect the timpedances that ave seen by the RF
ground return currents in the azimathal direction, thereby permutting the operator to tune the
unpedances and the RF groand return currents azinnathally around the wafer periphery, This
compensates for any inherent or foresecable non-symmetry andfor aznmuthal non-uniformity of
the process resulis.

[80029]  In one or more embodiments, the RF delivery paths may be tuned azimmuthally so that
one side or one portion of the chamber mayv experience a different impedance presented o the
RF delivery current than another poriion of the chamber. The impedances that are presented to
the RF delivery current may be tuned by providing metal or conductive plugs. The plugs may be
disposed in the msulator ring that surrounds and underlies the lower electrode for example. By
selectively connecting and disconnecting the phlugs that are azimuthally arranged in the msulator
ring, the fengths of the paths traversed by the RF ground return currents are varied i order to
compensate for any inherent or foresegable non-svmumetry and azimuthal non-uniformity.
[00030]  In one or more embodiments, a metathc ring may be disposed under the substrate in

order 10 allow the operator to vary the center of the ring relative to the center of the lower
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electrode in order to counterget the inherent or foreseegble non-uniformity due to the presence of
chamber components and other processing realittes.

j00031]  In one or more embodiments, the ground shield may be modified such that one side
presents g shorter path for the ground RF retum current than the other side. Aliernatively or
additionally, the center of the ground shield may be shifted such that the coupling from the
ground shield to the charged conductor that 1s used to carry the RF signal{s) to the lower
electrode is intentionally made non-synumetric to compensate for any inherent or foreseeable
no-uniformity and/or azimuothal non-uniformity andfor non-symmetry.

[00032]  The features and advantages of the mvention may be better understood with reference
to the figures and discussions that follow,

[O0033]  Fig. 3A shows, in gccordance with an embodiment of the iavention, a simplified top
down view of the ground straps arranged around the periphery of the chamber, such as around
the circamference of the chamber wall or chamber liner. The groand straps mav be emploved to
provide RF ground return paths from the chamber liner or the chamber wall 1o the lower
electrode for eventual retorn to groand, for example.

[00034]  To elaborate, 0 a typrcal plasma processing chamber, theve ave provided ground
straps disposed around the circomference of the chamber wall or the chamber biner 11 an attempt
to evenly distribute the RF groand return currents m the azsmuthal duection. In an embodiment,
a tunable impedance in the form of a vanable inductor, & vanable capaciior, a vanable resistor,
or a combination thereof may be provided with ong or more of the ground straps. Thus, with
reference to Fig. 3A, ground straps 302 and 304 and 306 that are coupled to chamber wall 310
may be provided with tunable impedance devices {such as the aforementioned variable mdactors,
vartable capacitors, variable resisiors, or any combination thereot).

j00035]  During development, the process engineer may assign values or adjust these tunable
mpedance devices to provide compensation for the inherent or foreseeable non-svmumetry or
azimuthal non-uniformity. For example, a test water may be run and metrology results may be
examined to assess the degree and location of azimuthal non-uniformity on the processed test
wafer, for example. The tunable impedances of one or more of the ground straps may then be
tuned m order to facihitate the presemtation of different impedances to different RF ground return

currents that traverse the various ground straps.
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jo0036] 1o an embodiment, each tunable impedance device may represent a fixed value
mpedance device {320 of Fig. 3B) that may be coupled with or associated with ong or more
individual ground straps m order to nfluence the azimuthal impedance or influence the
impedance presented to various RF ground return currents as they traverse the ground straps. In
this manner, the RF return currents may be tuned individually i the azimuthal direction to
compensate or counter {either partly or wholly) the mherent non-symmetry due to the presence
of chamber components or any observed or measured azimauthal non-uniformity (such as may be
measured from a test wafer after processing, for example). In this case, at least one of the
ground straps would be provided with such an impedance device, and at least another one of the
ground straps would not be provided with an impedance device having the same impedance
value as the one provided with the at least one of the ground straps. This ntentional asymmenry
in providing impedances addresses the inherent or foreseeable azithmuthal non-uniformity
around the chamber wall or chamber hner.

{00037  In another embodiment, the ground straps may be provided with tunable tmpedance
devices (330 of Fig. 3} that can be adjusted manually by a process engmeer as part of the
chamber quahification process either from modeled or known non-symmetry or azimuthal non-
untformuty or from the observed azmmuthal non-uniformity that 15 obtamed through metrological
results acquired from a test waler,

[60038]  For example, the process engineer may manually {or via a computer user interface)
adjust the values of the tunable device(s) on one or more of the ground straps m order to account
for the non-symmetry that 1s caused by the cantilever army used to sapport the lower electrode.
As another example, the process engineer may manually (or via a computer user mterface) adjust
the values of the tunable impedance(s} for one or more of the ground straps when azimuthal non-
unifornuty is observed from metrological measurements of the process results on a test wafer.
[00039]  In this case as well, at least one of the ground straps would be provided with such a
tunable impedance device, and at lzast another one of the ground straps {e.g., the second ground
strap for discussion purpose) would not be provided with a tunable impedance device having the
same impedance value as the one provided with the at least one of the ground straps. As an
example, no impedance device may he provided with the second ground strap or a tunable

mnpedance device having a different impedance value would be provided with the second ground
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strap. This infentional asymmetry in providing impedances addresses the inherent or foreseeable
azithmuthal non-uniformuy around the chamber wall or chamber liner.

jo0040]  Sull further, it 1s possible to employ sensors to measwre the ground return currents on
the mdividual ground straps and, in a dvnamic manner, employ machine tunable impedance
devices (340 of Fig. 3D) to dynanucally tune the mmpedances to account for wafer-to-wafer
varigtions i the azmmuthal non-uniformity or non-symmetry, for example.

j00041]  For example, if the wafer is positioned slightly off center relative to the lower
electrode as in the example of Fig. 2A, measurements may be made i the RF ground returmn
currents through the various straps and automated control equipment may tune the impedances
associated with one or more of the ground straps n order to compensate for the fact that sensor
measurements have detected non-syvimmetric conditions andfor the wafer is disposed off-center
refative to the lower electrode in order to improve azmuthal uniformity of the process result.
The machine tunable impedances may be provided with each of the ground straps or may be
provided with only a subset of the ground straps, for example. In one or more embodiments, the
tunmg of the machme tunable impedances may be performed in-sita on a water-by-water basis in
TESPONSE 10 SENnsOr measurements Of 10 response to computations made from sensor
measurements. In one or more embodiments, the tuning of the tmpedances may be performed
using the tool control compuer or another computer executing computer readable mstructions,
mcluding compater readable mstractions embodied 1n a computer readable medium such asa
computer memory drive.  In this case, at least one of the ground straps would be provided with
such a machine tunable impedance device, and at least another one of the ground straps would
not be provided with a machine tunable mmpedance device having the same impedance value ag
the one provided with the at least one of the ground sivaps.  As an example, no mnpedance
device may be provided with the second ground strap or a machine funable impedance device
would be adjusted to have a different impedance value would be associated with the second
ground strap. This mtentional asynunetry in providing impedances addresses the inherent or
foreseeable azithmuthal non-uniformity around the chamber wall or chamber liner.

j00042]  Sull further, it 1s possible to induce a counter current in one or more of the ground
straps 1n order to nfluence the RF ground return current in one or more of the ground straps, By
way of example, a coil {350 of Fig. 3F or 352 of Fiz. 3E) may be placed close to ong or more of

the ground straps or around one or more of the ground straps, and current may be flowed through
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the coil m order to wnduce a counter current on the ground strap uself or to induce an additive
current 1n order to compensate for any inherent non-symumetry or azimuthal non-uniformity of
the process results. A cotl 15 considered associated with a ground strap if it 15 placed closer to
that ground strap than any other ground strap of the plurality of ground straps.

j00043]  The coil current(s) may be varied in phase, in intensity, andfor m frequency m order
to change the degree by which the RF retura current is nfluenced i one or more of the ground
straps. This current-oriented compensation may he performed dynamucally m-situ to achieve in-
sity adjustments of the RF return ground currents in the azimuthal direction. For example, w one
or more embodiments, the in-situ adjustment may dynamically, m a real ime manner,
compensate for the azimuothal non-untformuty andfor for the non-symmetry of the chamber
components in a plasma processing chamber.

[00044]  As another example, the RF ground return currents andfor the compensating coil
currents may be ascertained for one or more of the ground straps during chamber qualification,
During production, these coil current values may be entered as part of the recipe i order to
ensure that any non-symmetry or non~amiform or azimuthal non-umiformity of process results
would be compensated for etther partly or wholly.

{80043  In one or more embodiments, the tumng of the coil cuwrrents may be performed in-situ
on a wafer-by-vwafer basis in response (0 sensor measurements Of 1 YESpONSe 10 computations
made from sensor measurements. {n one or more embodiments, the tuning of the coil currents
may be performed using the tool control computer or another computer executing computer
readable mstractions, includmyg computer readable mstructions embodied m a computer readable
medium such as a computer memory drive, In this case, at least one of the ground siraps would
be provided with such a coil, and at least another one of the ground straps would not be provided
with a coil having the same mmpedance value as the one provided with the at least one of the
ground straps. As an example, no coil may be provided with the second ground strap or a coil
would be adjusted to have a different coil current would be associated with the second ground
strap. This imentional asyounetry m providing impedances addresses the mherent or foresecable
azithmuthal non-uniformuty around the chamber wall or chamber liner.

[00046]  Fig. 3G shows, in one or more embodiments, the steps for n-situ compensation to
address the aforementioned azimuthal non-uniformuty 1ssue. In step 370, indicia of azimuthal

non-uniformity are measured using sensors. The sensors maybe a set of PIF {plasma won flux)
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probes, optical sensors, V/1 probe, optical emission sensors, ete. The sensors may be disposed in
one or more locations around the chamber. The indicia may be any measurable parameter that
may be emploved to ascertain azimuthal non-uniformuty, mcluding voltage, current, plasma flux,
optical emission, virtual metrology computations, ete. In step 372, the machine tunable
unpedances and/or the cotl currents are adjusted m-siu 1 response (o sensor measarements or i
response to computations made from sensor measwements. In step 374, the water 1s processed,
The steps of Fig. 3G may be performed wafer-by-wafer or may be performed for a test wafer for
every N wafers processed, for example or may be performed periodically on a schedule or may
be performed during chamber maintenance or recalibration,

[00047]  Fig. 4A shows. in accordance with an embodiment, an arrangement for tuning the RF
delivery currents in the azimuthal direction. In the embodiment of Fig. 44, there are provided a
plurality of conductive plags that can be selectively connected to the lower electrode it order to
tocally modify the lengths of the current paths and/or the mmpedances presented to the RF
delivery current paths in order to compensate for {partly or wholly} the non-symumetry andfor
azimoethal non-umifornuty of process results around the penphery of the wafer.

[00048]  With reference to Fig. 4A, a simplified portion of a plasma processing system 402 18
shown. In Fig. 44, there 1s a shown a lower electrode 404 upon which a wafer {not shown) 1s
disposed tor processing. The lower electrode may implement, for example, an electrostatic
chuck and may include, as 18 well known, a condactive portion. {n the example of Fig. 4A,
surrounding and under lower electrode 404 15 an inswlative portion which 1s implemented by an
msulating ring 406, Inselating ring 406 may be a single part or a compostie part that 1s used to
provide RE and bias isolation of lower electrode from the other components of the plasma
processmg chamber. Generally speaking, the msulative portion may be disposed at any location
between the RF supply source and the conductive portion.

{00049 Within cavities m insulator ring 406, there are disposed RF path modifiers 430 that
can be selectively connected and disconnected to the conductive portion of the lower electrode to
modify the lengths of the RF delivery current paths. The RF path modifiers may be disposed
partly or whelly within msulator ring 406, The RF path modifiers are disposed at different
angular positions relative to a reference angle drawn from the center of said insulative
component. For example, if the msulative component 1s circular or ring-like, the RF path

modifiers would be disposed along different radii drawn from the center of the insulative
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component relative to a reference radius drawn from the same center. In one or more
embodiments, the angular intervals between adjacent RF path modifiers are the same so that the
RF path modifiers are evenly distributed relative to the reference angle, in other emboduments,
the angular intervals between adjacent RF path modifiers may be different.

j00030] In the example of Figs. 4A and 4C, the RF path modifiers are conductive plugs that
are conductive to the RF dehivery currents delivered via RF conductor 410 to lower electrode
404, In the cataway view of Fig. 4C, two cutaway portions of conductive plugs 412 and 414 are
shown. In this example, plug 412 15 not electrically connected to lower electrode 404 while plug
414 15 electrically connected to lower electrode 404 via connection 416, The RF deltvery current
o the left side of Fig. 4C flows along the direction of arrow 420, which bypasses condactive
plug 412 since the RF current traverses along the surface of RF conductor 410, the lower surface
of lower electrode 404, the side of lower electrode 404, and toward the top surface of lower
electrode 404 for couphing with the plasma m the plasma generating region.

[00051]  Plug 414 15 electrically connected to lower electrode 404 as discussed earlier,
Accordingly, the RF delivery current follows the direction of path of arrow 430 on the right side
of Fig. 4A. With reference to Fig. 4C, both arrows 420 and 430 are reproduced m greater
magnification to show that the lengths of the paths through which the RF delivery currents
traverse vary depending on whether the conductive plugs are electrically connected or
disconnected from the lower electrode.

j00032]  Fig. 4B 1s a culaway top view of msulator ring 406, which shows that the conductive
plugs are disposed around msalator ning 406 so as to facilitate the tunmg of the impedances
presented to the RE delivery currents m the azimuthal direction. In practice, one or more of the
conductive plugs mayv be selectively connected electrically with the lower electrode or
selectively disconnected elecirically with respect to the lower elecirode. The connection may be
automated via remotely controlled switches, which may be controlled by a mucroprocessor for
example. The number, size, and location of the conductive plugs around the insulator ring may
vary as desired.

j00033]  In one or more embodiments, the RF path modifiers may be implemented mstead
using fixed mmpedance devices istead of conductive plugs. In this embodiment of Figs. 4A-4C,
the term “impedance device™ implies the use of at least one of a capacitor and an mductor. in

this manner, greater correction of the azimuthal non-uniformity may be achieved since the
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wnpedance devices, tmplemented usimg inductors, resistors, capacitors, andfor networks thereof,
may be tuned to control the modification of the RF current paths to a greater extent.

j000S4]  In one or more embodiments, the RF path modifiers may be mmplemented mstead
using machine tunable impedance devices so that the tanang of the azimuthal RF delivery
currents is controlled not only by the selective connecting and disconnecting {electrically
speaking) of the conductive plug but also by the tunmg of each machine tunable impedance
device that 15 connected to the lower electrode. In this embodiment of Figs. 4A-4C, the term
“machine tunable impedance device” implies the use of at least one of a capacitor and an
mductor and the impedance parameter may be adjustable by 1ssuing electrical control signals.
Electrical leads connecting to the machine tunable tmpedance devices render the devices tunable
remotely, via a computer mnterface by an operator, or by executing computer readable
mstructions.

[O0033]  Iu one or more embodiments, the tumng of the RF currents may be performed in-stiu.
This tunung ability provides an additional control knob to address non-untformity 1ssues. For
example, the connecting/disconnecting of the conductive plags may be mdividually controlled by
using switches that can be remotely activated. The closings of the switches may be performed
responsive to an operator command via an appropriate Ul on a computer, or may he performed
automatically m response to sensor measorements that indicate manipudation of R¥ retum
currents may be needed to address azimuothal non-unifornmty ssues.

j000S6] I the plugs are implemented using machine tunable impedance devices {e.u.,
mductors andfor capacitors andfor resistors andfor circuts comprising same), individual tunable
impedance devices may also have their parameders taned via an appropriate Ul on 2 compuier of
may be performed avtomatically 1 response 1o sensor measurements that mdicate manipalation
of RF return currents may be ngeded to address azithmuthal non-wiformity 1ssues.

{00057  In one or more embodiments, the RF path modifiers may be embedded, erther partly
or wholly, within another component other than the msulative ring that is disposed under the
electrode. As long as the presence of one or more RF path modifiers can change the lengths of
the RF current delivery paths to address azimuthal non-untformity, the RF path modifiers may be
embedded, partly or wholly, within any suitable chamber component part or any additional pan

1o be added to the chamber.
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jO0038]  In one or more embodiments, the ground straps (with or without tunable impedances
and/or coils) of Figs. 3A-3G may be combined with the electrically connectable plugs of Figs.
4A-4C in order to provide more control knobs to address the non-uniformaty 1ssues.

[00059]  In one or more embodiments, the ground straps of Figs. 3A-3G (with or without
tunable impedances and/or coils) may be combmed with the electnically connectable impedance
devices (which mplement the plugs of Fig. 4A-4C) m order to provide more control knobs to
address the non~-pniformity tssues. The combination of these two techniques provides a level of
control, whether automatically in-sita or manually as chamber adjustment 1s performed, over
non~uniformuty n & manner previously unavatlable m the prior art.

[00060]  Fig. 5 shows, i one or more embodiment, the steps for in-situ compensation to
address the aforementioned azimuthal non-untformuty issue. In step 302, indicwa of azimuthal
non-uniformity are measured using sensors. The sensors mavbe a set of PIF (plasma ton flux)
probes, optical sensors, V/ probe, optical emission sensors, ete. The sensors may be disposed m
one or more locations around the chamber or on one or more chamber components such as the
electrode. The mdicia may be any measorable parameter that may be emploved to ascertain
azimuthal non-untfornuty. including voltage, current, plasma flox, optical emission, virtuat
metrology computations, ete.

[006061]  In step 504, the RF path moditiers may be selectively controlled to change the RF
cuarrent paths i order to address the azithmuthal non-anifornuty. Various yeavs to control the R¥
path modifiers to change the RF current paths have been discussed above. The selective control
of the RF path modifiers may be performed m-~site in response t0 sensor measurements or i
response to computations made from sensor measurements. o step 506, the wafer i1s processed.
The steps of Fig. 3 may be performed waler-by-water or mav be performed for a test walfer for
gvery N wafers processed, for example or may be performed periodically on a schedule or may
be performed during chamber mamtenance or recalibration.

j@0062]  As can be appreciated from the foregomg, embodiments of the invention provide
additional control knobs for the process engineer to compensate for non-symmetry of chamber
components i a plasma processing chamber and for azimuthal non-uniformity of process results.
The compensation devices and technigues are practiced outside of the plasma generating region
{such as plasma generating region 110 of Fig. 1), thereby substantially elinunating the

mtroduction of anpredictable or difficult to control side effects o the plasma process. The fact
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that the tunable impedance devices are disposed away from the plasma processing environment
{1.e., i a region where plasma is not present during processing) also unproves the lifetime of the
tunable mapedance devices, reduced the potential contribution of contanunants into the plasma
processing enviromment, and the bike,

j00063]  While this invention has been described in terms of several preferred embodiments,
there are altergtions, permutations, and equivalents, which fall within the scope of this wvention.
For example, although the chamber employed i the example is a capacitive chamber,
embodiments of the invention work equally well with inductively coupled chambers or chambers
using another type of plasma processing technology, such as Electron Cyelotron Resonance,
Microwave, ete. Although various examples are provided heremn, 1t s intended that these
examples be illustrative and not limiting with respect to the invention. Also, the ntle and
sunumary are provided herein for conventence and should not be used to construe the scope of
the clatms herem. Further, the abstract s wriiten 10 g haghly abbreviated form and 1s provided
herein for convenience and thus should not be employed to construe or Himit the overall
myention, which 1s expressed in the clasms.  the term “set” is employed heremn, such term s
mtended to have its commonly anderstood mathematical meaning to cover zero, one, or more
than one member. It should also be noted that there are many alternative wayvs of implementing
the methods and apparatuses of the present imvention. It 1s therefore mtended that the following
appended claims be interpreted as mclading all such alterations, permuutations, and equivalents as

fall within the true spirit and scope of the present invention.
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CLAIMS
What 15 claumed 1s:
1. A plasma processing system having a plasma processing charaber, comprising:

an RF power supply;

a lower electrode having a conductive portion;

an msulative component disposed m an RF current path between said RF power supply
and said conductive portion; and

a plurality of R¥ path modifiers disposed within said msulative component, said plurality
of RF path modifiers being disposed at different angular positions relative to a reference angle
drawn from a center of sard msulative component, whereby at least 8 first one of sand plurality of
RF path modifiers is electrically connected to said conductive portion and at least a second one
of said plurality of said plurality of RF path modifiers is not electrically connected to said
conductive portion.
2. The plasma processing system of claim 1 wherein said plurality of RF path modifiers are
evenly dsposed at regular angalar intervals relative to said reference angle.

el

3. The plasma processing system of clatm 1 wherein sard plurality of RF path modifiers are
mnplemented using conductive plags.

4, The plasma processing system of clamm 1 wherein said plurality of RF path modifiers are
mplemented usimg mmpedance devices, each of said ympedance devices mcludes at least one of a
capacitor and an mductor.

5. The plasma processing systemy of claim 1 wherem each of said phuralsty of R¥F path
modifiers s individually selectively connectable to said conductive portion, whereby conneeting
of gach of said plurality of RF path modifiers 1s performed via electrical control signaling
transmutied to said each of said plurality of RF path modifiers.

6. The plasma processmg system of claim § wheren said connecting of each of said
plurality of said plurality of satd plurality of RF path modifiers 15 performed automatically m-situ
M IESPonse (o sensor neasurements.

7. The plasma processing svstem of claim § wheren said connecting of each of said
plurality of said plurality of said plurality of RF path modifiers 15 performed automatically wn-situ

responsive to computer readable mstructions from a computer.
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8. The plasma processing svstem of clamm | wherein said lower electrode 1s an electrostatic
chuck.
9, The plasma processing system of claim | wherein said plarality of RF path modifiers are

mplemented using machine tunable impedance devices, each of said impedance devices includes
at least one of a capacitor and an inductor, wherein impedance value of each of said plurality of
RF path modifiers is adjustable via at least one electrical control signal.

10, The plasma processing system of claim 9 wherein said at least one electrical control
signal 1s generated using a computer executing computer readable mnstructions.

11, The plasma processing system of claim 9 wherein impedance values of said plurality of
RF modifiers are adjusted m-sihis i response to Seusor measurements,

12, The plasma processing system of clamm 9 wherein impedance values of ssid plurality of
RF modifiers are automatically tuned fn-situ at least on a wafer-by~wafer basis during
production.

13, The plasma processing system of claim 1 further comprising:

at least one of a chamber ywall and a chamber hiner;

a plurality of ground straps disposed around a circumterence of a chamber surface, sad
chamber surface bemg one of sard chamber wall and said chamber hner of said plasma
processmg chamber;

at least a first impedance device coupled to at least a first ground strap of said pharalsty of
ground straps, wherein a second ground strap of said plarality of ground straps 1s not provided
with a second impedance device having the same mmpedance value as said first smpedance
device.

14, The plasma processmg syvstem of claim 1 further comprising:

at least one of & chamber wall and a chamber hiner;

a plurality of ground straps disposed around a circumference of chamber surface, said
chamber surface bemng one of said chamber wall and said chamber liner of said plasma
processing chamber; and

at least a first cotl magnetically coupled to at least a first ground strap of said plurality of
ground straps, wherein a second ground strap of said plurality of ground straps is not provided

with a second coil having the same coil current value as saud first coid.
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13, A method for compensating for azimuthal non-uniformity 1n a plasma processing system
having a plasma processing chamber, comprisimg:

measuring, using at least one sensor assectated with said chamber, indicia of said
azimuthal non-uniformity; and

acjusting, responsive to said measuring, by selectively connecting a first R¥ path
modifier of a plurality of RF path modifiers to a conductive portion of a lower electrode,
whereby at feast a second RF path modifier of said plurality of RF path modifiers 15 not
conmected to said conductive portion of said lower electrode after said adjusting and wherein said
plurality of RF path modifiers are disposed in an msulative portion that s disposed in an RF
current path between an RF corrent sowrce and sard conductive portion.
16, The method of claim 15 wherein said RF path modifiers are implemented using
conductive plugs.
17, The method of clasm 15 wheretn saad RF path modifiers are tmplemented using
impedance devices.
1§, A method for compensating for azsmuthal non-asmiformuty in a plasma processing system
having a plasma processing chamber, comprising:

measuraig, using at least one sensor assoctated with said chamber, indicia of said
azimngthal non-uniformity; and

adjusting, responsive to said measuring, by adjusting an impedance vatue of at least a
first RF path modifier of a plurality of RF path modifiers to a first impedance value, whereby at
least a second umpedance value of a second RF path modifier of said plarality of RF path
modifiers s different from said first mnpedance value after said adjusting and wherein said
plurality of RF path modifiers are disposed m an mselative poriton that s disposed m an RF
current path between an RF current sowrce and a conductive poriion of a lower electrode in said
plasma processing chamber.
19, 'The method of clain 18 wherein said adjusting 13 performed astomatically in-situ in
response to computer readable instructions from computer.
20, The method of claim 18 wherein said plurality of RF path modifiers are unplemented
using tmpedance devices, each of said iapedance devices includes at least one of a capacitor and

an inductor.
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