METHOD FOR SHAPING A MAGNETIC FIELD IN A MAGNETIC FIELD-ENHANCED PLASMA
REACTOR BACKGROUND OF THE INVENTION Field of the Invention [00011This invention relates to
plasma enhanced, semiconductor substrate processing systems and, more specifically, to a method
and apparatus for shaping a magnetic field in a magnetically enhanced plasma reactor. Description of
the RelaiETNOB KB SHAPING A MABNE P FIEUS IRMAPRTA GNETRY ¥ I DIBNERSNGE i
enhance the performance of various proqegagsN FRAeatiBRsemiconductor devices on silicon
substrates or other workpieces. Such processes include sputter etching, plasma enhanced chemical
etching BACKNGROUNDaO E THEJN VENTIGposition, and ionized sputter deposition. The high energy
level of reagents in the plasma generally increases the rate of the fabrication process, and also reduces
the tempirhiwé thiewhmdartieisemiconductor workpiece must be maintained to perform the process.

[0003]W@&n?tlcallﬁlhelghﬁlrr\]&g% Iasmalatesm 5 rquglssr%a(efggﬁgntgea r%aecr%%s nductor substrate

processing systems and, more specifically, to a method and apparatus for shaping a

magnetic field in a magnetically enhanced plasma reactor.

Description of the Related Art

[0002] Semiconductor wafer processing chambers commonly employ plasmas to
enhance the performance of various processes for fabricating semiconductor devices
on silicon substrates or other workpieces. Such processes include sputter etching,
plasma enhanced chemical etching, plasma enhanced chemical vapor deposition, and
ionized sputter deposition. The high energy level of reagents in the plasma generally
increases the rate of the fabrication process, and also reduces the temperature at

which the semiconductor workpiece must be maintained to perform the process.

[0003] Magnetically enhanced plasma chambers (also referred to as reactors)
employ magnetic fields to increase the density of charged particles in the plasma to
further increase the rate of the plasma enhanced fabrication process. Increasing the
process rate is highly advantageous because the cost of fabricating semiconductor
devices is proportional to the time required for fabrication.

[0004] Despite this advantage, many plasma chambers in commercial use do not
employ magnetic enhancement because the magnetic enhancement has been found to
increase the likelihood of damaging the semiconductor devices on the wafer. Such .
damage is caused by non-uniform electron density across a wafer due to the spatial

contour of the magnetic field being poorly optimized.

[0005] Figure 1 depicts a schematic cross section view of a magnetically enhanced
plasma chamber 5 suitable for either etching or chemical vapor deposition in
accordance with the prior art. Figure 2 depicts a top cross sectional view of the
chamber 5. The vacuum chamber 5 is enclosed by an octagonal sidewall 12, circular
bottom wall 14 and circular top wall or lid 16, The lid 16 and bottom wall 14 may be
either dielectric or metal. An electrically grounded anode electrode 18 is mounted at



employ magnetic fields to increase the density of charged particles in the plasma to further increase the
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[0007] An RF power supply 24 is connected to the cathode pedestal 22 through a
series coupling capacitor 26 or matching circuit (not shown). The RF power supply 24
provides an RF voltage between the cathode pedestal 22 and the grounded anode
electrode 18 that excites the gases within the chamber into a plasma state. The
plasma body has a time average positive DC potential or voltage relative to the cathode
or anode electrodes that accelerates ionized process gas constituents to bombard the

cathode and anode electrodes.

[0008] Magnetic enhancement of the plasma most commonly is implemented by a
DC magnetic field in the region between the cathode and anode electrodes. The
direction of the magnetic field is usually transverse to the longitudinal axis of the
chamber 5, i.e., transverse to the axis extending between the cathode and anode
electrodes. Various arrangements of permanent magnets or electromagnets are
conventionally used to provide such a transverse magnetic field. One such
arrangement is the pair of coils 6, 7 shown in Figure 1 disposed on opposite sides of
the cylindrical chamber side wall 12. Figure 2 depicts a top, cross-sectional view of the
chamber of Figure 1 that shows the orientation of opposing coil pairs 6, 7, 8 and 9.
Generally, the diameter of each coil approximately equals the spacing between the two
coils. Each pair of opposing coils 6, 7, 8 and 9 are connected in series and in phase to

a DC power supply, not shown, so that they produce transverse magnetic fields which
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series coupling capacitor 26 or matching circuit (not shown). The RF power supply 24 provides an RF
voltage between the cathode pedestal 22 and the grounded anode electrode 18 that excites the gases
within the chamber into a plasma state. The plasma body has a time average positive DC potential or

voltage relative to the cathode or anode electrodes that accelerates ionized process gas constituents to
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field. One such arrangement is the pair of coils 6, 7 shown in Figure'1 disposed on opposite sides of
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period typi baing | 1107 seconds. This time average over one RF period is unrelated to the
time avé%%%%ddﬁé}?g gﬁg (?E) |%Inl%l rotation of the magnetic field relative to the workpiece that typically

has a rotation period on the order of 0.2 to 4 sgc_:onds. The fr"equency of the electron moving helically
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electrong. 5,2 NA3LRYEES to the optional rotation of the magnetic field relative to the
workpiece that typically has a rotation period on the order of 0.2 to 4 seconds. The
frequency of the electron moving helically about the magnetic field vector is
f=(qB)/2mm, where q is the electron charge, B is the magnetic field strength (Gauss),
and f is the frequency (Hertz). For example, a magnetic field of 35G will result in one
turn around the helix lasting about 10e™ seconds. This is longer than the RF

frequency, but is much shorter than the magnetic field rotation of 0.2 to 4 seconds.

[0011] It is believed that the ExB drift of free electrons is a major source of
semiconductor device damage in conventional magnetically enhanced plasma
chambers. Specifically, it is believed that ExB drift can unevenly distribute the free

electrons in the plasma pre-sheath and cause non-uniformity in the ion flux. It is

3



semiconductor device damage in conventional magnetically enhanced plasma chambers. Specifically,
it is believed that ExB drift can unevenly distribute the free electrons in the plasma pre-sheath and
cause non-uniformity in the ion flux. It is believed that this spatial non uniformity of the ion flux that
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polarity; and (4) to the second coil pair 8, 9 with negative polarity. Alternatively, the
magnetic field can be rotated continuously by replacing the DC power supply with a
very low frequency (in the range of 0.1-10 Hz) power supply having quadrature outputs
connected to provide current to the first coil pair 6, 7 offset in phase by 90° from the

current provided in the second coil pair 8, 9.

[0013] Rotating the magnetic field relative to the wafer greatly reduces the time
average spatial non-uniformity in the ion flux bombarding the wafer, and therefore can
provide acceptable spatial uniformity of etch rate (in an etching chamber) or deposition
rate (in a CVD chamber) on the wafer surface. However, rotating the magnetic field
does not in any way improve the instantaneous spatial uniformity of ion flux on the
wafer surface, and therefore does not completely solve the problem of semiconductor

device damage in magnetically enhanced plasma chambers.

[0014]} US patent 6,113,731, issued September 5, 2000, discloses a method and
apparatus that further combats the ExB drift problem by driving current through the
adjacent coil pairs 6, 9 and 7, 8 such that a magnetic field gradient is generated

laterally across the surface of the wafer.

[0015] In FIG. 2, the magnetic field produced by driving a first current through coils
7, 8 is represented by arrow 10 and the magnetic field produced by driving a second
current through coils 6, 9 is represented by the arrows 11. The first current is less than



apparatus that further combats the ExB drift problem by driving current through the adjacent coil pairs
6, 9 and 7, 8 such that a magnetic field gradient is generated laterally across the surface of the wafer.
[0015]In FIG. 2, the magnetic field produced by driving a first current through coils 7, 8 is represented
by arrow 10 and the magnetic field produced by driving a second current through coils 6, 9 is
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overcomeaply anfeipedon flux cont!nue to become more stringent, especially in certain process
regimes, in order to prevent damage to the electrical circuitry formed on the wafer. The
optimal gradient may be produced in a static position; however when the current is
switched to the next coil pair to cause rotation of the plasma, the plasma “jumps” by
90°. Such a “jump” forms a discontinuity in the plasma process that can damage the

substrate or cause non-uniform processing.

{0016) Therefore, there is a need in the art for a method and apparatus for
controlling the magnetic field gradient within a magnetically enhanced plasma chamber.

SUMMARY OF THE INVENTION
[0017] The disadvantages associated with the prior art are overcome by a method

and apparatus of providing improved shaping of the magnetic field gradient within a
magnetically enhanced plasma reactor to produce a uniform plasma. In one exemplary
embodiment of the present invention a plurality of overlapping main magnetic coil
sections are provided and a magnetic field generally parallel to a top surface of a
substrate supporting member is formed. The overlapping magnetic coils produce a
magnetic field having a shape that is improved over the prior art. In other embodiments
of the invention, sub-magnetic coils are used in conjunction with the main magnetic
coils (whether overlapping or not} to provide greater control over the shape of the
magnetic field. In several embodiments, the field control is used to provide an optimal
shape to the instantaneous magnetic field as well as a nearly continuous field shape
during the transitions as the magnetic field is rotated.
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and apparatus of providing improved shaping of the magnetic field gradient within a magnetically
enhanced plasma reactor to produce a uniform plasma. In one exemplary embodiment of the present
invention a plurality of overlapping main magnetic coil sections are provided and a magnetic field
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for clartiyeaadfvohinbarsstlugtdiadrindhe alepeudedgravdngs, identical reference numerals have been
used to designate elements that are common to the figures.

[0020] It is to be noted, however, that the appended drawings illustrate only typical

embodiments of this invention and are therefore not to be considered limiting of its
scope, for the invention may admit to other equally effective embodiments. In addition,
the drawings may be simplified for clarity and not necessarily drawn to scale. Where
possible, identical reference numerals have been used to designate elements that are

common to the figures.
[0021] FIG. 1 is a side cross-sectional view of a conventional dry etching chamber;

[0022] FIG. 2 is a top cross-sectional view of a magnetic field generator of the dry

etching chamber shown in FIG. 1;

[0023] FIG. 3 is a top schematic view of a process chamber having magnetic coils

with extended width in accordance with one embodiment of the invention;

[0024) FIG. 4A-C depict a top schematic view of the magnetic fields respectively

produced by main coils, sub-magnetic coils and both main and sub-magnetic coils;

[0025] FIG. 5 is a top schematic view of a process chamber having both extended
width main magnetic coils and sub-magnetic coils in accordance with one embodiment

of the invention;



[0021]FIG. 1 is a side cross-sectional view of a conventional dry etching chamber; [0022]FIG. 2 is a top
cross-sectional view of a magnetic field generator of the dry etching chamber shown in FIG. 1,
[0023]FIG. 3 is a top schematic view of a process chamber having magnetic coils with extended width
in accordance with one embodiment of the invention; [0024]FIG. 4A-C depict a top schematic view of

the magipeif fields espectively, profiigegy ML P a8l GHY!S: A00H AR a0
sub-ma%?légfil:c coils; [0025]FIG. SBis atop sc emq;{t)?c vieve alprocess chamber Rt;vin%ﬁbo% extended
width nsgiefigraghewndik!end sub-magnetic coils in accordance with one embodiment of the invention:

[0027] FIG. 7 is a side view of main magnetic coil sections and the sub-magnetic

coil shown in FIG. 6;

[0028] FIG. 7A depicts a schematic circuit of a double wound version of the coil

configuration of FIG. 7,

[0029] FIGS. 8A-8C are transitional diagrams depicting the generation of the

magnetic field in accordance with the prior art and an embodiment of the invention;

[0030] FIGS. 9-17 are top views of various embodiments of magnetic coil

configurations in accordance with the invention;

[0031] FIGS. 18A-18B depict perspective views of coil configurations having

horizontal sub-magnetic coils in accordance with embodiments of the present invention,

[0032] FIGS. 19A-19C depict perspective views of coil configurations having vertical
and horizontal sub-magnetic coils in accordance with embodiments of the present

invention;

[0033] FIGS. 20A and 20B depict current flow through the coil configurations at
FIGS. 19A and 19B;

[0034] FIG. 21 depicts a perspective view of yet another magnetic coil configuration

in accordance with the invention;

[0035] FIGS. 22A-22K depict magnetic field simulation results for various

embodiments of the invention;
[0036] FIG. 23 depicts a conventional rotational method for a 4-coil chamber,

[0037] FIG. 24 depicts a simplified flow diagram of a method for rotating a magnetic

field in accordance with one embodiment of the present invention;

[0038] FIG. 25 depicts a table showing a magnetic field rotation sequence in
accordance with one embodiment of the present invention and suitable for use in a

process chamber having four coils;



[0026]FIG. 6 is a top view of two main magnetic coils and a sub-magnetic coil section shown in FIG. 5;
[0027]FIG. 7 is a side view of main magnetic coil sections and the sub-magnetic coil shown in FIG. 6;
[0028]FIG. 7A depicts a schematic circuit of a double Wound version of the coil configuration of FIG. 7;

[0029]F 8A- r anS|t|o al di s depictin neraton the netlc field in .

accord lﬁ:%l/vlth ﬁ'eél pﬁzogr ar(} eﬁ rg,’ rﬁgo H% ?8neh?0 ]ﬁrl 3?%?5?889\/'5\/\15 of

variousasrtradinuenteitf mragrmmbodlhwmlﬁgaﬂrﬂtwrpseaaﬁcmwbmtmw&hdhwmtwbmm use in a
process chamber having four coils;

[0040] FIGS. 27A-27C depict schematic diagrams of magnetic fields in a four coil

chamber throughout various rotational methods;

[0041] FIGS. 28A and 28B depict graphs of relative coil currents over time

throughout various rotational methods;

[0042] FIG. 29 depicts a schematic top view of a magnetic field in an eight coil

chamber;

[0043] FIGS. 30A-C depict schematic diagrams of embodiments of a method for

rotating a magnetic field in an eight coil chamber;

[0044] FIGS. 31A-C depict graphs of relative coil currents over time throughout

various rotational methods;

[0045] FIG. 32 depicts a table showing magnetic field rotation sequences in
accordance with one embodiment of the present invention and suitable for use in a

process chamber having eight coils;

[0048] FIG. 33 depicts a schematic top view and graph of one embodiment of a

method for rotating a sloped magnetic field in a chamber having eight equal sized coils;

[0047] FIG. 34 depicts a schematic top view and graph of one embodiment of a
method for rotating a flat magnetic field in a chamber having eight equal sized coils;

[0048] FIG. 35 depicts a table showing a magnetic field rotation sequence in
accordance with one embodiment of the present invention and suitable for use in a

process chamber having eight equal sized coils.

DETAILED DESCRIPTION

[0049] FIG. 3 is a top view of an embodiment of a magnetic coil configuration 300
circumscribing sidewall 12 of a plasma enhanced chamber 5 in accordance with certain
embodiments of the present invention. Specifically, FIG. 3 depicts main magnetic coils



[0031]FIGS. 18A-18B depict perspective views of coil configurations having horizontal sub-magnetic
coils in accordance with embodiments of the present invention; [0032]FIGS. 19A-19C depict
perspective views of coil configurations having vertical and horizontal sub-magnetic coils in accordance
with embodiments of the present invention; [0033]FIGS. 20A and 20B depict current flow through the

coil comigiratidite-abRiesand 3844 {oplqeidelr-raaipiaagnetia pelispdldcandwipetumsiier
magnetie Grikeosiignrationr) aoserdangesnih thadygation B3 ehiledintan-dEthaani-magnetic
field simulation results for various embodiments of the invention;
four coils are driven by four individual currents. Hlustratively, the embodiment of the coil
configuration 300 is depicted as having a substantially octagonal plan form. However,
that depiction is not intended to limit the scope of the invention. For example, a coll
configuration in accordance with the invention can be any configuration around the
periphery of a chamber 5 with each coil overlapping (or being overlapped by) at least a

portion of an adjacent coil.

[0050] lllustratively, each of the main magnetic coils 302 has an extended width
such that a portion of each coil overlaps (or is overlapped by) an adjacent main
magnetic coil 302. Ailthough the main magnetic coils 302 are depicted as having the
corners overlapping, that depiction is for illustrative purposes only. The main magnetic
coils 302 can overlap more or less than the depiction in FIG. 3. Other embodiments of
the invention that utilize overlapping coils are described below in with respect to FIGs.
9-13 and 21.

[0051] in the chamber, the magnetic field is generally contoured (or shaped) to
combat ExB drift such that, at any given moment, there is a high magnetic field corner
and a low magnetic field corner. It is relatively easy to control the magnetic field
located in a low magnetic field corner (point C). However, difficulty arises when
controlling the field in a high magnetic field corner (point A). FIG. 3 depicts an
instantaneous view of a magnetic field produced by driving coils 302, and 3023 using
relatively high current (arrows 304) and driving coils 3024 and 3024 using relatively low
current (arrow 308). Larger magnetic coils (coils having extended width) allow greater
control over the magnitude of the high magnetic field (point A) without affecting the
magnetic field strength at points B and C. A larger area encompassed by the magnetic
coils 302 provides an improved magnetic field gradient. However, the size of the main
magnetic coils 302 is limited by the size of the reaction chamber. For example, due to
the size of the reaction chamber and placement of its supporting hardware, generally
the magnets can’t generally be made taller. However, the magnets can be made wider
to increase the coil area. As such, making the magnets wider produces larger coil
areas to facilitate improved magnetic field shape e.g., the coils 302 of FIG. 3 extend
more than 90° about the circumference of the chamber 5. FIGs. 8-21D (described in



[0036]FIG. 23 depicts a conventional rotational method for a 4-coil chamber; [0037]FIG. 24 depicts a
simplified flow diagram of a method for rotating a magnetic field in accordance with one embodiment of
the present invention; [0038]FIG. 25 depicts a table showing a magnetic field rotation sequence in

accordance with dlment o th esent | ntlon a ﬁ ble for se in.a,process hamber
havmg&ouftcm S; ?T&fdﬁ(g]ﬂﬂoédﬁg 8teb||1(": §{a%l Wge %tr’?c?t ?ﬁggng{%q‘ &ld r%nat\ cf) oggquence in
accordsinapendtiiloa enagibetiinfietd .of the present invention and suitable for use in a process chamber
having four coils; [0040]FIGS. 27A-27C depict schematic diagrams of magnetic fields in a four coil

chambgg I3oughpHL VAT IRHN A JREIRCS8BA-D drives current through each of the main

magnetic coils 302. To generate the magnetic field, the main current sources 306A
and 306B apply current to adjacent main magnetic coils 302, and 302; in the same
direction. To produce an effective magnetic field gradient in the chamber, the current
sources 306C and 306D apply current to flow in main magnetic coils 3025 and 3024.
Further, the opposing magnetic field 308 generated by main magnetic coils 3023 and
302, is of a lesser magnitude than the magnetic field generated by main magnetic coils
3024 and 302,. lllustratively, four current sources are depicted as causing current to
flow through each of the main magnetic coils 302. As coil pairs are driven to produce a
magnetic field in a reactor having a configurable magnetic field ("CMF”), the B-field is
high nearest the adjacent coils, i.e., the field strength is highest in the corner at point A,
and decreases across the wafer to point C. The currents are then switched from coll
pair to coil pair to rotate the magnetic field. Such a reactor that uses a CMF technique
is the eMxP" Dielectric Etch reactor manufactured by Applied Material, Inc. of Santa
Clara, CA. This reactor is the subject of U.S. Patent Number 6,113,731, issued
September 5, 2000, which is incorporated herein by reference.

[0053] In some processes, opposite coils (e.g., 302, and 302;3) are driven with
current in pairs to produce magnetic fields that extend across the substrate. For best
process results, it is desired that the magnetic field uniformly extend across the
chamber with paralle! lines of force. However, as depicted in FIG. 4A, when coils 302,
and 3025 are driven, the magnetic field 400 has a convex shape, i.e., the outer lines of
force 402 curve ocutward. To mitigate this convex field shape, a corrective magnetic
field can be provided that has a concave shape. FIG. 4B depicts such a concave-
shaped corrective field 404 being produced by sub-magnetic coils 5044, 504,, 504; and
504, that are positioned proximate the main magnetic coils 3024, 302;, 302; and 3024.
As is discussed in detail below, the sub-magnetic coils are positioned proximate the
ends of the main magnetic coils. As depicted in FIG. 4C, the vector addition of the
main and corrective fields forms a uniform field 406 extending across the chamber. As
is discussed below, the addition of such sub-magnetic coils 5044, 504,, 5043 and 504,

provide a large number of other benefits including additional magnetic field shape
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[0041]FIGS. 28A and 28B depict graphs of relative coil currents over time throughout various rotational
methods; [0042]FIG. 29 depicts a schematic top view of a magnetic field in an eight coil chamber;
[0043]FIGS. 30A-C depict schematic diagrams of embodiments of a method for rotating a magnetic
field in an eight coil chamber; [0044]FIGS. 31A-C depict graphs of relative coil currents over time

throughBRPTRHRIsIRRABMANRARGHS: iBtissard o capiirling thediekbshagenagseadiakla Aseation

sequengedtithagaer faitawifiernembadiment of the present invention and suitable for use in a
process chamber having eight coils;

[0054] The use of corrective fields can be extended to be produced by a wide
variety of coil configurations. These configurations include placing coils that generate
corrective fields in a horizontal plane about the chamber, a vertical plane about the
chamber, or both. A limited sample of the possible embodiments of the invention that
utilize such corrective fields are discussed below. The invention is intended to
encompass any combination of coils that provide corrective magnetic fields for shaping
the magnetic field produced by the main coils.

[0055] As depicted in FIG. 5, for greater control over the shape of the magnetic field
in the chamber, sub-magnetic coils 5044 504;, 5045, 504, (collectively referred to as
sub-magnetic coils 504) are strategically placed proximate the main magnetic coils 302.
lllustratively, the sub-magnetic coils 504 are placed proximate the overlapping portions
of the main magnetic coils 302. The sub-magnetic coils 504 generate a magnetic field
and allow “tuning” of the fields produced in the corners (e.g., at the overlapping
portions). The sub-magnetic coils 504 are used to control the shape of the magnetic
field. The overall field contour can be established by varying the turns, angle, width,
and separate current drives. The angle and width of the coils aliow the placement of
more coils (i.e., a stronger magnetic influence) in the reactor. More turns in a coil also
provide a stronger magnet. A stronger magnet produces a stronger magnetic field and
provides greater control over the magnetic field gradient. Although it is convenient to
place the sub-coil in the overlapping portions—it is not mandatory. In other
embodiments of the invention, the sub-magnetic coils can be placed adjacent (i.e., end
to end) to the main magnetic coils (See FIGs. 16 and 17 below). As shall be discussed
in detail below, when sub-magnetic coils are used, the main coils establish an initial
shape of the magnetic field and the sub-magnetic coils can then be used to adjust (or

correct) the field contour to achieve an optimal magnetic field shape.

[00586] To achieve a desired magnetic field contour, current is driven through each
of the sub-magnetic coils 504. Specifically, current sources 308A and 308B drives
current through sub-magnetic coils 5044 and 504,, and current sources 308C and 308D
drives current through sub-magnetic coils 5043 and 5044. In one embodiment, each of

the sub-magnetic coils 504 can be driven by separate current sources such that up to
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[0046]FIG. 33 depicts a schematic top view and graph of one embodiment of a method for rotating a
sloped magnetic field in a chamber having eight equal sized coils; [0047]FIG. 34 depicts a schematic
top view and graph of one embodiment of a method for rotating a flat magnetic field in a chamber

having ej ual zed coils; [004, 1FIG depicts a table showi magnetic field rota
conueredh SOLETLARL R oD RobohAdR Ot DIUAl SEH S A ORGP S e
processmabdevma‘oag@rghtaeaquatesmde:cn:lsnt&E[TWbEIm@Erﬁﬁgﬁé’tTdmélﬂ)WE&S 3n5@n@p view
of an embodiment netic, coil confi uratl n 300 circum rlbln ewall.12 of a m
ernan BB RRE0T ST Tt i oA GRBGTERISER AR BB R fedealy,
FIG. 3 degiicis aypristivnagiiet®@0@odad sub-magnetic coils 504. In the instance when four current
sources are used, the sub-magnetic coils are “double wound” with each of the two
windings series connected to a different adjacent main magnetic coil.  This
configuration uses the same number of currents as are used in an existing eMxP”

chamber identified above.

[0057] FIG. 6 is a top view of two main magnetic coils 302 (i.e., main magnetic coils
302, and 302,,) and sub-magnetic coil 5044. Main magnetic coil 3024 has a central
portion 410 and overlapping portions 402 and 404. Main magnetic coil 302; has a
central portion 412 and overlapping portions 406 and 408. Although the sub-magnetic
coil 5044 is depicted as being positioned outside the periphery of the main magnetic
coils 302 that depiction is for illustrative purposes oniy. In the embodiment depicted in
FIGs. 6 and 7 the sub-magnetic coils 504 are located between the overlapping portions
and within the plane of the overlapping portions.

[0058] FIG. 7 is a side view of main magnetic coils 302 (i.e., main magnetic coils
3021 and 302;,) and sub-magnetic coil 5044. FIG. 7A depicts a schematic circuit of a
double wound version of the coil configuration of FIG. 7. The sub-magnetic coil 5044 is
wound as two coils 50444 and 50445 onto a single “bobbin” and each coil 50444 and
504.5 is respectively series connected to a main coil 3024 and 302;. Additionally, the
sub-magnetic coil 50444 is wired in series with the main coil 3024 and sub-magnetic coil
5044a. Thus, four current sources 306A, 306B, 306C and 306D drive current through
each of the four sets of three coils. As such, each current is driven through three series
connected coils, i.e., two sub-magnetic coils and a main coil. Each main and sub-
magnetic coil is wound and wired in this manner to enable four current sources to
shape and control the magnetic field within the chamber, During the etching process,
adjacent magnetic coils generate a relatively strong magnetic field at predetermined
intervals. The current through adjacent magnetic coils can flow in the same direction
as shown by the arrows. Specifically, FIGs. 7 and 7A depict the direction of the flow of
current through main magnetic coils 302, and 302;, and sub-magnetic coils 504;. Note

that the current through main magnetic coils 302, and 302;, and sub-magnetic coils
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3021, 3022, 3023, and 3024 (collectively main magnetic coils 302) and main current sources 306A,
306B, 306C and 306D. As such, in this embodiment of the invention, four coils are driven by four
individual currents. lllustratively, the embodiment of the coil configuration 300 is depicted as having a

substaniialy ASIAORNE AAIALD dHouRe" AL ASPIoR a0l IBsader o Has seopg pldpe

invention. For example, a coil configuration in accordance with the invention canbe any configuration
around mhagpeticHeld dharciidhe eudents Bawhrcoppoesitapiiactimiseing overlapped by) at least a
portion of an adjacent coil. [0oso]lllustratively, each of the main magnetic coils 302 has an extended

width sygikghat a peeion Shegeh (UEAEFIaRS I ISAVRIRRPeSRINH A8Iacress MBin BIaEnefifeCol
302. Although the main magnetic coils 302 are depicted as having the corners overlapping, that

depictidh#gratiauiglstiie porgistiansharnbanairt HagBltidepirisathrec afienarthppicabienc & than
the depighandin Frlr%?%e‘{?@?re‘f‘d“hﬂ@mﬁl&é 9hn E‘dﬁé‘fi‘&%ﬁ L&i”%ﬁt@?(?éiép@i'ﬁg?ﬁ}é@é%‘qﬁc”bed

below in with respect to FIGs. 9-13 and 21. [0051]In"the chamber, the magneti S generally
contour@$p&ct iR gedinigal starHn g arEA 0t 28060t iVearmaamntettdie.iSA punnnagmetic

field corpghARMA dansmaanetc da @0mefh&cﬁ{ggﬂjgyﬁgﬁssﬁqmrggngﬁuﬁ%@ g ipld pgated in a

low magnetic field corner (point C). However, ontrolling the field in a hig
magnetiBd@neio field(§aidt A\ Fnte r3alcpicts(agrhstaataaebuadirsei aagugtisticoidsdSorsdlifed by
driving gal qﬂﬂ";’ S ' ! rrgnt.(arr, i 1S40 - 3024
using réqgﬁ%e y oZaW curré)ﬁ?l ('gﬁﬁi%%wfg%%g n%%%‘i%lﬁjﬁ:ﬁj%j\ﬂ%ﬁ%gﬂggﬂ%ﬁgt |I§I';(B)jw

greaterajm@tﬁolga@rate rAaguivgdke lohaagiieticatielstiézald Mﬁnmonuhmdaf_tbetihngmagnetic
field Str%ﬂ&f&ﬂ%}%%ﬁ%ﬁ?g%&ﬁ( @ 8&?8&08@5&&%@% ”&%%R}%“ﬁn‘éogggsﬂs?ﬂ?éﬂ}é'%é an

improved magnetic tield gradient. However, the size of the 'main magnetic coils mited by the
size of thambetiorirngdsansdicaxfnomiariupad wiealrcehtheoilsataiemetien pairapliasipaantnt of its
supportj rey: . t ' erally, r Kt ets can
be mad%%%{rg'xﬁ r@pé%gég ﬁ%}ﬁ c%?éaﬁ@i%sgssl%}%ﬁa&iﬁ%gtﬁg%n@g %ﬁ?&eﬁ%@%ﬁgﬂgr@ er coil areas
to facilimsethe fieldeis mdgtestic Tiolgrhage a. gmuntheifcid2afimavaldidndoriprivinge@@ediout the

circumferen t r IS, 9- I i eat il.be IGE| rative
em bodigngrﬁﬁ tﬁ{ﬁaﬁé@?ﬁé@te@z g)ﬁrgl%vé%ﬁ@ﬁ%%%eeg? %%ﬂ%qggeﬁrg%iﬁgg %ﬁ%%ﬂgm c?é rrent
sourcex8064-Bdttiesrdyrrerhithgmrgratiooh of the high coagastinagiietBo Aeih Gikhatderthdiveagnetic
field, the main cyrrent sources 306A and.306B apply curreqt t ' %35‘6‘?‘ ' iIs,3021 and
3022 in%ﬁ%’%&%?%ﬁ%eﬁ%%?ef‘o%r%d‘d%“é’ ane 8%%%%@%%5%5& %Ea ien wfl} érr{g %%?rt%é%pl th?fagcurrent
sourceBA6E dngh3Atiyretity firld 628 dS geramtaih byagragivetioilsSB28 and 3)2¢hifeittiveiowe
opposing magnetic fiel 8 generated by main magnetic.coils 3023,ang 3024 | a - gnitude
than th ga%gﬁcﬁﬁﬁdggaé% ) E/aelr%%r%%éngar%hc'ccoﬁglgbgiaa?ndy%o FI Lt a??é&l;}%?c%ﬁg &ﬁent
sourceserapletictétbas vayshg mageetio field granlieht eddhtefwhbG0dirs mabstaidiatiditaent coil

pairs arg driven to produce a magneti g’eld i actor having a configurable magnetic field ("CMF"),
the B-fidi@Ts @ﬁ';%ja\?git'?h@%m%l% t oﬁgfz‘?.@,é‘tahe field strength is highest in the corner at point A,
and decreases across the wafer to point C. The currents are then switched from coil pair to coil pair to
rotate thieoashgnetic Gel8BIiepicts dhettratsitios e the ighortagnetiadigid atvintervw|s|Bddicdfh

o AL MR s ReRER S R Feia Rt >
magnetic field gradient in accordance with the present invention. For example, FIG. 8B
comprises main magnetic coits 3024, 302z, 3023 and 3024, sub-magnetic coils 504,
504, 5043, and 504, a high magnetic field 630; and a low magnetic field 632. At
interval 614, the curved high magnetic field 630 is generated at main magnetic coils
302, and 302, while the curved low magnetic field 632 is generated by main magnetic
coils 3025 and 302,. Interval 616 provides a smoother transition from zero to ninety
degrees because the magnetic field gradient is maintained at the 45° position.
Specifically, current is applied to sub-magnetic coils 504, and 504, which generates a
high magnetic field 634. In addition, a low magnetic field 636 is generated by sub-
magnetic coils 504, and 504;. Note that at interval 616 (forty five degrees) that the
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[0053]In some processes, opposite coils (e.g., 3021 and 3023) are driven with current in pairs to
produce magnetic fields that extend across the substrate. For best process results, it is desired that the
magnetic field uniformly extend across the chamber with parallel lines of force. However, as depicted in

FIG. 4Avheiiole 30%eABEA0T A LTS % WBFBRLS AELA00 UaR 8 cAmNE PR digythe

outer Ilnes rce 402 Turve outward. To mitigate t IS con ape, a cor agnetic field
can be prothectieldst #tazeacdegueeshdpcoristan, depnmdwcuwmp@mpimlatmmuhéueld 404

being p ] S mage the
main mantiid Co P RaHes S Stk e R SRR ehiBE AL e
coils arénpsiabifed p(8Rithacetrant rigsapthedriainmadn matgoetis. Amlﬁeﬁ@%dand:IGDAthMeh/ector
additio [ m S the ber. As is
dlscusga%h) o%gtﬁ ﬂ@dltlgﬁﬁgﬁ%ﬁggu agrﬁeﬁcyc%gl S éo!?l" %%{1 @%‘?\? g@ﬁl %row repefftialarge
numberyf b @ppdinaticninfiadirens ol naiameagnedtecdielsl 362pandoddi2y. for both instantaneous fields
and for controlling the field shape as the fields are switched to facilitate field rotation. [0054]The use of

correctiydiglds caidyeseXieasReL Qs HBE%%BMIWH%?(Q%C?W&IE%”MQ%F Ua‘?ﬂﬁ‘g oty

conflguratlons include placmg colls thal generate corrective s in a horizontal p ane a

chamb& M@ oBHIesP Brihefabheumaenatigirid dldBbﬁhaﬁgﬂmﬁ@@h@\mmea@ﬂfdmm@e&mh&hents of
the Invenig AR BERYGAVASTRAV S AB!LS AER I SHESTRACAR IS HISH@\ATQEahW&dE&'PQ%%G%

encompass any combination of coils that provide corrective magnetic fields for shaping the magnetic

field prd@ Ubedightivagagticol l§|C{GI§BBpN£F eeprnethe FlE: gjdorartres woenblsoinsticaieshape of the
magnes ekt e el hanaonsecol At RO U ARSIl ifeef o o
rategica y placé 3 u

sub-magnetic coils 504) are st pro matet e main magrietic c0| stratively,

the subMeaeditc el 302 282 (h@xithatpolarity of appingtiotiohS021He arposiiadadiie coils
302. T ra | [ uced in
e com e g A B Ao bt A Bt PR e O et SRR
shape afntlbfadivapitofide. T magnetidl field ‘@ mmm&emwwmwwnemmmgm
width, P r e th e I e 0 coils
Ao T D T R N B U
A strongabmm;;mtmcnmbeé%mmmqsuﬂa@rietmeeﬂnblanmypw\zlmbmgrmbnrcmubenwahe ondlgnetic
field gr% nt. Although it is convenient to place the sub-coil in the overlapping portions-it is not

mandatory *In other embodiments of the invention, the sub- magnetic coils can be placed adjacent (i.e.,
end to end) to the main magnetic coils (See FIGs. 16 and 17 below). As shall be discussed in detail

below, WREA sub-MadhefEeN FcappigdHe rﬂmr@tﬁlpéﬁvgomlarﬁ@aia%aﬁ%wm rthfnatic field
and the %@ﬂ@ﬂ%ﬁgﬂ&ﬁ&ﬁ@@eﬁﬁes&?@ﬂbe A de;dy( CEsRhiBG ISl CRNEhE) araman

optimal magnetic field Shape. [0056]To agnetlc field contour, curfent is driven
throughTé@:hmmk@@bam@gm@%@aﬁm@smlgﬁ@ﬁnmp;@aﬂemmﬁeek 3eBtiverd(BosBalAee current

throughy suleRaRRefeCBlRRA b AL AR AT HER SpycesaanBtc b RN A e ek hrough

sub-magn mbo iment, eac the sub-magnetic ¢ 4 can be
driven Bhresighr anagoetincol #08s bagratp@iafpjycppposne to sub-magnetic coil 504;. As such,

the portion of the magnetic field represented by “A” is transitioned between 504; and
3024. The sub-magnetic coil 5044 causes the portion of the magnetic field represented
by “B” to be generated at sub-magnetic coil 504, and main magnetic coil 302;. The
transitioning process is performed by increasing and decreasing the current between

main magnetic coils 302 and sub-magnetic coils 504.

[0063] At t2, current is applied to the sub-magnetic coils 504, and 504, and the
current is increased at main magnetic coil 302,. As a result, the magnetic field
represented by “B” moves vertically between main magnetic coils 302, and 302;. The
portion of the magnetic field represented by “C” transitions towards sub-magnetic coil
504;.
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eight current sources can be used to drive the main and sub-magnetic coils. Such independent current
facilitate wide control over the magnetic field shape. In one embodiment of the invention, four current
sources can be used to provide current to the main magnetic coils 302 and sub-magnetic coils 504. In

the instpjapgwhemiows cugeBlFRWCRS apblisgtdhRsioTMAsI eaiis a9, danblegend’ yith each
of the two windings series connected to a different adjacent main magnetic coil. This configuration uses

the sanmBFERNSoG I CEARY LARNIEL S iMalh dnrgRstievel 38RamAs risesitdthsRetionfIFIG. 6
is a topyiewhah et ERIN TasRRAEL RUIB P02 (RwiEHIBANN BEMAOYS AR%h ASLRREQANE 302,

sub-magnetic coil 5041. Main magnetic Coil 3021 has a central portion 410 and overlapping portions
402 an@29480dain magnetic coil 3022 has a central portion 412 and overlapping portions 406 and 408.
Although the sub-magnetic coil 5041 is depicted as being positioned outside the periphery of the main

magnetjgoesjls 30Athat depietiierf & MEFmgriiidesfs3only idntdiscRMiipdife sl epigtad it FIGs. 6
and 7 the sub-magnetic coils 504 are located between the overlapping portions and within the plane of

the oveR9Ppily PHRAREJo0 S B RIS His heie e of HsirmAdprEs s sepEasntad i nfiignetic
coils 30ggvanectidehandinuPragagietto @020 4hdéah-Medpeifésca setamatic circuit of a double

wound version of the coil configuration of FIG. 7. The sub-magnetic coil 5041 is wound as two coils
5041A and 5041B single "bpbbin" and each.coil and 5041B js respectively series
connectetPfd a mé?‘u oiﬂ%f%%ﬁa?ﬁ?ﬁ?%mﬂ&? ﬁ/%ﬁéﬁ%@fﬁfﬂﬁ%‘?ﬁ% eéi %42ﬂrfgﬂ\%/)i/édﬂri'ﬁ'§eries
with thenmagimeioll 36R 1302 sigb-deagnmiisacoldnd4the Thusehpuaturigint sadgrastid0edi UGB, #6C and
3060 drive current through each of the four sejs of three cails,. Ag such, each current is driven. through
three sOTREEB e AR LIS et FuBOCBTR R OB Sl e R AU EEH i oo magneti
coil is waniheLafibwi eshie BrisifeacsiRy 46 eRalyg. four current sources to shape and control the
magnetic field within the chamber. During the etching process, adjacent magnetic coils generate a

relative ng magnetic fi t predetermined intervals, The current throu jacent. magnetic coils
can o0 he sae Dl ettt SR oy D 8 TR SR ErELe Pl S0 A e Brection
of the floff aif maire nh dgnoetih codiB 08agetiaeidtIBORiEand Gk fiold wraditagmrencessisté®4dyNote
that the,cyrrent through main magnetic caoils 3021 022, and sub-magnegtic coils 5Q41 flows in a
clockwidh il BHon PRGN, U LTRERE RS acile 0o 2o D P Fhabifout RORRE P e
currentseifresiantegdosite” BIGRT drisv 0 B2difd&rs. BAHB Griageditier dethictIansiinn 30dyeness thked to
rotate the magnetic field in an etching chamber. EIG. 8A depicts.the.prior art application of different
magneﬁ@%ﬂﬂ "ﬁteﬁ%ﬁe Br %%%fﬁeﬁ%%%én yin@rva@ﬁ]& d%ﬁ%@é’\’\ﬁ% Pes%@(ﬁp?d]grﬁ)ﬁﬁm S ?ting
point) 602néfiénand 606. For example, FIG. 8A comprises magnetic coils 6, 7, 8, and 9 of the prior art;
a high magnetic field 620; and a low magnetic field 622. At interval 602 (zero degrees), adjacent

magnetj iIs 8 Q?Q nerate, a curved high magnetic field 620. During this same interval, magnetic
cotls 6 108D gentn e T 0L BBt analiret 605 SrmriE,ob Vel shERSnRE L gt
fields 6pBeardtGR2entionatcontatectshapadrietid fibloe@lecs st dothisi ndtionisendyyshog i sition

from one _pair of adjacent coils to another pair of adjacent cojls that facilitgtes field rotation, the plasma
i the XS] CIRTNRCE TR dRATY urk 5L EETHIP oI5  BELHh FoAt AT A JaT e, o
intervalrith fostyfdiveotitgrg es madighionfgiteiic et axhieoeithratabdiitnvests aiilthe prekarty
applyin currtent to coils 6 and 8 only. This generation of the high convex magnetic field 624 at forty-five
degreeg'ﬁgfbéo@'ssen the jump in the plasma. At interval 606 (ninety degrees), the curved high
magnetic field 626 is generated by magnetic coils 6 and 9, while the low magnetic field 628 is
general@o6By madneticcdigptting sopview pdfiranreliginative enphedinvawefea thagnatinatislfield

gradient HANGHRLR DS SHAMRUIRIM S TP A ProdidichbiRudentys §93205H5Bration
is similar to that shown in FIGs. 3 and 5 above, except the main coils are interleaved,
for example, for each coil, one end is overlapped and one end is overlapping. The
magnetic coil configuration 700 comprises overlapping main magnetic coils 7024, 702;,
7023, and 7024 (collectively main magnetic coil 702) and optional sub-magnetic coil
7044, 7042, 7045, and 704, (collectively main magnetic coil 704). Each of the main
magnetic coils 702 has one end 702xg that overlaps an end (where X is the coil

number) of an adjacent magnetic coil and the other end 702xa of the main magnetic coil
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[0060]FIG. 8B depicts the transition of the high magnetic field at intervals 614, 616, and 618 (zero,
forty-five, and ninety degrees respectively) while maintaining the current magnetic field gradient in
accordance with the present invention. For example, FIG. 8B comprises main magnetic coils 3021,

3022, 302523k 304 apbetnagpeis s 4arbireroadiacil 34 ahighdnadssiicAigld 6ggrand a
low magnetic field 632. At interval 614, the curved h&:gmagnetlc field 630 Is generated at main

magneti©NP B 118.R03692 winietPehR 8 FagriiR haeady Qe yedanredbyitifnetic
coils 30Zshanrh3024 N tah6 Lashoyfdas aneAtBgrEROTENY ToMiZeiadiicheesder ars Rrsause

the magnetic field gradient is maintained at the 45 Eosition. Specifically, current is applied to

sub-madtiédR ebiry0ak thRaBaiM MARIEHE RIRe£02rR ARlgREHISIRIRNE Som AdBte, afidhe
magnetie firlda3ehiarasaeied Besabseagnedisals pestiansbod 3 digiet hagRt itevaigtai¢forty

five degrees) that the 13 magnetic fields generated are curved such that they have the same shape

and gradiel® £8MBeiaNasS I SEE MY rsE: thapolh dhe¥nierRiRIRRATEd OB AT ARBRNHRYHNARRIn Ihe
etching GliRifioR!, BIMLIHRE ARNSIHITURGNSE piifld O prdiarindtiiie thectpphey poHidies\eH B8 (90),

current is applied to main magénetic coils 3021 and 3024 which generates a high magnetic field 638. In

addition RABWTAIGREG SRR 698 10 JEr¥ide-areaigmppRelisolied Gantirl BHARS THREARR®S!IS
3022 ang#928s e W HFG 8 Catiradss Giny hardousrragHuinatiis Hopidafr e peyitienedbintansally

smooth rotation of the magnetic field during a 90 rotation in accordance with another emhodiment of

the invemidne Phdh& maits colsitardisaussed vithizeanpahin FdfEve & RSt hegnaicariis: coil

current gne IAECIEERItEE A i &k olIFeatachiyy el i ed T e dTaL FEE RIS tRé e igion
magnetic field "BCD" is generated by adjacent magnetic coils 3022 and 3023 (i.e., the polarity of

magnetid\ @it iH28siMAP IR RS e RIRNRV B A RIOR: SSiPREIer enaledardhnandiablith

sub-magqgite @@?éaé%wwaégsw@aiﬁ%wmﬂ%"m'ahat helps shape the magnetic field at
the ends of the adjacent magnetic coils 3022 and 302. Note that the polarity of the current in

b- tic coil SQ41 j jte to th larity of th t in.sub- tic cpil 504 62]At t1,
currant 8 iod b e JEsERIRIS @ RESS SRS &, h T A NIRRTkl 260
generatetl By adjabient mwigneiayeets AR 202}, Hxtdaifze endsbed2 andnidspeliyeetyipestidepicted

lati lized itude and polarity of ied _F h t
that oo 8BinA G AGRET L o AT BT P OLTe th S EBNEIT 3 adhs SROTTEh the
portion qdhgom I3 tisrfet nendesentedtsyatiatytiomaitiohtsl dethvartheér04Bran thpORartibine7 08

b-magneti il 5041 th rtion of the magnetic, field r ted fy "B" t nerated at
b mad A LR [ B SO EA08 SR D& AR e L e PR TR
increasinagddtecsabstaatintycpsienebaiveemh riermageatiaroisadP2 o dcliFoagoeatineiim504.

0063]At,t2, ti lied to th b- ti ils 504 d 5042 th
[ ] inteﬁgltrgpeés'fa{) (5) }grm%é gys%enlln rr]golgn%)cghson of1 tﬁg ends 4A aend 70248, the top

portion 7084, and bottom portion 708,.

[0071] FIG. 10 depicts a top view of another embodiment of a magnetic coll
configuration 800 circumscribing a cylindrical process chamber 701. This configuration
is similar to those shown in FIGs. 3 and 5 except the chamber 701 is now cylindrical
rather than octagonal. The magnetic coil configuration 800 contains main magnetic
coils 8024, and 802;, (collectively main magnetic coil 802), main magnetic coil 8044 and
804, (collectively main magnetic coils 804), and optional sub-magnetic coils 8064, 806,
8065 and 806, (collectively sub-magnetic magnetic coils 806). Main magnetic coils 802
are positioned opposite each other and slightly curved towards one another to partially
circumscribe the process chamber 701, Each main magnetic coil 802 covers about 90
of the circumference of the chamber 701. Main Magnetic coils 804 are positioned
outside of main magnetic coils 802 and are offset by about 90° from the main magnetic
coils 802. Each of the main magnetic coils 802, 804 has two ends. Specifically, main
16



current is increased at main magnetic coil 3021. As a result, the magnetic field represented by "B"
moves vertically between main magnetic coils 3021 and 3023. The portion of the magnetic field
represented by "C" transitions towards sub-magnetic coil 5041. [0064]At t3, no current is applied to

main magagHetO 28020 ¢ihere IX ANtHCRABRUM B CHERN EABBIBORIO, AN S02gReARCRIBRP21. As
a result, the portion of the magnetic field represented by "C" flows vertically between_main magnetic

coils 3091297 40 2011 0BEfx: HaYke Blfen3tn 80 magndfiecMAB2DRANBHED Ri'8nBAAe FGrrent at

3023 is gesirened. dipadies Wt et ahdeighapalicliel tepspasnine indhdiowsoaetiamen main
magnetic coil 3022 and sub-magnetic coil 5041. [0066]At t5, the current at sub-ma&:etic coil 5043 is

turned ofTEHE'SGHRA B RERFRRSRBACBST 303 idHAGdLOR, maN Reagnedic: SPIaMHRAEHERC coil
3022 is edeaskehai® migmdtichaposons rohemamielimbptdmerpieaeirddBl2, , Fhd "§b24nd "D”

flow between the coils as shown.ﬁ[é)OG?]Lastlé, at t6, the current is increased at main magnetic coll

3022 arfr fuRYEH PR Ry Rt AL feecaN 3 8Y4: nEesnestivelhe RS HRIINGIRRIS FRI W ited by
"A" flowghiehepp sHbrisadnete aeils B0 2088ap e pertivh 8 89MRECHISIA ARSI ¥ae D"

flows between main magnetic coils 3021 and 3022, i.e., the magnetic field has been rotated by 90 while
maintairiRg 23 RiaRIdR1§e1Baia TeagRetic coils 802 and 804.
[0072] FIG. 11 depicts another embodiment of magnetic coil configuration 900
circumscribing a cylindrical process chamber 701. This configuration is similar to FIG.
10 except each of the main coils cover about 180° of the chamber circumference and
the sub-magnetic coils are centrically aligned with the main coils. The magnetic coil
configuration 900 contains main magnetic coils 9021 and 902,, (collectively main
magnetic coils 902), main magnetic coils 9044 and 904, (collectively main magnetic
coils 904), and optional sub-magnetic coils 9064, 906, 9063 and 906, (collectively sub-
magnetic magnetic coils 906). Main magnetic coils 9024 and 902;, are positioned
opposite each other and curved towards each other to circumscribe the process
chamber 701. Spaces 908 are formed between adjacent ends of the main magnetic
coils 902. Further each main magnetic coil 902 covers about 180° of the circumference
of the process chamber 701. Main magnetic coils 9044, and 904,, are positioned
outside of main magnetic coils 902, are curved inwards, and are positioned opposite of
each other. Spaces 910 are formed between adjacent ends of the main magnetic coils
904. Further the main magnetic coils 904 are offset from the main magnetic coils 902
by about 90°. Each of the main magnetic coils 904 covers about 180° of the
circumference of the process chamber 701. The coil configuration 900 is similar to the
coil configuration 800 except that in the coil configuration 900 the main magnetic coils
overlap more than in the coil configuration 800. Further, the optional sub-magnetic
coils 906 are juxtaposed to the spaces 908 and 910 of the main magnetic coils 902 and
904, respectively. In this configuration, the centers of the sub-magnetic coils 906 are
aligned with the centers of the respective main magnetic coils 902 and 904. Generally,
the 180 degree main magnetic coils 902 and 904 are not very effective in producing
magnetic field gradients. The addition of the sub-magnetic coils 906 improves the
ability of the coil configuration to produce magnetic field gradients. If the coils are
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[0068]FIG. 8C should be considered one example of using embodiments of the present invention to
rotate the magnetic field. Other current combinations may produce useful magnetic field rotation. For
example, see below for an additional description of methods for rotating a magnetic field in accordance

vy . : . 0 . o :
embodi Y U RN ELenks T EoniatARlith DlORARY SANAET B ol of
This corthguregignaticiigldrsiapeat shiemativeyseatenfigivationerayalse bainpriatedaisitgleaved,

for exa : il O iS: IS rlappi h i il,
contgr e T8 e B B A A SO 0 cavery
main m&§HetancbfGtaamdo2tiend 806smagnetic coil 7041, 7042, 7043, and 7044 (collectively main
magnetic coil 704). Each of the main magnetic coils 702 has one end 702xB that overlaps an end

(where {%iﬁi?"e COpt it Mg RIAG S URAAEM AANSSIGiFIhANSK 1he RIBCURRE 692X AR HAIRi

magnetic coil 702x is overlapped by an end of another adjacent main magnetic coil 702. For example,

the end GoRfigeias tREQ fr cerumssRbe Rivgsehambe e Al pdagnelicesail ropfigukaiannat
each of i ASRARSHSROISalfireti PaSIORBESUCh $be§gh3@61%%9®@9ylﬂgtherﬁ?gjﬂéﬁé%b‘igc coils

702 are not equidistant from a center of the process chamber 701. Because the coilsare positioned on
a slight AA§R). theashpfeline daitin snasnalisdeabsgtdQdiisceived if thaghwefdheramrjedergagitnmon
cylinder iH = i il 7 ' [ of i the
R L e ST e S R S R e
FIGs. sBsattescoiriusuiemagndtioneilemd4i€iZe fditisnayenlanpethiyy onnrihaiirdisires

discussetwiBHERAC1 RIS I QHQHIGH SR e theilt ﬁagn&%ﬂ%s%ﬁhw*ﬁa@%bgew?nts

may be used in accordance with the invention that utilizes main magnetic coils having a larger or

smaller 4agle thispems clittpetios tReopess shajnbec é8ils AltheegiatEdGn t3idepieiguikeionametic
[0070]F|G:9 i ctive wiew: of ' tic. coil feail 7Q24) | The main
magneti@é[oi 7%ﬁ 4@&5@1@%&@0@%:5@ %tzr}%mgn@g %%(ﬁﬁr? %é@%’i%o%o”%%&%%d%% 'and an
interior &fsegnONAGBalp EoHEON T0sANaambodinepbiieh Usee adernvedisn¢aohsbttaliggilerallel to

h ot i : j 8 ted, Vi 7 246.
The end YRR Zoe ot iets b e e Cramaer PRT I Beretal 2bf odd,
contain®beveraRpinesdisOMaynke bsate iNeiedhakctines weN gy ¢eharentl RO2a8tegesp

ti t j00.708 G, ' iew of anot iment of
agne i e R ol Rac el SRS IR areaes ) S e,
similar ttheétosthehehara FoGdhe anhgretie el dhatheechamidanos cimpdoeat raoker tikarcoil

octagonal. H f] || Gonfi I ntal [N eticcoi ,sand :
(collecroeh HEeARa SR A Rl T e oraaten O3, DR s e et
coils 80figlasthapsional sub-magnetic coils 8061, 9062, 8063 and 8064 (collectively sub-magnetic

magnetic coils 806). Main magnetic coils 802 are positioned opposite each other and slightly curved

towardsggpnotao AaTalEICEEDGIEY BIOUERRRPRRH RO e RagaRRICefll 802

covers about 90 of the circumference of the chamber 701. Main Magnetic coils 804 are positioned

outside @?nﬁi@iwa’(@héﬂ&@ot@, s@zﬁnaqh%fas@wmqghgmh@mﬁﬂé.mahen@@'\hemﬁ@mm Each
of the majpMREREIREH SO AMKLRASHIR o, SRE65ICWaRI2%hd 1102, (collectively main

magnetic coils 1102), and main magnetic coils 11044 1104, 11043 and 11044
(collectively main magnetic coils 1104). Each of the main magnetic coils 1102 covers
about 90° to circumscribe a process chamber 701 and has an adjacent main magnetic
coil 1102. There is a space 1108 formed between each adjacent main magnetic coil
1102. Main magnetic coils 1104x are curved and placed outside of main magnetic coils
1102x such that each end of the main magnetic coil 1104 overlaps an end of two
adjacent main magnetic coils 1102 (where X is the coil number). For example, main
magnetic coil ends 1104,4 and 11045 overlap main magnetic coil ends 11024 and
11024g, respectively. Each main magnetic coil 1104 covers about 90° to circumscribe a
process chamber 701. There is a space 1110 formed between adjacent main magnetic
18



16 magnetic coils 802x (where X is the coil number) have ends 802)(A and 802xB, and main magnetic
coils 804x have 804)(A and 804xB The main magnetic coils 804 are positioned opposite of each other
and slightly curved towards one another to partially circumscribe the process chamber 701. In addition,
main mageticenl! St QyEHiBR SREHOMEGHLRALBRYIC §0ls HR20FOEHBM MR M ML GIRGREISIRNAS
8021A and 8022B are overlapped by ends 8041B and 8041A respectively. Further, sib-magnetic coils
806 canH@%@Mtﬁh@& #0r near the overlapping portions of the main magnetic coils 802 and 804 or
outside the main magnetic coils 802 and 804. [0072]FIG. 11 depicts another embodiment of magnetic
coil configiregtion ¥AG cirpanRssibisg £ eypndiisal progpeirdaRkRodithehbintoafligidgheidsdgmilar to
FIG. 10 except each of I(be main coils cover about 180 of the chamber circumference and the
ub-maGRBTEAHORre! ok SHERRRIIR RN ARG SIETRE R retid BB EOAAGUFAHSR 80

containssimaky MRENRe de SfYaraBidh AN RES23 (aptes el phahe Ranaiisisalls ABEbvealpMageetic
coils 9041 and 9042 (collectively main magnetic coils 904), and optional sub-magnetic coils 9061,

9062, 9FEAINRHE ofRlh FNRQUAALIPR ULZ AT GOSN BHRINCREN8HR) CRASIN R melit W4sis 18828  and
9022, agghBopAIIN e ARRIRIENCHAIONSH RESLEBIE d 20U REHRICAML IAGH LB E EoE$o0Re, theparocess

chamber 701. Spaces 908 are formed between adjacent ends of the main magnetic coils 902. Further

each mdiddhagdid 28toEplectrelysulmropeticccoisutiftensash o seagseliartiel 24 Main
magnetig ¢l &9 Anwands R4 2irdisiBenat Qtisidr O IoharuBAgatia Re Sovess aBdiireed sywards,

and are @ositioned opposite of each other. Spaces 910 are formed between adjacent ends of the main

magnetf®@ofé Bnfaranaer MhdhgarrfcssscEbaBReb 0P Are ich MoRNHEZARRN £ €8il$ 902 by
about 9g4 P EVHANERAIRSIC FRIGHANE RS about 1RE g&fﬁéﬁ??ﬁﬂﬂ@ﬁﬁ% i tibecBirRcess

chamber 701. The coil configuration 900 Is similar to the coil configuration 800 except that in the coil

configurbéBf 3toRAsAateshigiecdikushdhab neiR harsragr tENGbetyariarisoentendtr, the
optional sy ERagNECAals PR ALRidUbAROpRSbIo the spaces 908 and 910 of the main magnetic coils

902 and 904, respectively. In this configuration, the centers of the sub-magnetic coils 906 are aligned

with the centers of the respective main magnetic coils 902 and 904. Generally, the 180 ree main
magneti@T&s 9o§5hd@%ﬂ"§rté°rﬁﬁ'?§eﬂ;?8 &’tﬁ/@‘?ﬁ'ﬁmﬁ@qﬁﬁah&?ié%é@%eﬁggﬁgﬂ?ﬂition of

the sub5BagBEEHEPISEH AR YRgHEGCAsHIY 2028 qHECOMHGHERIBtIEJYIRIHaoa RIS theld

gradients. If the coils are_driven by eight independent currents, the configuration provides substantial

control &F&RASIEGRERAARRENERS ARt ERTL ieserisHaR] tifo AR A BHC RIS tedNBs#iProur

currentsiygwEtiRg doissrieihergllovineeoisRapie: 804hand iPGRIcNGEREPAt8a4%igNH 9983 and
9022 and 9064. [0073]FIG. 12 depicts another embodiment of a top view of a magnetic coil
configu@iMRe0 1h B rRlerBEEa iR WIR SIFY: EERoRGRRL CHHPBSHfifiFafBRMEB B htains

main mago@te §Qliitsitiaty GPtfo (el ReitRly MRiNtMASREHE Hilth &Ry e R IEhpradiregagnetic
coils 1002 is curved. Each of the main magnetic coils 1002 has one end 1002m that overlaps an

adjacentinii§nstiartirioodughiatiely isthee sumraneticaseilnd €0t aie2dericted 89cR8H%d by
anothqug@g@rgmﬁgrﬁ'@p%ﬂﬁgg?g b1 adiigih aRsdnetithediaipmagnetic coils 1002 covers about
a

45 to circumscribe the process chamber 701. Although FIG. 12 depicts the magnetic coil configuration
1000 as having eight coils gther embodiments can be used (e.g., sixteen magnetic caqils). In a
embodifi&htithat uge%pﬁﬁ?é'gﬁ"cailg?mt'&%ﬁ cgfgq{%%éﬁt?%%t@?@{%egrﬂhﬁ%’é’tt‘%@?ﬂﬁeﬁr%%ess
?hﬁmb%ﬂ&é{'imgﬁﬁﬂ MW@,%.@L@W'@OF;@Q??JWY@%%?@ N@ﬁihﬁéﬂ%ﬁﬁ%lﬂgg&?\?ns
where N is an integer greater than 1, where each coil has idth that covers greater.tha

R = L 1 G SN S S St e i e
having ag#etitatsitsforavartundave wigireaits fieldrave tihe papnstisuieisisgastc ESIRHEHMAs 13
deplctsg tggn\élng %fa%rr]'aoettki]g rf?erm?od,mgn\tlé)&%rmg\g&%g% Cc?#lthese fields produces a field with

improved parallel lines of force across the substrate.

[0078] FIG. 15 depicts a top view of another embodiment of a magnetic coil
configuration 1300 to circumscribe a process chamber 701. The magnetic coil
configuration 1300 contains main magnetic coils 12024, 1202;, 12023, and 12024
(collectively main magnetic coils 1202); sub-magnetic coils 12044, 1204;, 1204;, and
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configuration 1100 to circumscribe a process chamber 701. The coil configuration 1100 contains main
magnetic coils 1102,, 11022, 11023, and 11024 (collectively main magnetic coils 1102), and main
magnetic coils 11041, 11042, 11043, and 11044 (collectively main magnetic coils 1104). Each of the
main magnetic coils 1102 covers about 90 to circumscribe a process chamber 701 and has an adjacent
main ma@odtic(coilddifz Iy rarb-imagetioe ddit8 iddded betveeb-renimatiaceritenbidfmagrias coil

1102. Mai tic.cails, 1104 d and pl ' ' tic cqils 11 h that
oach ono L o A e S AR B T S A e o o
(wheret)sisqrzed;ihlwardxelozz A{t): Eﬁi?g?onlm mrnei;pmiageetmamimd_ §0l11®41ﬁ°mvéf e rﬁi@ééﬁt@&“ﬁaptn;gi?
magne coll.endas m, respectiv . IN Magnetc Col cover, ou (0]
oo T T el St o Pl A G el T e I P i
18 coilsadijdbenntadtitotherimmaagnesgretts ¢l aB9DffsThisoat jmednimagireinagistil03ilsy about
90. [0075]EIG. 14 depicts atop view of ano empodiment of a m ic_coil configuration 1200 to
ceumeEABE 3 postioRa e B R SIS SRR P 28 BEEC AR GE R @LTS and 5
eXfi‘eptztdggema%mz' ggzaiﬂtm‘a#yﬂ;ﬁgichi(lﬁlmaEOQtlicm| mlmfigagﬁtéircmg ggmisefmt\ajb' m@mﬁticI
coils 1 .1 , 1 , and 1 4 (cqllectively main magnetic ¢qils.1 and sub-magnetic coils
o011 Do UBTTRANENG SO et SRR COIE 130 NeIRAcAm e AR O6i 1202
is curvedomwameint s sitimest htcietpEospased ante héblcuidraaue inagoeti O sifshe gucumigrence

of the process chgamber 701. Each main magnetic coil 1202 is adjacent to two other main magnetic
cols 12899HR8 R 8EEARRANEHEERLtd OfPrOSEseH BARBRUS SRIPEURENG 1 IR THRIRELS space

1206 befuigepaitbipsrit eydmaivand@héiic ek Maopeifcallriagriefd ddsud-npmanetia apis 1204
are positioned adjacent to the spaces 1206 formed between adjacent main magnetic coils 1202. The

sub-ma§ARRARRNhANEIE (YT RME S bRiaBRIgd e ALHiSYE Srhstapiiakimreyment dcthgain
magnetisopfis: JM RS RayAaNS ePkhages INMIMEIRS SO O Hragiraretsilickimasaermeyl within

the chamber. If the coils are driven with eight independent currents, the configuration provides

substanfafi§ieHriidteeradRGest iakh&plsoPtEsRaEREE IINTERRARSA ih fAe EAFHGBrthat
llustratiygly. i eUPrEPRSURHHES I d 42 Q18 AARERR 28 MRiNedasated on the outer periphery of the

main magnetic coils 1204. [0077]In operation, a magnetic field gradient can be produced in the

chamber by energizing three cojl pairs, e.g., high cyrrent to coils %%%2 and 12023, medium current to
coils 125’2%/9&nd 15824, a6 rr@nf?ﬁ chi fng%m & EPGHEEAF < AR tO0ils

form a ey @aniaanatmbeltbarddnmpaiindf swbprrgaetiecraisierToa convex masieliicfieldi The
O T guration 1400 chniaine. main mAgnete cofs. 1402:. 14025, 1403, and 14085 o
(collectively main magnetic coils 1402); and sub-magnetic coils 1404, 1404, 1404,
and 1404, (collectively sub-magnetic coils 1404). Each of the main magnetic coils
1402 and sub-magnetic coils 1404 is curved, in the same plane, and alternatively
positioned end to end. A space 1406 is formed between each alternatively positioned
main magnetic coil 1402 and sub-magnetic coil 1404. The area covered by a main
magnetic coil 1402 and a sub-magnetic coil 1404 is about 90° of the circumference of

the process chamber 701.

[0080] FI1G. 17 depicts a top view of an embodiment of a magnetic coil configuration
1500 to circumscribe a process chamber 701. The magnetic coil configuration 1500
contains main magnetic coils 14024, 1402;, 14023, and 14024 (collectively main
magnetic coils 1402), sub-magnetic coils 14044, 1404,, 14045, and 1404, (collectively
sub-magnetic coils 1404); and sub-magnetic coils 1502, 1502;, 15023, and 15024
(collectively sub-magnetic coils 1502). Each of the main magnetic coils 1402 and sub-
magnetic coils 1404 is curved, in the same plane, and alternatively positioned end to
end. A space 1406 is formed between each alternatively positioned main magnetic coil
20



[0078]FIG. 15 depicts a top view of another embodiment of a magnetic coil configuration 1300 to
circumscribe a process chamber 701. The magnetic coil configuration 1300 contains main magnetic
coils 12021, 12022, 1202,3 and 12024 (collectively main magnetic coils 1202); sub-magnetic coils

12041, 4264 % U8 AR GiFPalasivensubimasnaaols 204 Al imaaBel g olls
13041, 13042, 13043, and 13044 (collectively sub-magneétic coils 1304). Each main magnetic coil 1202
is curvetibftantisity eiacaliedkipetiice produsgraticnpelsy dAhd coverergBogeverefithy drdngiference
of the i g}oﬁ.@? [oee] [ ' t ' tic
coils 1%@%5@3@?2&? ggﬁ%hgsnm?u@c ils 1%%359 gﬁeéggs%?nsegﬁcgg tﬁmgs%§%ﬂ§ﬁ§§ ?gg space
1206 béhagduieeriacehimbes d0daci ng wdditign aidhactiderRarEdE. qils sUEDhinpreasesitbel304 are
juxtapo - j il iC: Qi J of coil
inding e 8 F g B Gt b I TRTE fipyliet
sub-magpetieagieticaceilsol s a Madhistiemiadinsnte tvahe neagrenis fiedd gbacamRYEDy thain
magneti s.1 - Irb%g]' &Q’lllls 0 ' badi t, rre c applied
to achiéé%veﬁgul%stﬁa%g?o&?rﬁgnt In the cojriﬁrozlht]) trﬁ%@ﬂ%@nggﬂl@% s‘i)rﬁ(g gr"e %e%%@veﬁ%ﬁg

sub-maffietratyilycdhepsuimagneticiesilitandadiieshimseariesonithshizadiaeent maie st to FIG.
7A such Ihal orhy IO RieE REe RS IhAHUE Ui HRHAR LORFREL Grd G 5ER!

e of Share S I D A SR Bember
view of another embodiment 0f a magnetic coil configuration 1400 to circumscribe a process chamber
701. Thyineatireetonfigusatitguuration 1400 contains main magnetic coils 14021, 14022, 14023, and
14024 (collectively main magnetic coils 1402); and sub-magnetic coils 14041, 14042, 14043, and

14044 (Gl el D THAUABHROUS AARALREE B EIRIEKBRISEMEHSR 8 sbheRieaneti

coils 1404 is curved, in the same {;)Iane, and alternatively positioned end to end. A space 1406 is

formed gitvwesfigHationctAaffe lppoisaitneeriPRIA MREesscdrmben thh suhenspanrtisofoilioa.
The areg,raveraddY 2408LBIABRSLS %%#%@?msean@ww ogbas04 @agzoahaofﬁdmf

circumference of the process chamber 701. [00s0]FIG. 17 depicts a top view of an embodiment of a
magnetieQGFtvalyguRaid nMaoeabccittilt stPdd) aaid caub-erramsdic 700l TRtk alfiddic cHi022,
configuigios) 1599 sensAINe Bl RAPSBHC A9Ad0RL: 4832 LANARcaihbeRRAdeelpighsmain
magnetic coils 1402); _su’b-magnetlc Coils 14041, 14042, 14043, and 14044 (coIIectl\_/er sub-magnetic
coils 14u23ubrimagnetitgaiisid 68ksarscrlinnesbwithian 28 sanidtesboantes RfdhreaimcribdBbtc coils
1502). BACNQfHhAHAEAYAE UFeR)Sa1é QoGS HRAPARB IR Cata WA BiTYRE: 43dbeigrige plane,
and altiﬂ%tﬁqgﬁnﬁggiﬁ%}ﬁgg %rlr]l% E)E%}%d. ilAé\lgéace 1406 is forr?l%(g between each alternativelyl/ positioned
main megiewetoill he sub-magnetic coils 16024, 1602,, 16023, and 16024 provide a corrective
magnetic field to improve the shape of the magnetic field in the chamber. The main

magnetic coils may overlap as shown in previous embodiments discussed herein.

[0082] FIG. 18B is a perspective view of an embodiment of the invention having a
coil configuration 16008 that is similar to FIG. 18A except the horizontal sub-magnetic
coils 1602 are positioned outside the area circumscribed by the main magnetic coil
1604.

[0083] FIG. 19A depicts perspective view of another embodiment of a magnetic coil
configuration 1700A to circumscribe a process chamber 701. The magnetic coil
configuration 1700 contains main magnetic coils 1604, 1604;, 16043, and 1604,
(collectively main magnetic coils 1604); and vertical and horizontal sub-magnetic coil
sets 17024, 1702,, 17023, and 17024 (collectively sub-magnetic coil pairs 1702). Each
coil set, for example, contains two horizontal coils (e.g., coils 17024 and 17024p) and
two vertical coils (e.g., 170214 and 1702+;). By driving each of these twenty coils with

separate currents provides for substantial control over the shape of the magnetic field
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1402 and sub-magnetic coil 1404. The sub-magnetic coils 1502 are juxtaposed (i.e., substantially
parallel) to the sub-magnetic coils 1404. The area covered by a main magnetic coil 1402 and a
sub-magnetic coil 1404 is about 90 of the circumference of the process chamber 701. The addition of

the subprpanRel kPithd Xninteasesibenmag)clsifielady provides adumangtinigldasilyesto the
magnetic field provided by sub-magnetic coils 1404. In this embodiment, twelve currents can be applied

to achidV8FRHElRls fhars dhadRRNNESSRIRATIRG RhYie fuhaliadaapAatBatialsyfewear

sub-maghelieRay CiniviesLia B e St ineANecHny MaIbGRisAs dascHPed kit resnest to FIG.
7A such that only four current s_ugglles are used to drive the configuration. pO81]FIG. 18A depicts a
perspediFd e s Shevenbddifedfor AlsRgAlamativelnileraain 1eHilsATEa i RYBA3SIBE a

processeBam e h&lioh 8 MBgarHeMRI e ikkEatipdig00 comprises main magnetic coils 16041,
16042, 16043, and 16044 (collectively main magnetic coils 1604) and sub-magnetic coil pairs 16021,

16022, 16023, and 16024 (collectively sub-magnetic ¢oils 1602). In this embodiment, the pairs of
sub-mafRdl coil6!t502 Ue IRBIRER RitRePPEdNG M R RRPRAEMERN 2538 THY iR agnetic

coils 1602,a1§ WeUREORAGINEtION andiRttemaLIdhEMsspsRIEIGMaINCcekcERE fd varmaetimeoils
16021, 16022, 16023, and 16024 provide a corrective magnetic field to improve the shape of the

magnefOfigRNA TR MARESGIG 1O Isall RthGhetRasiionadyuielts, the SHERriFcHrasiRed by
embodipenisaiisryngretizeain. 180821ftCa T8RererRbuMsIG ViRY ShaWrRYmMEREAbHf

invention having a coll configuration 1600B that is similar to FIG. 18A except the horizontal
sub-maRiivitbin thggpain silsimitaWadabh e raiR st imaeasarismalaiadin magnetic coil 1604.

[0083]FIG. 19A depicts perspective view of another embodiment of a magnetic coil configuration 1700A
to circupessjbe a PrecessChasiets7a1péhspamgectizepibtoafigenbiodihéi efnthnsnaniomgnetic

coils 16041, 16042, 16043, and 16Q llectively main magnetic coils ; and vertical

morizor A8 A RN T4 DD HRnOaEIaE S e R b P 2t BB i ko pairs
1702). S@@Fiﬂ@lﬁlgﬁt,tf@ mﬁmlﬁz aﬁ@ﬁtgimeclmdmmi@ﬂsé@h@oﬁém mit$1139|&bﬁnrxlmtilt3’92fbab and
two vertical coils (e.g., 17021A and 1702), By driving each of these twenty cqils wijt araje currents
AR 7yt T PR e il S ot e ol
twenty goids alsadregdes dedieildtinoredHens sommagestdielslishrsBt) atsuRiniveeRroamsing of the

substrate. Alternatively, fewer than twenty currents could be used by connecting various sub-sets of

coils in SBRBLSHEh FRURHEEHEH SR MRUACHA RS s rmBftaiy U ANGh 28fl¢ AT RIFIRRLLS shown
in previgkscprtedifaesie thsrusaes MRiififagnetic coils 3024, 302;, 3023, 302,. The horizontal

sub-magnetic coils 16024, 1602;, 16023, 1602, are positioned as coil pairs, where one
coil in the pair is positioned near the top of the main coil and one coil in the pair is
positioned near the bottom of the main coil. Sixteen currents may be used to
independently drive each coil. Alternatively, the configuration may be driven with as
few as four currents. To accomplish a four current system, the vertical sub-magnetic
coils 5024, 5025, 5023, 502, are double wound and five coils are wired in series to be
driven by a single coil. For example, one-half of the double wound winding of coils
504, and 5045 are connected in series with coil pair 1602, and main coil 302;. The
number of turns in each sub-magnetic coil is predetermined to best shape the magnetic

field produced by the main magnetic coils.

[0086] FIG. 20A depicts a side view of the embodiment of FIG. 19A where the sub-
magnetic coils 1702 are positioned inside the main coil 1604. As such, the currents
(shown as arrows) in the sub-magnetic coils 1702 are flowing in the same direction as
the current in the main coil 1604, meaning that all of the currents for the individual coils

are shown moving in the clockwise direction. Thus, all of the magnetic fields generated
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[0084]FIG. 19B depicts a perspective view of an embodiment of the invention having a coill
configuration 1700B that is similar to FIG. 19A except the vertical and horizontal sub-magnetic coils
1704 are positioned outside the area circumscribed by the main magnetic coil 1604. In a further
embodiment, not shown, a combination of coils within the main coils and _outsige the main coils is also
contemﬁ%&@ﬁ%fgﬁlﬁelﬁg@ d?eodré@da'ﬂ SA0E ALGFEPAN ‘@%{B%dﬁn'@m SPEhBIFTeASh #ing a

coil fconflgwamml' 50@@(16%@3%??68 itt)hmfeﬂithﬁﬁ&m %ijt-iét;r\a@f NOalEh é@é\cﬁwaﬂ@@ﬂ?)@dment

configuration 1700C comprises,a chamber 701 surrounde ur main magnetic coils 3021, 3022,

5023, SO GP S AL T TR A9 4b CLEY bl et By e ABT e

sub-magoiti¢reeta et ¥ 1B WIB epids ek waahdiftHiedasotirieat sidpiatadnaticlcoind041,

5042, 5043, ang 5?1044 are Eositioneckp%%ﬂmate the overlap of the main magnetic; CO“§8302L 3022,
§

3023, 3WETHHERSHOMARREHH Q) Iefid LoNSHE 8515148058, TEIDINEHSHGRO P oGMned s Boil
pairs, WRETe 2018, apiéigdhemeaiiisthesipnerk geandhairpigobaradiswmbandipa e sk igiraetRar is
positioned near the bottom of the main cqil. Sixteen currents may he used to independently drive each

coil. At@hHR YRRt dBrifigL AL SRl BE4rmeRing deadalid g cHFFeRts. fop thedBidHa] four
current gyate arethehworH Cal SHRg A IRSI CRaUleRE2 HiRARB M 02th 59 241ptt dREbigayALEne Aafifive coils

are wired in series to be driven by a single coil. For example, one-half of the double wound winding of

coils 5098n§tatedRy dhessgfive (erilm A& RainiRe dithrsanedirasticmaich isobto th PRRber of
turns in ¢ AihiRPOSHE AR dA PRSI HIBNSL S re shraBeshe RagreliciRld Bindideedfhidhe
main magnetic c_:oils._é(})élJSG]FlG. 20A depicts a side view of the embodiment of FIG. 19A where the sub-
magnet/3@iI§AL W HHR JBsitRARIEHSlEIRE silncadidimstlyaadiaerninto dhgHRAlHBRIN £l rows)
in the_s% elirecilrekligR ase él@wm if'_lbWei§%ﬁ@ spsssRe %%th_ﬂ %@eﬁﬁmtﬁéimahéﬁﬂ 4604,
meaning that all of the currents for the individual coils are shown moving in the clockwise direction.

Thus, afletige peRhefivevudijsnaesss thatndePReusidhe spasciresiveamraneticibaldvhich is
into the PrgananicHBLe, vegieraliadsitivee Wvadritind nakbis e RoiRatE IBRCSLBIRmsgHStiECCtlY

adjacent to the single main coil depicted, the direction of current flow is the same as for the main coil. In
contras€FIEG] 696 ekprlegiment Rl iEint9%h Ao apmparespiethe s banaghetimesdisnt’ 04 of
sub-magieticeRisirméA¢ datepuigige the main magnetic coil 16041. As in FIG. 20A, the currents in the
sub-magnetic coils 1702 are flowing in the same direction as the current in the main coil 1604, meaning
that all of the currents for the individual coils are shown movingl in the clockwise dir\el\ftion. Thus, all of

the madR® fieldE enéra@eRistenasearseeciieamarnint-anatier SIpReginment PWARPIERRG the
page, aplerBidAuS [veH ally BedifnentHmecyeh gt setits @ls0T ealecalad e titte wighsogain coil,

within the portion of each sub-coil directlg adjacent to the single main coil depicted, the direction of

current AAN0A RRLANOOR thatare e dertcally LRSAYR $igRR O s cormbRaAS that B

producefhs SHMeMOHasive MAENaiisHel fyrstibecupskiiecs, feweiritgns 8D Wiegrautd dfe thrcessary
to create the sub-magnetic coils 1604 of embodiment of FIG. 19A as compared to the sub-magnetic

coils 170hasnbes SifrtAeEncs RS Doringdhe crnters R iRe MadnsaBL:SURIRRFIEHR HRIS
embodimentof therpeeaRisiblyitiag: dubhinRnBadisRlHSoSIHIoAgNsHRIBARSHINIY tuitiwided into

two coils 2Z100A and 2100B that are stacked vertically on four sides of the chamber 701. This

embodifigredispierd enusaditoneaipRiirhctie magretivdiald shangegthe eenfigwWations CfirthRlterence
and havingthg, seRigfe ebiledRaiis3ad HhameaR/are!balianas. TharlyisinBaliferulnrangnetic

coils 2100 into two portions enables twelve currents to be used to establish the magnetic field shape.

The corfigieationeasr S erpRlipcniRymafies ssyRsiaial AaRiRvamealkpdgssentchiel the
embOdiWm‘%’%%éW@'ﬁél&%F%ﬁé.?%tQﬁ@ﬂ%ﬁﬁ tRAelisYRaystedldrear vemER ditheesRitWIAT the
cT

magneti Id shape. Alternatively, the sub-magnetic coils can be wired in series with the adjacent

main cotkesadipgentomainsailsreHeBuE Rl 9k KA Ve SHERISTHRIRMEE 1, HiMe tdiBther
the pair of syRiFAISHMENGdiatRl Wboumandhelpuresc mhesiitiirartgNalibeols dhat Beyware

adjacent to and share thé same coil centerpoint. ) .
each other with the one main coils that they are adjacent to and share the same coil

centerpoint.

[0088] A number of simulations have been performed with respect to the various

embodiments of the invention discussed above. FIGS. 22A-22K each depict a

magnetic field gradient produced by the prior art as well as the foregoing embodiments
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lons]A number of simulations have been performed with respect to the various embodiments of the
invention discussed above. FIGS. 22A-22K each depict a magnetic field gradient produced by the prior
art as well as the foregoing embodiments 23 of the invention. FIG. 22A depicts the magnetic field

eSO v e koo umt
the fie radient s p I to . . epicts the magnetl,c e radient proauce yt e
embodi ﬁ?éafrﬂ‘?@? Q?vsﬁ@%%%@éfﬁt AACHNIMAH 6Pl freengvEafe Natshat e driils

reduce gradiigit figtspeefroth sideiag SMHGaiNRIG thexeerdepligll ieengliyabsbGialad drssaases the
low field stren t% ide, to 1ZGéA such, tTh(F g_-)éte%nd%d coils "flatten” the gradient of the magnetic field.
[OOSQ]F?&@Q% g‘ﬁictgeth%m iant phddeed W8N WRRRIRNERL SPRHE CIRRIR BRETEHEEent main
coils aneldye) firpestendide MadthesisiRoHsRIcaher tigedhidle rsurEy BT alirNtdsAsahen diatianadand the

high field side has a magnitude that is adjustable with the current magnitude to the sub-magnetic coils.

FIG. 227 R R thating G Rh drihASLISIaRR B tet R lontieish seB@th SldRtant2lao A8jSHERt main

coils anghéxraigeantsi“maAgNEtinSQlagiaprarese ThagRatieariiment produces a substantially
uniform magnetic field with the high magnetic field value being adjustable with sub-magnetic coll

current. FIG, 22E ic e magpetjc field praduced by the embodiment of FIG. 19 ing two
adjacer{f’?ﬁgln ma'gﬁtié?gddce&fg%n%ﬁw '%%rﬂ[‘xét)ésr Qgﬁﬂﬁgg%lﬂ%g?@{?@%%ﬂg naq‘:m@mg
opposite/keraetwisdiae@nerpmiedcdine arapetc dspbiies subehdgietid grailieatarshéhginigh value
side is controllable with the sub-magnetic coil currenis. Thys, the progression from EIG. 22A, to 22B, to
250 to SOESSHORSIRTAL 5 A pH PFORE A AOH YA QB3 RSP RabIBS he
additioradfubtablepeithrttddovaraciimamdiiids theth@gbdisihagaeiensdikG da@ 22B0zpiddeHeeeping
the same 35G in the center of the workpiece and whil ping the lower field strength between 10G
ana 1500 PR BRI O RO BET G R & R ey REHEB FRTBERRDh the
instantagrepuswvetchdpieamifeibitnagddtie teoisaariaggednagelis fieoteshtetproticagitprmity.
Further cantrol of the field strength at the |ow field end.is achieved b ing,currents in the second pair
of o VARAT ANHEHOE TAGREYE Teld lna e M AR HE bl Tl h R pE LR
controllgifie &8-nitfaelie@diOturkh(d, eFtG byanitgllng the relafviewefierisprodachdbipeteoils to
achieve the desire field shape. [0090]FIG. 22F depicts a magnetic field that is generated. by the prior art
o1 P10 ST, B de! o e Y BB (IR PRSI SROR A e B not
very uniipiiaragrestolherssbbtrtyidtictbeificlshadapsitves yppesifeotd s to RO are saseizeidt0G for
a field strength of 5Q0G at the center of the substrate, FIG. 22G ) L

The magnetic field has a well defined gradient and the high value side is controllable

with the sub-magnetic coil currents. Thus, the progression from FIG. 22A, to 22B, to

22C to 22E shows that the overlapping of the main coils plus the addition of the corner

coils plus the addition of the upper and lower coils modifies the high field end from 85G

down to 680G, while keeping the same 35G in the center of the workpiece and while

keeping the lower field strength between 10G and 15G. This reduction in the field

strength at the high field end has been shown to improve both the instantaneous etch

rate uniformity and the time-averaged (magnetic field rotated) etch rate uniformity.

Further control of the field strength at the low field end is achieved by using currents in

the second pair of main coils. In addition, the magnetic field value at the high field end

of the workpiece is fully controllable (e.g., 85G, 70G, 60G, 55G, etc.) by controlling the

relative currents in each of the coils to achieve the desire field shape.

[0090] FIG. 22F depicts a magnetic field that is generated by the prior art of FIG. 2

where two, opposite coils are energized. Note that that the magnetic field magnitude is

not very uniform across the substrate, i.e., the field magnitude varies from 79G to 39G,

a range of 40G for a field strength of 50G at the center of the substrate. FIG. 22G
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24 depicts the magnetic field that is produced by the embodiment of FIG. 3 where two, opposite
extended width coils are energized. The uniformity of the magnetic field is improved over the magnetic
field of FIG. 22F. FIG. 22H depicts the magnetic field produced by the embodiment of FIG. 5 having
two, opposite main coils and four sub-magnetic coils energized. The result is an improved uniformity of

the magngfiet§ctde \WighenOFedhdravey pedaiecRagemhassimbrpnebediment ofiFighetdGuand these

coils are ener%ed, the result is the magnetic field of FIG. 221. The magnetic field is now almost
complefRP oSl X taPRRT (HAdSh GRISSRS RIIrBIRS o H he iRy fdhe agnstiaigithis
overlappifgafghedvainskeilmalysdtie agrition Pigheostner kpile plusdasi @ddianmbgir P RRIgNd
lower coils impraves the uniformity of the field strength, from a range of 40G to a ran%e of 6G, all for a

center FERALCEASY SRS RE BRSNS SV EMarR BB HNGSRROSHEINBENERM AR M JauFRKP-

modificpiiggnetith e sinkee risdacatnesebancl erhmprivedhamasHing Srmsensalincapditng, fine
tuning of the currents energizing all of the appropriate coils. [0091]FIG. 22J dz_,plcts the mﬁglnetlc field

producdMNie RN ARMeWesGats aie dsoly BrarrmbrinegriohblifcdiRCarndriBffiged. This
embodigafiat SROVISIFIRENCIRNENEE IBarBagagHEfie!Ha tBe Prior a0 (FiGie2rlaly NERETLNS is

sub-magnetic coils are also energized, the magnetic field uniformity is further improved as shown in

F10. 22ROWIABGE: FOBNIRISH I TOB02] P S oth HOSFRBFIORATTANE: FiE AREmLS BaCHSrARRS the
etch angorhgriRROHANINEOS SRS P G AAGHP (RBRELTR PGS R abAras e YRS sigharged

species are reactive to forces that occur on a timescale shorter than a microsecond. RF generators in

the senfibndiRt@ddiionrpbftes wpraFand lewekesepdneranes tenynifarmityivfrbediridncy
range ofleNiiR (B30 MERgW e BlEER tQ%%@%PBE%CHWW&%Q%ljé‘rtHSIHaQHSr@tﬁ BpBREsFCONds

to 1 microsecond. However, the total period of magnetic field rotation is generally mdch longer. For

examplE Pm"@ﬁéf’éﬂf@wm@&ﬁm&mﬁl (RS savdghetietiainadiirolings reasiteatipseebiits.
Changeg, Ekeafr'rt![r&‘i@étf&%@ﬂéﬁéﬂ%ﬂﬂéec%'ﬁ&tiqa‘aaﬂﬂ%cﬂ'ﬁn% g}l—/ﬂﬁ?lﬁﬁé %tﬁﬁ]eofﬁn%rgf

milliseconds following a change in the control signal to the current supply. Changes in the RF matching
circuit (AfHEMepHeDtSRPRTAEN S @ afdheangyrepriatartadsirequency-fixed-match) are on the order of
100's of milliseconds, following a change made to the plasma impedance. Changes in the magnetic

field Sh?ﬁ@jﬁo accproplsh relapriscaieindpadadTiedliprsaneisd i the BmBuuRaeitcostFRactsover
100's of milliseconds. As such thecg;;ma Impedance and the R tunlngi_cwcwtry will be mismatched
for a pelBarer inouh AfdiRdtbGrdrmras MAMseein asevRierdizetr it RhReIRRatiE)IWcts and

determigsréve miRpioBlaie RV IMRRB RO HER SEHIRES: prior art (FIG. 22F). When the sub-

magnetic coils are also energized, the magnetic field uniformity is further improved as
shown in FIG. 22K.

Magnetic Field Rotation

[0092] In a semiconductor chamber, the plasma that performs the etch and/or the
deposition processes is made up of neutral species and charged species. The charged
species are reactive to forces that occur on a timescale shorter than a microsecond.
RF generators in the semiconductor industry often use RF frequencies to power the
plasma that are in the frequency range of 1 MHz to 200 MHz, which gives the period of
oscillation to be in the range of 5 nanoseconds to 1 microsecond. However, the total
period of magnetic field rotation is generaily much longer. For example, in one
embodiment, the total period of magnetic field rotation may be about 4 seconds.
Changes in the currents running through the electromagnetic coils are measured on the
order of milliseconds following a change in the control signal to the current supply.
Changes in the RF matching circuit (whether a tuning-match-fixed-frequency or a

tuning-frequency-fixed-match) are on the order of 100’s of milliseconds, following a
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[0093]A mismatch between the plasma impedance and the RF tuning circuitry results in an increase in
the reflected power. In addition, given a four second rotation scheme, it has been found that the RF
tuning circuitry may spend more than 10% of the time with higher-than-desired reflected power, thereby

considesRhyaerigasing theipampuniiairigy tenstrierdip the RiasrR RS IBRYIRHRIA
rotation period. Moreover, for a circuitry with a tuning-match-fixed-frequency canfiguration, the

mechaEePPEIS B atatioRicgmRkacMadR incayllitreROES Ak thetRd detinsL Rt HpRaI @Y8Mme and
magnitydR arefHmEEEEHdE Omd BREFOtRe NASHT itnpRigaHe BisPireFtsharmgidheungangtic field

important to improve the etch-rate uniformity, but so is selectin%the roper transition of the mannetic
S

field impBriisigieharhias doaripd@llime amirtcdretataish drnmisrondscwnieaihe Ra
maximiggiRg et eHeElyciatyered da thiglagsiarrin Sagnetigdisidgpiation agrinthiercerdinely.

during the rotation of the magnetic field, the DC current waveforms that run through the electromagnets
may beSEH@ited in order to help the RF tuning circuitry adjust more quickly to the changes in plasma

impedance caused by the rotating magnetic field. [0095]The methods of rotating a magnetic field

disclosgsbémrein gefiagsingtorpdraiiedaldisontiakint WpaasiceoaRPNABIR EL)tthirgagrsatigfield
shape in which the magnetic field usually spends most of its time (referred to hereinbelow as a "shape”

or "prim&RY ERdp e dnereasm i ssiRis e hRMEE rihatdiionodiemeioHagrsRrddrtdliape
(referrestishfseinhaOveRh FotRd SHHe IRIF mﬁﬁ@@réni&?ﬁhﬁwrﬁsmﬁﬂhﬂw@tmﬂ TRgHItREOIls or a
S

symmetry that simplifies into essentially four magnetic coils (such as shown in Figures 1, 2, 3, 4A, 8A,

11, 18AIMpMiN bigherdhanasiradgFRIRCHRM RAYSE nthgreli sonsidembiy darirasiag, the
llustratively efRsied oF @ ROTRRSERe SoRIaloIhe ar puarmBEmAteSr kA RSISRSITRERSIC field

shape, followed by the primary magnetic field shape again, rotated 90 degrees. As such, a complete

rotatiorMeB¥eRritfeh iR asBrRIBe MEimaistuiiaganefehriedifisrecosy 4 eanfisiirtion, the
TransitigR@hARR) Parie M tRGLIRAER LT O daP ARCMIN) FadRnSHiNE24LcdhRuIatve to

Shape(0) ) )

mismatch time and magnitude are substantial.

[0094] Therefore, not only is selecting the proper shape of the magnetic field
important to improve the etch-rate uniformity, but so is selecting the proper transition of
the magnetic field important to minimize the impact of the magnetic field rotation on the
RF matching and thus maximize the total energy delivered to the plasma per magnetic
field rotation period. Accordingly, during the rotation of the magnetic field, the DC
current waveforms that run through the electromagnets may be controiled in order to
help the RF tuning circuitry adjust more quickly to the changes in plasma impedance

caused by the rotating magnetic field.

[0095] The methods of rotating a magnetic field disclosed herein define the
magnetic field contro! into two basic components: (1) the magnetic field shape in which
the magnetic field usually spends most of its time (referred to hereinbelow as a “shape”
or “primary shape”) and (2) the transition (or multiple transitions) to the next magnetic
field shape (referred to hereinbelow as a “transition”). For example, in embodiments
having four magnetic coils or a symmetry that simplifies into essentially four magnetic
coils (such as shown in Figures 1, 2, 3, 4A, 8A, 11, 18A, 18B and 21), the primary
magnetic field shape may start at an arbitrary orientation, illustratively referred to as 0

degrees. The control of the hardware provides a transition magnetic field shape,
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Therefore, by defining the shape at O degrees and by defining the transition from O degrees to 90
degrees, the whole of the rotation is described. It is contemplated that rotation may be controlled either
clockwise or counterclockwise and that multiple transitions may be provided between the primary

magnet} eﬁ% [ in [ey mber of cails refer in_an en}:gsodim nt.can be
determ?rﬁo\é% quﬁ%&%ﬁ%ﬁgﬁg t%?“.cvﬁelﬁ]e% (':%lﬁteer%%%% B?i%%éoqifé&%egg?s?ﬁbse it fe14tidn to a
central taeTjeisositationt the Getiveitiein anrabbesnaieEigrmbascenter of a process chamber about
which the coils are disposed). For example, in the four coil arrangement depicted in Figure 3, the

centerpoints of the codgz3@ak)4yMaxnbRAaIney ¥ HustBe9D 3;8‘9@,5%?60] gggges with respect to the

center of the process chamber. In addition, although the embodiment of Figure 11, depicts eight coils
(9021_4 ati=pe6Bl;)exchansiedite 261199 Shark @06° havEranstinté? po0T) Stortythte Shape@hgle with
respect_to the center of the process chamber. Therefore, the centerpoints of the coils 9021.4 and

correspbRBIREPEBILYRa N iR REsshaPacah fadsdseas @nshbysdefining thachansitionfonhi@ would
also be gonridsred gofRldgrel eraMOYIRSIR! SFtHESRRAIGIN IS BMBAEE R IRUEHRbANMID SREEMe.

However, an eight coil embodiment such as depicted in Figure 5 has centerpoints of 0, 45, 90, 135,

180, 228tatiprafpay Dae GRILECHAT @RGP it AbefUEHRIC I epbi$Be PathitbatisdiiPecurrent
driver tRajSifRid nga 8 P#H%ia@&@éaﬁ@éh%bﬁﬂ#ﬁvms@%tf?é}e SRspA eight-coil rotation

scheme. [0097]For ease of understanding, the higher and lower currents supplied to the coils are
described using a simpiliéi&%notation, with the hi%her current normalized to be +/- 1 and the lower
c

current G8%kibedAS 4 REEHE SrenBUHTRRS Blirans (eferaslifolt RRLEMRRIMSNT RS BR shape
of the mRgeetHmhbelbEarkl dardescaibasdrsratereiics thdhaAterpblsts witirIdsikareolifs goyeaxample,

in a chamber having four coils, or a four cojl symmetry, the shape of the magnetic field could be

describBt'82HeD 19 agentssl aiesr Paritiungl e Frilg SRI@TaIemeRb (@6 488 &ser of
respecty@iockie RefssR eI HichinHE ST tarecaRpiasam Of e BIRBABIS fieithe’ Toroga specific

coil, a positive current means that the magnetic field points from the coil into the semiconductor

procesHGaaMBRE dfRitied i8R dr1f ARiBERiatRE e Foiic I apmaYsRRuesfingd dRamber
(for exapanig.0f agnagoeiiccorPass weEVRACRE pEche BesReiRldp dneneepise &l shhahasebelnwhose

needle points north under normal circumstances, then a positive current causes the needle to point

away freffHiathAlheahiihe esmbaripentldigereuirbraricte eigidcpils (884 BNsbRR8owards the

coil). Regaliag berdl IPOgeERA P HIVB RFEaRSITEMCAINS BRISIMBISHiRemRaeimmadion as
seen from the top of the chamber. [0098]As the above paragraph i1s merely a notational system for

easily ri3etimgeitee thdhto@saressisBambessin, There @r‘gbﬁm%@ Plotheoril S ms or
variant;pthe #Re¥B AN dshbadised faAestsb e Bramstic ik miaions! meegsiobite

present invention (such as used below with respect to Figures 32 and 35). For example, the value of R

could beggaas: thhNa, brisheQue e e ¢ontidersdrminpedoiheBbirdimgnban weeeerginny
fashionanRghihg RREIGHBLFUE TS sV EeHR - Ch B ePOsH B SRYRRMER Magness field to

point out of the process chamber, and the like, or any combinationthereof.
depicted in Figure 5 has centerpoints of 0, 45, 90, 135, 180, 225, 270 and 315 degrees
with respect to the chamber center. From the point of view of a current driver that is
rotating them, this would be an eight-coil arrangement and use an eight-coil rotation

scheme.

[0087] For ease of understanding, the higher and lower currents supplied to the
coils are described using a simplified notation, with the higher current normalized to be
+/- 1 and the lower current described as a percentage of the higher current (ie., a
number less than one). Thus, the shape of the magnetic field could be described by
reference to the currents supplied to the coils. For example, in a chamber having four
coils, or a four coil symmetry, the shape of the magnetic field could be described as
{+1, -1, -R, +R], denoting the relative currents in [coil #1, coil #2, coil #3, coil #4],

respectively. The positive/negative sign indicates the orientation of the magnetic field.
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poss]For example, for the original 4-coil embodiment of the prior art, as shown in Figure 2, the four
coils are typically operated by having two adjacent pairs of coils at a higher current (e.g., coils 6, 8) and
the other two adjacent pairs of coils (e.qg., coils 7, 9) at a lower current. Figure 23 depicts a standard
rotational method for a conventional 4- coil chamber similar to the one shown in Figure 2. In producing

any shaEer ﬁnemntfwwwn Bafm:gomgdnt@rmmebamMtiw@mgneﬂcaﬂaﬂtbem@wﬁwrmml@ens, while
the amoy 68 fleld out of the chamber is the sum.of all of tatﬁ neﬁ H_\1{%(Ja?e{:umbers Intg
embodlrlh1 gp?c?@ Ig%?}%rﬁoﬁ%%l' e 8|r?gnﬁt% \igeiat:} aeans (‘thr '?%on #1
plus +ermgrmm4ﬁeldkpwuﬁm et ashabet cidinbidld Joingxaumpldh# chamaigretic (@ampdsstveei@nsition
steps, th unt fB fie nto the cha eris +1 (+1 for coil #1 zero for coil #4), and the
mount P AEHoR D PRSI e HEBISE of ThG e Ve oo BRele. RRintRarEoLreT
magnutudermathenmgmmdﬁd thetwagsositieesanshir 2asises taisndadieasesotemay dinit has
been historica obser d that he impact nthe RFtunln ircuitry mismatch during and immediately
aiter th PAEEOR HERCE0EUE By B CHARBE LI RS TR D R ISR tora
magnetlmaebalnnrodaegdrbmg/etaa tb@lsbaaagéﬂrﬁhanmam Grabsiing o) theeune s HTHessiViely more
severe a lues of R mcrease 28 [01 oﬂ%:cordlr%g%}/s methaqds of rotating a magnetic field are

prowded" 8 15 Ehdlr GELPEL AR SRE BB TR e dPR-REN G IAERRED the prior art. Specifically, Figure 24

depicts a simplified flow diagram of one embodiment of a method 2400 for rotating a magnetic field in a
semicorjoesgpr prékeshelzmberpatay rapthad rﬁéﬁél;baghaﬂﬁtcstap%émhmeasﬂgﬁnﬁmﬂmtwtio field

shape ig,defined. Next, at s 404, the magnetic field is dt aflrst nS|t| naI netic field
Shape. VB D SBE R R 1o tie RTINS AL WAy b e Re S LB RpRned by
changlngatri’mgrtﬁntsamﬁlewbtocthﬂdlwleusbmllmeﬂthe atesubibe Metanagﬁ@ﬁctﬁemmmﬁaald is
changed to a transitional. magnetic flel shape tionally, .at step 240 e ma ic field may
be chan@&ﬁ ﬁ‘an idPf 'z%‘n e?c? éﬁ‘fge%% ﬁﬂﬁwe %ﬂgufﬁgﬁ% |c field
is changgs. tOFtheéﬁmtfpdaqrtﬁahamegﬂeRccmildl mgaeémnaarnhoﬁirﬂwbahemmaheequmbﬁ
magnetic field sha the ar tic field e rotat 90 deqrees,.due to

four-fold SYRAIZRG LS 2l 58, 2 EPECAS. 1 &b BT TAcal L RBTOCMER SR HT shpe
may be %iﬂﬁergabnnﬁbeammwwmem: dielg s e modgiestibyfieR degrems .ot steth@prdcetaps 2404
through 2410 may be repeated as necess ontinue yotating the magnetic field. By providing
multiple GPARRRRIn AN dPE Ha% FBEALER %fﬁﬁ? 8ﬁ field shape, the method 2400

advantageously allows time for the RF tuning circuitry to match the new plasma impedance caused by
the chamg;m’am the ﬁtagewmﬁtéd fanicth o dhiginakdetaih geninctiienaiaip ot tivefiphib Tk efereh dvenRF tuning

circuitry me in |sm tche conditign d forRF u tuning
parts, h ﬁé 3 r[SW T‘Yeot%?é?qrﬁé% Yo Es\'{\"?()an é'é%‘ll'né6 %ﬁ[@ %11% o%a#n
Chambeh‘@heughn@trméergatbodsrﬁaﬁbeﬁtbk&etmtbérrtvmssﬂ;mnhpmthe)f:uumte.@ppdledsta 18
various ¢ |Is malntal ing.a sub tially constan c fiel str naih through tep of
the tran&tiB |?H|5%ﬁﬂ of ci%ﬁﬁéﬁs?ra?ﬁ %‘ﬁeq 8tﬁgéa§? 385 FHYIR S p a%qgtrru?g 5 mﬁnr\?wéllée@% gulr
redUCin@&&:ﬁﬁmbmﬁhﬂlﬁiﬁcbwh@@nécshtliwrﬁheﬂgul‘ela/ omnipaxiubingtamy ﬁimpetﬁmjeﬂnOOnhay
provide f Sln le cqi throu ero cu r&% e. tr nsmonln from apositive to a
e A S R L B A AL B SR
through am@wrmmmtw@mlbmmmmmmmmrm stnggefed! inftithe, tbgatiegmitudbemsd effect
of the chan s in the ma c field on the pla s further re . The.a thod 2400
reflects thd emﬁgﬂg’g %g‘fﬁcﬁ’éﬁﬁw&'fb %?éﬂ%g & Armount ??—%elhogonlg mtot{Ple c amrb

is 1+R (+1 for coil #1 plus +R for coil #4). Likewise, the amount of B-field going out of

the chamber is —(1+R). In the transition steps, the amount of B-field going into the

chamber is +1 (+1 for coil #1 plus zero for coil #4), and the amount of B-field going out

of the chamber is -1. As the values of R increase, the difference in magnitude in the

magnetic field between shapes and transitions also increases. Accordingly, it has been

historically observed that the impact on the RF tuning circuitry mismatch during and

immediately after the transition step, as caused by both the change in current settings

and by the difference in total magnetic field produced between the shape (1+R) and the

transition (1), becomes progressively more severe as values of R increase.
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magnetic field in a process chamber. Firstly, the amount of magnetic field going into (and out of) the
chamber at any given time is roughly the same, Thus, each primary shape of the magnetic field and
transition between the primary shapes has approximately the same magnetic field magnitude during
each step. . Secondl %é g ' . f oils of r-coils, c the @é e coils
o an ciBEIDi chagy Hads o o B B R SR B A iR A
the sanmevercostep$h& halsoveeraferiend e Qirableansagé dhelyprivningives tBpeattificajbs ifritheren2dgnitude

fth ic fiel f h | . ively | di ,
the maGShIGE 4 PRI Te agrat BB e e b e A b o Sa Are
maximumagraeict fiee &p pdi e roicionsurcto e procdsa atambitin Thepevethid/210B hegiad abstep

minimizi e variatign in.the magnitude of.the magnetic fieJd.advantggeously, facilita inimizing the
effect oglfpne p\ivgg%rﬁ% as r('artﬁ'g oiﬁﬁ%ngﬁccﬁgl@trys/ﬁe%ﬁ&d)s/eé%f)'/n CISpr ceexstl; a?ig%%r.53 430?’ the
[0103]|Embguitienfelf thee ebangedettmda afickt/ atianstiemgl oyiagrecofigldresbife guidelores
discloseedm kboazlgn m ytl_t\)g uggﬁed i?ob th conv ntiort1al Ii)rlocess chanfb?rs as well as the ggi)r?CE%a
chambets QRtloSal’ herein 6F Rture deve [%e(ruaﬂ QLRUE RS A5 ngs] eqegtrlgn?g&ﬁ RR0% S cussed
herein. B emaagimedithite tol e teg aqupitea | exl thieds eviatesdomity difeth itdram stopett stepo2406ifinen. For

chambers having four main magnetic coils and configurations that,effectiyely use four coil transjtions,
the too E BEAAE R GG e o ERE ot RS R A LS T Fmi e, SOBRIS Ebssings,
B-field mapn2408, dhengagmstiofielciadpbe wheanfdiktabayeithse b sech gitisledinem graitis fleld
magnetic field rotational methods that oyercome the prohlems of conventipngl rotatigngl methods. The
orimary RRRTS Ao Bl H e S JC A0 (TR e BN P AR PLBAR. The
f0|logvinmagmédesiélwaHHp%:raﬁmeo@@mmlmmgiﬁfgemméunpntﬁmtmay@@tm rﬂegdm?aﬂ@&
uncbqgFigure 25 depicts a table showin netic field rotatign sequence 2500 suijtable for. use in a
oroces B AP RRTEABLIAAES T B PLERS red O HIERS: AR O R bers
depictedgﬁgmgéwe%ﬂtpé,&ﬁéﬁaﬁd,tﬁél&omlﬁB éam%bh;mmgm'qﬁ@ﬁﬁ}aamﬂﬂtmﬂém in the
sequence 2500 is define; the currents applied to the fqur_cqi|s (or sets of cails) o process
chambe BT, B H{FPBb LER TR 11530 TRAGEAs: AEIU AREACIAIRN Bk A ESRne
shown intaséh rrrEligespaoatinn genggih a0 beap i (Pdeesese nhshaduebeshc i euminddhe letter
R to represent the lower current as a percentage, of the higher with respect to the primary magnetic

field sh&ptadingn it TRIGPETS 2BeiE SR PHRYIdiRG MnYbiRiSy tsitignal cBieRs LRNS9D &airkes).

[0105]ThensgArahSHEdIERMSNISSS e W@lﬁ@@@b@tWG%rﬁagE@cRmW&%ﬂm foe thagetic field
(labeled as Transition A, B for each primary shape). In addition, the transition of any coil through zero

current ﬂ@ﬂgrmi%sfﬁ/m%ﬁh%ﬁm plassl ipaedanar cauaeth R e tBanga dmdn&il, or

vice verskisetie JRRIasHbY AR 4RE SSHGEGE (RAMMUY REHCWRIGOIITIRARSHIS IRURR TeRmeurrent
at the same time. For example, from row 1 to row 2 (Shape 0 degrees to Transition A, 0 degrees), Coll

#4 is thEIEHIRYoRRBNsEsesR JilgR 2818 QBBIRIENER Genditien and -fes. BR funingy D5cuiineMEBntinuing
from royhEdRanaBtirilg?RdadN e 2obeaaitda Rass through zero current (from -(0.5*R) in row 2 to +R in
row 3. Thus, the impact on the magnetic field from a coil passing through zero current is minimized by

only allowing one coil to é)ass through zero current at a time, throughout the se ueP%e 2?100.
[0101 Optionally, the total magnetic field strength going into and out of the chamber

throughout the method may be held constant by selection of the currents applied to the
various coils. By maintaining a substantially constant magnetic field strength
throughout each step of the transition, the impact of changes in magnetic field strength
on the plasma is minimized, further reducing the strain on the RF tuning circuitry.
Alternatively or in combination, the method 2400 may provide for only a single coil to
move through a zero current point (i.e., transitioning from a positive to a negative
current or vice-versa) between any subsequent steps. By controlling the coils that pass
through zero current to have their moments of zero current staggered in time, the
magnitude and effect of the changes in the magnetic field on the plasma is further

reduced.
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[0106]In addition, the sum of the positive currents and the sum of the negative currents applied to form
each primary shape or transition are held constant. For example, in any given row of the sequence
2500 (Le., any shape or transition), the sum of the positive current is (1+R) and the sum of the negative

current {od3itR). ?H%Saﬂlﬁg‘ﬁ?él%@ﬁﬂdméﬂégﬁﬂgéﬁ%ﬁé%g}gﬁﬁﬂiSHEREQ“FoF*PE{LIﬁ% for any

given row is equal. Moreover, as the magnitude o t each row Is equ +1(1+R),
the maghagaetss finldinrenpydeeasghbamberrothitetial e @mesrtsoomagreticofietdrgomiguintthe

magnit f e i na.i out of ' I roximatel 107]In
the em%%@i%égfégplcteg %ng ﬁgﬁ%%%ﬁ%eﬁé%o%@p#ﬁyiﬂgpgﬁ%% J:Elgée’s%ﬁeﬁ ‘rﬂgrsg?gtic field
are eachlimppeidet] fthe). Irsupuetirs, fiddd eacid trinasisidomabetveeiurdtien pfindbysesloagiss Thase times
are illusyyati [tis, e t ' u a Il. &ar pl e
ransiton b e o S TR R bR Bl SBE S BORSIA B e
new cortaiiercoilftergaell frursimnils oiep ftfun-paiticahammbeichind) thetfiark large paitesf ahaighér
respond r ickly, ter ti may b ed, Conver if the.respa is slower, longer times
may be ﬁ%ﬂ;;%sriaﬁ& %yuﬁ%%gz r??é’?/gﬁé%@%‘ef?@? gr?e Zr08 gtigﬁr{eralrl)ér%{et%oééed esggﬁ §ed 'ﬁé)reiﬁr}r? f)nrh'ggAlt is
contem platedehatthet semeutsitostephenldeifh | inveingethe d Bd8bned attegestashynadinietized declosed

herein cquld also.be, utilized. Eor example, Eigure 26 depjcts g tale showing a magnetic field rotation
sequen(%%%%ssmté 2 fo7 g@iﬂ%a%?rﬁ@agsgn % A Cerﬁ ﬁg‘viﬁaaoéﬁ%gﬁg%\gg%ﬁgbép g?ﬁn’%gt ®The
table depimsethin Fidiene 20visly)ninas tonb aé kbt ilneh is, Rige ren2gnitodee ofvithehmegoepitofied the
additional transitions provided between the, primary. shapes (as_indic by Transitions A D, and
E betwe%%"ggcwgﬁ?}%ﬁrwaaﬁg)p %ﬁ@eo e aefo\%ﬁ'gn%%réﬂ'%&iéiﬁg@qm%@r'Qﬁg%i#grérotation
sequenappiietfoliowssbmabavealitcionts] gritialin€spérseotntdmplaieosted atheva)umbariziig
transitions, other fime perigds for the.primary,shapes and the transitions, other R values, and/or other
relative t&?frevrﬁr(?ahﬁgs Mag}?e ﬁ&&ﬂ@%@hié s{ﬁgoﬂaﬂﬂﬂﬁqﬁe @%}ﬂler @ﬂﬂéﬂ?&'% tliﬁ%@l&%‘g\%.
[0109]FigiriesiZind-theesffect ety thepibsane matiwsllagsaos bisTRENelicigideimnpideed doyl thamber
throughout the rotational methods described above with respect to Figures 23, 25 and 26. Specifically,
Figure PTRGEDi Stlventional magnetic field rotational sequence (through a one-quarter, or 90

degree, rotation) similar to that shown in Figure 23. As depicted in Figure 27A, a first primary shape
2702 is jeedpd 90mehosks émts rofdiesl abovaryreithpd, 25106 tandagls &sipiiyitraraitonr2f@te Fi§ure

278 depicts a magnetic, field rotational sequence (through a one-quarter, or 90 deqree, rotation) in
oo e R e T B R B AR SR can B w RIS s
first priragrywstibes 21ie ipradetad 8Phaieberes disalostaie Hemainaryrsiiafues Mé/dlopegh proceasasitions
2714A and 27146. Figure 27C depicts a magnetic field rqtational sequence (thro a,qne-quarter, or
AN Tl T A e S T N b S e
depictegdomtrddiet: 2V retditet prienatyeshaiferady, Xlopediadeh80-daiftaas. td-aretadeberisnbayisigape
2726 through five transitions 2./24A, 27246, 2724c, 2724D, and 2724E In the Figures, .dotted. fines
A A T e e L T T g g L e
the magogiic ietisdoeirg tesmditidn schemes (time for RF circuitry to tune, incremental steps,

zero crossings, B-field magnitude during transitions, etc.) and use of the above-

disclosed guidelines makes for magnetic field rotational methods that overcome the

problems of conventional rotational methods. The primary magnetic field shape may

be defined using the principles and notation described above. The following provides a

few illustrative examples of specific embodiments of the above method 2400.

[0104] Figure 25 depicts a table showing a magnetic field rotation sequence 2500

suitable for use in a process chamber having four coils or effectively four coils, such as,

but not limited to, the chambers depicted in Figures 1, 2, 3, 4A, 8A, 11, 18A, 18B and

21. Each magnetic field shape or transition in the sequence 2500 is defined by the

currents applied to the four coils (or sets of coils) of the process chamber (identified in

Figure 25 as coil #1, #2, #3, and #4). As described above, the currents are shown in a
30



[0110]Figures 28A and 28B depict graphs comparing the relative coil currents applied over time for a
single rotational sequence for each of the rotational sequences depicted in Figures 23, 25, and 26. The
graph in Figure 28A compares the rotational sequences depicted in Figures 23, 25, and 26 where a

low valueopiRlizedbedidticr) SShgl ecOrphbe Fisheea &8 9adhRigpatioralasuengepdepicted

in Figures 23, 25, and 26 where a high value of R is used (R = 1). As can be seen from both of Figures

28A and®385 RHO feRiBeR Tt tRen NS CHERM @S AP BIFRRIBIR IO Hiahrs it sapRg M dartBRased
to facilitpithfargdiegh efieoneidsaiprac sHoano itk Ihere 28n2ii GliRlgein asklivess trepcyésraissapplied

may bejldéusted to minimize changes in magnetic field magnitude during the rotational sequence,
moreovePHREBRESABER (P ARETRSMake the transitions may be increased and/or adjusted to

facilitate allowing the tuning circuitry and/or other components directly or indirectly affected by the
magnetofos chanige feqdirstd2bechangsideachvof ilzerstionachzesealvra ol iprinanirator,
thereby antageously improve the plasma stahility in champer throughout the rotatipnal cycle.
[0111]7R %agg%?ﬂfgéﬂ%@n%ﬁ%#@é)ﬁ?aﬁjﬁ?ﬂ P%éﬁ‘c(gqfﬂﬂlsé Pﬁ%ﬁgaﬁ)@rﬂ’%}'th@@ tR%urrents
applied teetheapsitiote ¢f oy esitrpilivgghe vrdueueidl: (Fer, examicp byitive vidineri Wyphiet i R,

such as less than or equal to approximately 0.33, a sloped magpetic field may be created and rotated
using aif b thednl&d ?O&W%%QF <BBR e o§@m§b899£ MlerfiSEvaRTSR) drovRAgE fifgh

value oftfrogigblo@ts thepsexjieiedy o aflsidnagnene feklsnsasemgrentedgndéepsatafraaingtaime of the

inventive rotatipnal sequences dllsclfsed above. The EE%cif'c value_of R chosen far a gjven progess

may deSBRFUIER mithHIEXAMBIE: JIRA L9%d JroéR ape (haegrepivtd dianeiamhbud the
processdeaseraipction, #2eidapigpafithnprerpssitirongdiataly bereint tifroasdgRofihrewafes and the

like. Additig%%l details regarding the selection and use of particular R values are described in US Patent

No. 6,119,933) [8I0%) Sept¥hfFENEBUHAreMAEP W Lal0 TN iS AL EhySitReBBRARRIIEY RasSence in

its entirgiyo [kl 2EFBecinventioreth@ls T cntallinoty arilipnew! R Madnetihéalfpagy etsthae
applied to process.chambers having magnetic coils arranged in other configurations (jllustratively as

depictedRAGBRSSLEIS FOmB. 7 88lP255H9 BroNath dare kTR tRJP U RigERYRT Y PIRYINg

embodigwicdNecshans MrOLdR05Res BiaveeRRAisHIHEURRILIgHBNNING Keguencdl 287, coils.
Alternatively, for embodiments where greater symmetry is desired, the shape at 0 degrees may include

flowing i f ight cqils. F le, Fi 29 [ h ic Vi f
orocesSPehamtts SUO A PR AbHE O LerS EILRceDn ARB T R AL D

pedestat@Pents applied to form each primary shape or transition are held constant. For
example, in any given row of the sequence 2500 (i.e., any shape or transition), the sum
of the positive current is (1+R) and the sum of the negative current is —(1+R). Thus,
the magnitude of the magnetic field going into and out of the chamber for any given row
is equal. Moreover, as the magnitude of the currents applied in each row is equal to +/-
(1+R), the magnitude of the currents throughout the rotational sequence 2500 is also
constant. Thus, the magnitude of the magnetic field going into and out of chamber is

held approximately constant.

[0107] In the embodiment depicted in Figure 25, the currents for forming the primary
shapes of the magnetic field are each provided for 0.9 seconds, with each transition
having a duration of 0.05 seconds. These times are illustrative only and it is
contemplated that other times may be used as well. For example, the transition time
should at least be sufficiently lengthy to allow the RF tuning circuitry to fully adjust to
the new conditions after each transition step. If a particular matching network on a

process chamber responds more quickly, shorter times may be used. Conversely, if
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2920 with a four-fold symmetry (e.g., four large side coils and four smaller corner coils). Lines 2930,
2932, and 2934 depict the direction and relative strength of the magnetic field produced by six coils of
the eight coils 2910. As mentioned previously, one benefit to wafer performance, the uniformity of the

etch rat ' edyci tic fi i int.A while keepi
approxi%%%%%%%@%ﬂg %ng%%%ﬁ’u% p})rl}ﬁt(:'[sE Sﬁag%% ﬁ%sg%n%%%l{eggr@fng é’ﬁslé\é%rwl)% ?e%err%ﬂgn%fthe
higher ctheeratationalangdhside deieibed, lteii912 and 2914 in Figure 29) while compensating with

an increase in the corner coils (e.g., coils 2916 and 2918 in Figure 29). [0113]When transitioning with

an eightls%hfonfiqy'ietieam%M?aiswf;ﬁ%&agﬁsb$cﬂ?§ﬁ§%ﬁaec%ﬁ%§ffaimﬁqa&fe"amdaméneho'es

given above. With respect to the principle of keeping the amount of magneticTield going into and out of

the charHifere&ilignglctiedhesndisciosagdntinnsordd alsadensdizetont onvrKapectigure dinciple
of stagogepg{be Halae WhenmARCE %%@%ﬁgm%&3@&&%&&9&&9&%@%{5@%@ thergpge now

more options as to how that may be a hed. The various rotation schemes may be evaluated
based oRT@REEHEAMBAESNIBSFObIficalsnRbsd fRusrasit s uminstoeposhw riable, dapietedsjrecific
current 0] uger t itauitty: RF: reqi D istrve RE r
evels, pZif*@S:j v cﬁﬁcﬂ?‘%@ﬁnﬁﬁ%ﬂ ARGl R T S o
conditioRslaiignairtiaasiiens novisssk beiwseretitopibaanysoames(ashisdiegtachhytheansitionprocess
conditions gndshaydugaie: (Al e IRpiRg.groRadm el e ame BRiBARBRLE shiskbinare
may be used fol a’'majority of the time, with only’variatiohs app |¥(Pto the transitional steps. $ e main
differencegeanees, cuchnyf atiserotationesequas e tigfuicitvmsotht @btyss discnde degpisisiines,
transition. .|t i i ; il] following teachings
having o h'g r%ﬁ%%ﬂ&gﬁ%hm;é %%renhu&r%@eér ?raar?gtpéﬁngjlér@gsg,ﬁ\}glﬂgﬁf gf éﬁ %ré%@%%@ﬂgﬁ’c
relationsttipp e andeihehtransitions aptiirdRovdifess rrabits, cthathelditive [oaaBRoradnaspiay Bigures
30A-Cg i > h ic fiel tipn,using eight coils and eight
currentsﬁ?&%@#ﬁ%ﬁi@%@ﬁ@ﬁe&gggt%g' S %%vﬂﬁpér%mojdg/ﬁé%go@e%@%oz 3012, and 3022 being
rotated through transitions 3004,5,-E, 3014A-E, and 3024A_E to rotated primary shapes 3006, 3016,
and 302B109heredighésintérmcdistsresy \wipidrrichachemnaticdiqerams Ploaaneiie fistiaiTdur-coil

rotationalmesachris gl orsa kb aablie NsHACHRIRGIRPSJaBLEL BB Guitfe loped lyst as

the primary f is sloped. Althotgh Figures 30A-C show five transition steps between the standard

magneti€ igerestZhe; shensdtberseaiicaiyng mﬁbé’_aﬁjd@ﬁéi@tﬁ)ae@whvsnﬁmglﬁmawﬁiiseﬂ@l@ontro|
and cor B R e e
having tabainrein dogespdadids weapisteddndniguse didhce Sicd msta i shapeny 162 1efataire Himeral
correspARELIOH'G PR SHRIIRABAIPRRS, (S NBAENS VIR HERYSD788: Figure 278
depicts a magnetic field rotational sequence (through a one-quarter, or 90 degree,
rotation) in accordance with the present invention similar to that shown in Figure 25.
As depicted in Figure 27B, a first primary shape 2712 is rotated 90 degrees to a rotated
primary shape 2716 through two transitions 2714, and 2714g. Figure 27C depicts a
magnetic field rotational sequence (through a one-quarter, or 90 degree, rotation) in
accordance with the present invention similar to that shown in Figure 26. As depicted
in Figure 27C, a first primary shape 2722 is rotated 90 degrees to a rotated primary
shape 2726 through five transitions 2724, 2724, 2724¢, 2724p, and 2724¢. In the
Figures, dotted lines indicate magnetic fields of lesser strength and are illustrative only

to show that the relative strength of the magnetic fields being applied

[0110] Figures 28A and 28B depict graphs comparing the relative coil currents
applied over time for a single rotational sequence for each of the rotational sequences
depicted in Figures 23, 25, and 26. The graph in Figure 28A compares the rotational
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[0116]Figure 32 depicts a table of currents and exemplary durations for the steps of various rotation
schemes for a process chamber having an 8-coil configuration using four main coils and four corner
coils (such as shown in Figure 29 and graphically represented by Figures 30A-C, respectively). For

o Tl ELBASES AERIR Ao 24 Reoan e <R AE AP &, GRS B) BAIHGSA Schen

four-fold-symmetry tion schem e entire’scheme may cheme
into four(pads. The guapinta iRigure &8BiTiogpartss2he aothtiomalyseqdescabelbpictadfin§itheesirrents

in time by.ong-four imilarly,_for. an eight-equal-coil scheme, you may divide the scheme into gight
parts. F%;P’C?r%\}eanlénhzce,%g rc%/i?s%n'%/ %%ﬁl%%%gblgr‘esdﬁgékﬁzé,és fg%.%y 0 %I%ee%bﬁg%nh b?aﬂ , each
rotation Bigeese 28Aotaidd28BathernAmBearaf Gansdititndefistwiberbsic prmgasticrfajdetiefieldnd by
factors D (in scheme V) and factors D apd E. (in schemes W and X), that further fine-tune the scheme.
For scha RS0 G B G SRR AP LR 8 Sl e SRR 6] Sartha s Bes b 8 0 anc
0 5 E 5 tnagbetin fieid) lasatditiahilitheevaluatitznaoiidieds set fhe el instiedjotmiainiizendribag gaaidactors
D and E further.aqvantageously, provide fgr control over the plasma stability. [0117]The above schemes
furher PO RO T 0 B GUHOE (BT REA RAHaA G RSNl 106 AR RR Wikt
conventiimal kotakde scbdaraesitirsermy e, itraisatationed tipimadebdaibae allowipgtifee., flat)
magnetic field shape during, transition (for example,.as depicted by reference numeral 2704 in Figure
1) P SISO SHHSE BOTRALEER. OES, R QR ATrER Bl o BRaRie, os
depictedibid reffeiage tonadestid 308 hdngi) 1 EAdh, dGRéAeTprin i gEs 2B 6r IesReabiilbnl he
sloped magnetic field is prefergble because, the main magnetic field shapes are slpped (for example, as
epote T BB A ERBSRS i JTO Y ANS) PRSI SR R e AR BEr ey iaecl
herein afetiigatdedpdieat they can utilize one or more of the principles discussed above (Le., uniform
magnetic field strength throughout the transition, increased numbers of transition steps, staggered

times fo coil-passing through zero current, and the. lj ta provid nefits over the conventional
rotation @Eﬁ‘iﬂues. o gbagﬁ]%g%?a{{g,%pga%'&?{ Sfa\;n éa%ef V\}/%ﬁ)g(?g%ng?ga&s@ge ‘r’ﬁﬁ)ﬁﬁﬁ sso%ﬁ]?r%r']%riltigfr? steps,
but haveheaaiake/eodsmérdsnalpaliedutly HEcimmite elps bycreastdilimgpdhienvstiers odinR)staggers the

times at which the,side caoil asslthrou Ezer urrent. [0119]Plasma stability, while utilizin zth
rotation SARRIRe E RN AP I BF R ctSH 25 0ena /L EUBL 12 FRPHeRTalE ape
from Appliggl Masieiald, Incagri&tianfeeldlarayCediforeaediithcdBrotaltbdrdaiate 4ay aofoibe asvarfigere 5)

through jlt-in dat isiti ility. A hi i ted for th luggi d
the e PR ARl S LR G R ARl AL S o o Y G KNG b Lo
result, itsuah tasiagphatiseyvelql tiftefentriagpibtidiéia schebeseuiddceddrotytdd L8itimesyncfease in

rotation o CYRINITAR AR NSRS E G b0 PoFle UL RSO can

advantagegivsty preséde miaghdupesid eipplasmatigheaerisictithanscthy pniosset paxbaefitheations.

MOFGOV%EFthPEO%%?Vgnbﬁ%‘lee fggtﬁ%%lgvt?hrga rré%tégéiegll%ss Vgié?e%t%w,lztﬁgi%ga\éirq go tﬂ% \f)allflclegéés kit
immediately next to the edge of the wafer, and the like. Additional details regarding the
selection and use of particular R values are described in US Patent No. 6,113,731,
issued September 5, 2000, to Shan, et al., which is hereby incorporated by reference in

its entirety.

[0112) The inventive methods of controlling transitions of a magnetic field may also
be applied to process chambers having magnetic coils arranged in other configurations
(illustratively as depicted in Figures 4B-C, 5-7, 8B-C, 9-10, 12-17, and 19A-C, or other
configurations). In one embodiment, the shape at 0 degrees may consist of currents
running through all eight coils. Alternatively, for embodiments where greater symmetry
is desired, the shape at 0 degrees may include currents flowing in a subset of the eight
coils. For example, Figure 29 depicts a top schematic view of a processing chamber
2900 having eight magnetic coils 2910 disposed about a substrate support pedestal
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[0120]In addition to eight coil configurations having a four-fold symmetry, the above magnetic field
rotational principles may be advantageously utilized in chambers having eight equal sized coils (as
shown in Figures 12-13). For example, Figure 33 depicts a sequence 3300 for rotating a sloped

magne I t equal sized corl fce beqins Wrth a rrm y shape
3302 tr?aggﬂrg ﬁ( Wrrauggf"%ﬁf'a@é"ﬁ%?ﬂf Urf?rganiutu RS @?0919& ?é{a?‘erﬂqa;i] F 306 that
is 45 démee%ﬁﬁk@%&trmﬂ@ﬁﬂn@mmcﬁmmm grraphe%ﬁﬂ@esbbmg&laﬂvmeamagnemts for the
rotatio C the i rres d|n r tatron ence den ted thereon.py the
referer?cfééart§rr%§§ corr pon [Tl 0 the r pec |ve5¢ﬂfary shapg PO%V'SPP ap&?grﬁﬂgrt&shape.
As anotbwmﬁmmplﬁoﬂgm@%pmfsm@qﬂethmeétéﬁ@éw rmavrbeamimaddrmgr@jlndngﬂthea
chamber havm ‘_{q % al. fé orls b |th a primar sha%e 2 and |IIustrat| rotated
SRR e A Cf

throughrr}%gr ransi B d SRRPE SRR WU r%ae@%lg?:mé do% from
the priratipodttap® 316020 A @raphnWBeslaemmpllmhadcby decerdsifay the mwtmnetmemennethavrng the

times rrespondrn he rotati uen oted.there reference n mera
corresf)l%r%ﬁn%'qg i % Pei%‘egcti\%’ %r%:gsﬁfq %Céque ‘ﬂg‘ti H%Prgg} XH;HE’ %ﬁvgﬁgﬁg f@l’ﬂ%ﬁf anre 35
depictsiectehisedhdhertmand e (eplar eoily 2¢asdod e 1gdpF ifarsRORrd rotation schemes for a
process chamber having an eight equal size coil configuration (such as shown in Figure 33) The data

provided.is_fo il and th fire me. ma e tra ated drvrdrn to eight
parts. (_—“ﬁ] i:iurren sﬁr% epr Pé‘nﬁg‘r‘ﬁﬁrg W‘tﬁgy bgléesgﬁﬁe(d%ﬁ 'gHr rt’ne currneT in trme
one-eigihe Fes ctaTy beiclete rmiaaexdithah fyflbw mlumbemecptéecmwereabseeerWrtb'rrreBpetoptoAtﬂmionally,

the rotatroncse |s notat d by factor, Baand C ich define the b rggtrc field hape
[OlZZ]A’IEH1 LP K t?u eoed) scré) e ods gfrt%ﬁsr rgg? NP agReaR eCfH rgl ocr%?atrng a
magnetimuiigily veitimnsistamglthprocass mmparsiep, ¢bésahmﬁ1t&mﬂnrﬁmralsdﬁﬂpl;eﬁ:p&ammdhmg a
magnetic. f|eI betwegn steps in ulti-step plasma assgl rocess uch as m|n etch, main
or DUl O e RS D o) B PG R 2 i e URo Rt AOE e i
any seguemnrid| sigpis ($ech eseetdngrmfestm&msm@ dhbistthet ohayobessatvenpbishiesd anther
conditions. and et ql econd I gegt setﬁ)gp ess ch{ﬁmrstrles and/or con(i}ttrons)
For exé’r%?y?@%ﬁ ?1 a éW p%%? 45 Fé& B‘S RPN S} BréES ac process
gas or geﬁﬁeonﬂnmnelcmeiddmgrdemmm Yy prattesheaspedifr tatalfecsulves|asois), the
magnetic field transrtron can be adj Eed to give the optimal re rﬁ;e b# the %l; tunrn c rcur using a
B .06 -

methoPQIRTRIAE o GHUTSH FESHBRm B?ﬂim?en a3
accounpigesietayaRFchatiggscincoitge smpatieeniiers AT Hesm:lofdtwmagnaamfaefdrtr@ﬁemensabetween

Siates PRGKRHPRTLUT SURLREMATS 729 5o BEGHSoEH P D308, B5K SthES LR SHIRERFss

herebyfsicanpeiatest by pleksssedbngitnigelid[AaARlAsgiscussed above, the inventive method of

transitioning a magnetic field
[0114] In the following embodiments, the same basic magnetic shield shape may be
used for a majority of the time, with only variations applied to the fransitional steps.
The main difference between each of these schemes is the configuration of the steps in
each respective transition. It is contemplated that other rotation schemes may be
utilized following the above teachings having other differences such as the number
transitional steps, values of the currents applied, relationships between the currents

applied to different coils, and the like.

[0115] For example, Figures 30A-C graphically show exemplary methods of
magnetic field rotation using eight coils and eight currents. Specifically, Figures 30A-C
respectively show primary shapes 3002, 3012, and 3022 being rotated through
transitions 30044, 3014a¢, and 3024, to rotated primary shapes 3006, 3016, and
3026. Whereas the intermediate step depicted in Figure 27A (referring to a
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advantageously provides for a more stable plasma and a more uniform etch rate across the substrate.
In addition, it has also been discovered that the inventive method further advantageously reduces
damage to the substrate and processing chamber due to the improved control over the plasma stability,

thereby (ERUCHIB A IGIEBRT AV ASIGAARBIEN IS H‘Gﬁffb%%ﬁlf R MasmRrneumtarepipslarge

transients in the plasma may cause undesirable currents in partially connected transistors disposed on

the sub#trkigures afif-Hapriggeanedibst-atetie primanidiatibis slaprdidithaygaldsurrsciiid
plasma degiiily ALENG Shamhr sRPYHaHES A HE s Bh QYRS RS SHDEL FlaqtRHS RCraRsIehsarign of the

inner surfaces of the chamber. Such surfaces often consist of materials such as anodized aluminum,

silicon, éﬁﬂaéﬁi@aﬁbﬁ%l, BEarHUSIEShifRms sy BriENaRYifigH Fhane dadreniielidhe plRrarsiabiiie.
Irequiagiesit] e SRAFOSISIHIPERD AN FIRHRDIEAIS SLORPY FAHR QTN ASRRIETRRRS cBH Ghas near

portal openings where surface coatings maybe thinner or wﬁere plasma densities may be locally
higher difgnetheqioREE@pasre shetatiaalrasebiesies arurrREpoeinggdtar Eigursser 30MCes. Use
of the ejglaeaihayduaierARAE HHO R SReHRS HERETIRE RIS RS Hg?é%.”afé'ﬁb netic
field magni udeI at the chamber@boundary agbwé#l%gs a% %@ubstraﬁ%ﬁéﬁ%ﬁ%q process?%%%dition,
as compgeerivo e Hrivaferepeecassnsraliivoneshaping 4t tber cesneativraimasyefhrapese of

the inventjve.eight.cqi i t isclosed herein decreases the plasma density at the
s g

chamber boundaries an e erosion rate of the surfaces coating the inner chamber
boundaries. For the locations of worst erosion rate (e.g., proximate irreaularities in the inner chamber

surfacef§H erodidgraid hd§RietPaRtRRIS 18 aarFROtH ARdsexEERtaY Miaratinnsdedinaysisps pf
facilitatipgriggsurst Mdhinelerhas ke 5@@&%@@(&%@ ﬁé\?ﬁ%s%(ﬁ BLRBH ReME AR RdRipr these
n have been provided her

chamber coatings. pus]Thus, methods of rotati gﬂa magnetic fiel ein that

overcorfRUhEBRLISHTS BNthdPHoFarReS eriifctiycthasnsbawie Metigurer itadbd ganhically
transitios, RidbRERPEY 8t [iRkd t@@b@é‘,"?@%\i@%@'|%Figﬁ‘cfp%g?‘?e%'é,ufﬁ‘g‘gé’féckim&i%a‘%ﬁh the

new plasma impedance caused by the change in the magnetic field prior to the next change in the
magnetf@fialdn&inadditrife tHeoit AitioncBERRRRAMNHAES SaRER atihpdomtieafes bl kbaypmeetiy

maintain A ¢NSLEYNRRANGHE el USRI SRS SIER A ) iR AR RRIRMANINIZINg

the impact of changes in magnetic field strength on the plasma. Moreover, the transitions may further

be contfelédastenstine girents doikhensrpasinareatih Zetoansdrérimaxveetdsisenbr A BHRNG current
staggergebin {imed Ry i WM ORE-1B6 M08 TE R 45 6 eight-equal-coil scheme, you may
divide the scheme into eight parts. For convenience, the coils may be numbered
clockwise, as seen from the top. Additionally, each rotation scheme is notated by
factors A, B, and C, which define the basic magnetic field shape, and by factors D (in
scheme V) and factors D and E (in schemes W and X) that further fine-tune the
scheme. ForschemeV,0=<D =< 1; forschemeW, 0D =<05and 0<E=<0.5; and for
scheme X, 0 s D <1.0and 0 < E <0.5. During a plasma stability evaluation (discussed
further below) it was found that the factors D and E further advantageously provide for

control over the plasma stability.

[0117] The above schemes further show the flexibility in developing magnetic field
rotation schemes that are improved over conventional rotation schemes. For example,
the conventional rotation scheme has a uniform (i.e., flat) magnetic field shape during
transition (for example, as depicted by reference numeral 2704 in Figure 27A), whereas
schemes V, W and X advantageously provide sloped magnetic fields (for example, as
depicted by reference numerals 3004ag, 3014ae, 3024a, in Figures 30A-C,
respectively). The sloped magnetic field is preferable because the main magnetic field
shapes are sloped (for example, as depicted in Figures 27A-C and Figures 30A-C).
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of the changes in the magnetic field on the plasma. Thus, the present magnetic field rotation methods
advantageously aid the RF tuning circuitry in its ability to adjust to the changes in plasma impedance
caused by the magnetic field rotation by both minimizing the changes in plasma impedance and by

providingyjifge for JResREiHBAING §TFevAR R BHEAMEY8i8QNsRIA HBRIMBRS FRRRAHP Y theycbanaes in

the magnetic field as it is rotated. [0126]Thus, from these simulations, the use of extended width coils
improvedttieesRage &t thOTRaghdhe rRItCineaudiasUssRE PRAVBef/ $o fURIHRFTMPIBgRaHE &iedhe of

the fieldgirarigifionalorniitohe ReoYaRsiasTR clhva dilds casehecs: ARifsHaseperudiindee

semiconductor wafer processing chamber is a dry etc mg chamber in the above embodimeénts, it is a

matter diRES & BACEYH PASF M HHRMINs 2a5plicuB RN dRsing Jke biadrmvidr bapefiaryer
processifig TRt SEChASIdf \derdipaderpp waidihpbr PRI IPERAMNGS aFcsiaraigthydhe use

of electromagnets. [wa]While foregoing is directed to various embodiments of the present invention,

other arfﬂ%ﬁﬂ%ﬂiﬂi@&ﬁﬁ&nﬁ df@ﬁéﬁﬁ%rﬁl@ﬁﬁné%”bé‘@é@isl@@mﬁﬂﬁ@u@@éﬁa@ﬁﬁ@%ﬂ&ﬁ@%ﬁe scope
thereof, apgldhe SgopssthrErOh i HefRIANRR VPSS tgh&Plome e vVANUMIcHAmedilR 1- A

method for rotating a magnetic field in a process chamber, comprising: providing a process chamber
having £H&t psatiysaRZgretRufe@Biproducing coils and a second plurality of magnetic field
producing coils disposed thereabout; and

[0119] Plasma stability while utilizing the rotational schemes disclosed herein were
evaluated on a 300mm eMAX CT Plus chamber — available from Applied Materials, Inc.
of Santa Clara, California — with 8-coil hardware (arranged as in Figure 5) through a
built-in data acquisition capability. A high power recipe was selected for the evaluation
and the magnetic field was operated at approximately 40G. After comparison with an
equivalent 4-coil result, it was found that several different 8-coil rotation schemes
produced an up to 10 times increase in plasma stability (as measured by standard
deviation of the variation in Vge) over the 4-coil standard rotation, for configurable
magnetic field (CMF) ratio equal to about 1. Thus, 8-coil configurations can
advantageously provide much smoother plasma characteristics than conventional 4-coil
configurations. Moreover, the above benefits apply to magnetic fields with a CMF ratio

having other values.

[0120] In addition to eight coil configurations having a four-fold symmetry, the above
magnetic field rotational principles may be advantageously utilized in chambers having
eight equal sized coils (as shown in Figures 12-13). For example, Figure 33 depicts a
sequence 3300 for rotating a sloped magnetic field in a chamber having eight equal
sized coils. The sequence begins with a primary shape 3302 that is illustratively
rotated through four transitions 330440 to a rotated primary shape 3306 that is 45
degrees clockwise from the primary shape 3302. A graph 3310 shows relative coil
currents for the rotational scheme having the times corresponding to the rotational
sequence denoted thereon by the reference numeral corresponding to the respective
primary shape, transition, or rotated primary shape. As another example, Figure 34
depicts a sequence 3400 for rotating a sloped magnetic field in a chamber having eight
equal sized coils beginning with a primary shape 3402 and illustratively rotated through
four transitions 3404, p to a rotated primary shape 3406 that is 45 degrees clockwise
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using at least a subset of the first plurality of magnetic field producing coils in combination with at least
a subset of the second plurality of magnetic field producing coils to form each of a series of shapes of
the magnetic field within the chamber, wherein the series of magnetic field shapes comprise: a primary

shape; &ldgRshiveserteErhpansiignal ghapasnand forRIRAPTESIVSIARE MRRY fomardmum of

one current applied to one or more of the first'plurality of magnetic field producing coils has its polarity

reverse®dRARIEA SRR MBEING: dhealinescaraseanding i the TREAtRNAbSeAURIAE KenaiRs:
comprisiRgrdBaNigINiNg i e simetdneBrreissitdiey! 187 e h &l SBRRRYIGHRTARpUIRISLTeld

shapes at an approximately constant magnitude. 3. The method of claim 1, wherein a rmaximum of one
current HApREiPth BhEotRtgbrIIBIaRE $haPslurality of magnetic field producing coils is equal to zero
during a transition between magnetic field shapes. 4. The method of claim 1, wherein the first plurality

of magngiigfield pregieing crilsidtd auaiie shaanitdiaktrsREHEMErE lfaneny h@FQHst%EQQﬂnd
plurality of magnetic field producing coils is four second magnetic field producing coils. 5, The method

of claim?@L SlpRERiRaiAtion |8sheE 3 IRkiRoREP FR3§nERRMBRF shakbg rath &I RRNAL SRS g the
primary ghyaRp tatrsre@sichy a $eneoniah tFRgsiions) shaRedata provided is for one coil and the

entire scheme may be extrapolated by dividing the scheme into eight parts. The
currents in the remaining coils may be described by shifting the currents in time by one-
eighth. For convenience, the coils may be numbered clockwise, as seen from the top.
Additionally, the rotation scheme is notated by factors A, B, and C, which define the

basic magnetic field shape.

[0122] Although the above-described methods of transitioning a magnetic field
relate to rotating a magnetic field within a single process recipe step, the above
teachings also apply to transitioning a magnetic field between steps in a multi-step
plasma assisted process (such as preliminary etch, main or bulk etch, and over-etch
steps) or between steps of a multiple step process that uses a plasma in any sequential
steps (such as etching a first layer using a first set of process chemistries and/or
conditions and etching a second layer using a second set of process chemistries and/or
conditions). For example, when changing one or more of a bias power, a source
power, chamber pressure, process gas or gases, of magnetic field magnitude (i.e., any
process parameter that affects the plasma), the magnetic field transition can be
adjusted to give the optimal response by the RF tuning circuitry, using a method similar
to one of the aforementioned embodiments and using an algorithm that takes into
account the relevant changes in process parameters. The use of the magnetic field
transitions between process steps in this manner can be utilized in combination with
the principles disclosed in United States Patent Application Serial No. 11/372,752, filed
March 10, 2006, by Kutney, et al., which is hereby incorporated by reference in its
entirety.

[0123] As discussed above, the inventive method of transitioning a magnetic field
advantageously provides for a more stable plasma and a more uniform etch rate across
the substrate. In addition, it has also been discovered that the inventive method further
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6. The method of claim 1, wherein the first plurality of magnetic field producing coils comprises four
side coils and wherein the second plurality of magnetic field producing coils comprises four corner coils.
7. The method of claim 6, wherein each of the first and second plurality of magnetic field producing

coils are;eQupiRi &R A RRRRACAL FHERNC YR ¥uBsFhe MRENRrodedainy Lnshaseindhes rotaed

primary shape is rotated about 90 degrees with respect to the primary shape. 9. The method of claim 8,

further COMRERGRSy CREPERLIAYah &R rRIBsEIR oHtaflliberitesebyafrrueivg dheh Aselnerdcany: BESH 1 to

continuarghs raiedertiae mMagsiisuisi iR pRISHmatedr ¥ lagiee lﬁvqsfﬂ%ﬂ@aﬂ@rm PRGN

process. 10. The method of claim 9, further comprising: transitioning to a second plasma process from

the first Pla¥nfRppScassigsineiaaneir ise iBhapiativheanagatart g@ﬂ%iﬁ@ﬁ@lﬂ&%ﬂ@%ﬁt\m s&guential
transitioggbgh.gp_@&t&fmég Bz_ﬂrril y_tﬁg%%&pélf@_ magnetic field for the second plasma process. 11. A

method for rotating a magnetic field in a process chamber, comprising: (a) providing a process
chamber having a plurality of magnetic field(%:oducing coils disposed thereabout for controlling a

plasma B1R#d widhrRARtRRcERMAIATEI0s SIS RIRFIaReE Riasma HBRSIYCAt e irhasbs ising

four maipghRgaRES HeldvBIPss @Raceils ansstrsteswhna athetieifgl& RisRIHCBITOAisRRftes
proximate adjacent main magnetic field producing coils; (b) supplying a first set of currents to the

plurality ¥ iR GhaaRiid BrsALEHEASS T aBeraBsistiel matpiale suehspanodized aluminum,

silicon, silicon carbide, quartz, aluminum oxide, aluminum nitride and/or yttrium oxide,
or the like. [rregularities in the chamber surfaces can exacerbate the erosion rate of
those surfaces, such as near portal openings where surface coatings may be thinner or
where plasma densities may be locally higher due to the modified plasma sheath
characteristics around such irregular chamber surfaces. Use of the eight coil hardware
and rotational methods described herein decreases the maximum magnetic field
magnitude at the chamber boundary as well as at the substrate for a given etch
process condition, as compared to the equivalent process condition using prior art four
coil hardware. Therefore, use of the inventive eight coil rotational methods disclosed
herein decreases the plasma density at the chamber boundaries and thus decreases
the erosion rate of the surfaces coating the inner chamber boundaries. For the
locations of worst erosion rate (e.g., proximate irregularities in the inner chamber
surfaces) the erosion rate may be reduced by as much as 50 percent, thereby
advantageously facilitating the use of thinner chamber coatings and/or less expensive

manufacturing methods for these chamber coatings.

[0125] Thus, methods of rotating a magnetic field have been provided herein that
overcome the problems of the prior art. Specifically, the inventive method of rotation
provides transitions of the magnetic field that advantageously allow time for the RF
tuning circuitry to match the new plasma impedance caused by the change in the
magnetic field prior to the next change in the magnetic field. in addition, the transitions
between the primary shapes may also be controlled to maintain a constant magnetic
field strength throughout each step of the transition, thereby minimizing the impact of
changes in magnetic field strength on the plasma. Moreover, the transitions may
further be controlled to ensure that any coils that pass through zero current have their
moments of zero current staggered in time, thereby reducing the magnitude and effect
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(c) subsequently supplying a second set of currents to the plurality of magnetic field producing coils to
create a first transitional magnetic field shape; (d) subsequently supplying a third set of currents to the
plurality of magnetic field producing coils to create a second transitional magnetic field shape; and (e)

SUbSGW%QQ@%Vm éichHéWB”&%tﬂug‘sﬁgg%@ityﬂﬁ&%ﬂ@é? %ﬁ?%gg@ﬁccﬁéﬁito

create a seco netic field shape that correlate first magneti ﬁe rotated by about 90

degrees?tﬁﬂi@mh@%mw BfagaRuaad dnedtclunerg sispnityinadtsiabilivdmadigtdadield
pm“%‘r&ﬁg%ﬁﬁiﬂ%&?ﬂg Pﬁ%%%‘héé‘%éwee?ﬂ%?ﬁfé e r?ét?&ﬁ&[&ﬁﬁt‘éﬂeheﬂ}}%&% Mﬁ.ﬁﬂ%’é{
f e tude of t

magnetic field producing coils. 12. The method of claim T'1, wherein the magnitud the magnetic field
of eactihs ghangemitiprsmanapeedangsandniataiorigiag tigefrer thaHBl daciaghcireyivideein a
maximyrgaf,qfie GBI ARRLEAIORS] | UG PLOAUHBGS Y dosgefodetween
any two aé?acent sets gﬁ curren@@upgﬁ/e(%nt{.:)B gw%r;ﬁggtpl'ity 0'1 m%gneﬂgﬁ‘.!eld pr%'éi%%i?\%@loi%. {t4. The
methoda@atggim 11, wherein each of the sets of currents are collectively provided by individual current
supplies coupled to respective ones of the plurality of magnetic field producing coils. 15. The method of

claim Igyq yépereinrgach phHembs SRl FRIRC UAdIlda trbiaibiderl Wi fP ¢Bifd i pyadapgndent

current supply. 16. The method of claim 11, further comprising between steps (c) and (d): (f)

subsedtang elihayiroaotie fiRldstriadusedtinte mhamBes: hadHaherénpppyatbnsiane &f create a
third transiHeRR. BagARHalelli @I BrRme dlnsupryigd daistgbaurrents to the plurality of

magnetic field producing coils to create a fourth transitional magnetic field; and

[0127] Furthermore, while the semiconductor wafer processing chamber is a dry
etching chamber in the above embodiments, it is a matter of course that the present
invention is applicable to other types of semiconductor wafer processing chambers
such as a CVD chamber in which the plasma formation is accelerated by the use of

electromagnets.

[0128) While foregoing is directed to various embodiments of the present invention,
other and further embodiments of the invention may be devised without departing from

the basic scope thereof, and the scope thereof is determined by the claims that follow.
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(h) subsequently supplying a seventh set of currents to the plurality of magnetic field producing coils to
create a fifth transitional magnetic field. 17. The method of claim 11, further comprising: repeating
steps (c)-(e) with desired sets of currents to continuously rotate the magnetic field in 90 degree
increments during a first plasma process. 18. The method of claim 17, further comprising: transitioning
to a second plasma process from the first plasma process while transitioning through at least two
sequential transitional magnetic field shapes to form a first magnetic field shape for the second plasma
process. 19. A method for rotating a magnetic field in a process chamber having a plurality of magnetic
field produ0| éBY@n A3f eﬁiulegeabout, comprising: forming a magnetic field having a primary shape
via four side magnetic field producing coils and four corner magnetic field producing coils disposed

proximate agjacen})\m e{hrgqgnetcfleldng%?qcé (__i% e?glls c():é:gc %S &g’rl% arlrr;l?arlnésha e to at least two

sequential transitional apes; a ANt ape adr prifmary shape,
wherein the magnipuoe dhthe preggas tivafidieribavehg afpsdmctéaly domsgnetithfelid poedutiegotation,

and wherein & ma g ALRECHERILARRISHA ane AU \geR oL s Sis uasastiielt producing

coils has its polarity reverse urln etween ytwo adjacent shapes
and

using at least a subset of the first plurality of magnetic field producing coils in
combination with at least a subset of the second plurality of magnetic field
producing coils to form each of a series of shapes of the magnetic field within the
chamber, wherein the series of magnetic field shapes comprise:

aprimary shape; at least two sequential transitional shapes; and

a rotated primary shape, wherein a maximum of one current applied to one or
more of the first plurality of magnetic field producing coils has its polarity

reversed during atransition between any two adjacent shapes.

2. The method of claim 1, further comprising:
maintaining a total strength of the magnetic field for each of the series of

magnetic field shapes at an approximately constant magnitude.

3. The method of claim 1, wherein a maximum of one current applied to one or more
of the first plurality of magnetic field producing coils is equal to zero during a
transition between magnetic field shapes.

4, The method of clam 1, wherein the first plurality of magnetic field producing
coilsis four first magnetic field producing coils and wherein the second plurality

of magnetic field producing coils is four second magnetic field producing coils.
5. The method of claim 1, wherein the at least two transitional magnetic field shapes

further comprises:

changing the primary shape to at least five sequential transitiona shapes.
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10.

11.

The method of clam 1, wherein the first plurality of magnetic field producing
coils comprises four side coils and wherein the second plurality of magnetic field

producing coils comprises four corner coils.

The method of claim 6, wherein each of the first and second plurality of magnetic

field producing coils are coupled to an independent current supply.

The method of claim 1, wherein the rotated primary shape is rotated about 90
degrees with respect to the primary shape.

The method of claim 8, further comprising:
repeating the formation of the series of magnetic field shapes recited in clam 1 to
continuously rotate the magnetic field in approximately 90 degree increments

during afirst plasma process.

The method of claim 9, further comprising:

transitioning to a second plasma process from the first plasma process while
changing the shape of the magnetic field through at least two sequential
transitional shapes to form a primary shape of the magnetic field for the second

plasma process.

A method for rotating a magnetic field in a process chamber, comprising:

(a) providing a process chamber having a pluraity of magnetic field producing
coils disposed thereabout for controlling a plasma formed within the process
chamber, the plurality of magnetic field producing coils comprising four main
magnetic field producing coils and four sub-magnetic field producing coils
disposed proximate adjacent main magnetic field producing coils;

(b) supplying a first set of currents to the plurality of magnetic field producing
coilsto create afirst magnetic field shape;

(c) subsequently supplying a second set of currents to the plurality of magnetic
field producing coils to create afirst transitional magnetic field shape;
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12.

13.

14.

15.

16.

(d) subsequently supplying athird set of currents to the plurality of magnetic field
producing coilsto create a second transitional magnetic field shape; and

(e) subsequently supplying a fourth set of currents to the plurality of magnetic
field producing coils to create a second magnetic field shape that correlates to the
first magnetic field rotated by about 90 degrees, wherein the polarity of a
maximum of one current applied to a given main magnetic field producing coil is
reversed between any two adjacent sets of currents supplied to the plurality of
magnetic field producing coils.

The method of claim 11, wherein the magnitude of the magnetic field of each of
the magnetic field shapesis approximately equal .

The method of claim 11, wherein a maximum of one current applied to a given
main magnetic field producing coil is equal to zero between any two adjacent sets

of currents supplied to the plurality of magnetic field producing coils.

The method of claim 11, wherein each of the sets of currents are collectively
provided by individual current supplies coupled to respective ones of the plurality
of magnetic field producing coils.

The method of claim 11, wherein each of the plurality of magnetic field producing

coilsis coupled to an independent current supply.

The method of claim 11, further comprising between steps (c) and (d):

(f) subsequently supplying a fifth set of currents to the plurality of magnetic field
producing coilsto create athird transitional magnetic field;

(g) subsequently supplying a sixth set of currents to the plurality of magnetic field
producing coils to create afourth transitional magnetic field; and

(h) subsequently supplying a seventh set of currents to the plurality of magnetic
field producing coils to create afifth transitional magnetic field.
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18.

19.

The method of claim 11, further comprising:
repesting steps (c)-(e) with desired sets of currents to continuously rotate the

magnetic field in 90 degree increments during afirst plasma process.

The method of claim 17, further comprising:
transitioning to a second plasma process from the first plasma process while
transitioning through at least two sequential transitional magnetic field shapes to

form afirst magnetic field shape for the second plasma process.

A method for rotating a magnetic field in a process chamber having a pluraity of
magnetic field producing coils arranged thereabout, comprising:

forming a magnetic field having a primary shape via four side magnetic field
producing coils and four corner magnetic field producing coils disposed
proximate adjacent main magnetic field producing coils;

changing the primary shape to at least two sequential transitional shapes; and
changing the transitional shape to a rotated primary shape, wherein the magnitude
of the magnetic field is held approximately constant throughout the rotation, and
wherein a maximum of one current applied to one or more of the side magnetic
field producing coils has its polarity reversed during a transition between any two

adjacent magnetic field shapes.
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