METHOD FOR SHAPING A MAGNETIC FIELD IN A MAGNETIC FIELD-ENHANCED

PLASMA REACTOR BACKGROUND OF THE INVENTION Field of the Invention poi]This

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
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re%crtgé%ssing 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 patrticles 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
méigadiattenhafdomdidt tas Béendoode elentaisentne tikaliadodatédldonfigictidheas a gas

semi ctor devices on the wafer, Such damage is caused by. non-uniform electron.
o R e W T Es E e AT b Er it N I S R e Bitner
optiieizetiicNomifrédale |1 dejsicnetaictbmatietalossusé die mapmagretiagnatiddly such as

enhanced plasma chamber 5, suitable, fog either etching or chemical vapor osition in
i e S R Ll b e e R
Thelectcommagrietinmmils B8, ehclsmsby catddomunsidedtheadhbnbecdar hdlersidalvid is

and C{'I‘ ul{;\rt wall or lid 16. Ti;e lid 16 apd bottom wall 14 may be either dielectric or
mgf'ﬁ.aﬁ&r{ e"f'é@?ﬁ'@ﬁ ﬂ? argﬁrﬁ)(%ﬁo rmaeag%cg?rode 18 is mounted at the bottom of the lid 16.
The anode electrode may be perforated to function as a gas inlet through which process
gald@siers thhehsenbenrmhekidwalel eowaeakpieceitheisiivleeniecbomatabtifode elettiodsee

mejal b i [ah.su ' ajumi t inter '

oA T S RN P B 4 OB 3% R L W
ouskidenhesshamter Gadeth efside thall sharatsdr ithvthh fongtioarasephda udttheanifodd . o varide
SeIGongHc! VWF‘f%horaV%OéBkr%'sfﬁ%?rez‘?r{st eogﬂ%boer} g cgiho eev8|e|§t\5ﬁ%%§§gﬁv%c? REIS
is mounted-in thie Tower end of the chambér 5."A vacuum pump, hot shown, xhausts gases
fracretitéeoahainabelas o tyghicalye ki s traregefolid12Graifldarratio tath fottneviitta pyes gunesatitben

o1 CORTIT 180 et e G e A SR 7 B Sea

foresgeicivetyCVD processes, respectively. [0007]An RF power supply 24 is connected to

the cathode pedestal 22 through a
[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 bombard the cathode and
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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. Itis
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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 bombards the wafer produces electrical currents in the
wafer which often damages the semiconductor devices on the wafer. [0121Conventional
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madmates on, amhéeare physically rotated. In other designs, as illustrated in Figure 2, the
rotation is performed electronically by providing two pairs of coils 6, 7 and 8, 9 that are
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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 8, 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. (001 5]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
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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

controfling 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 generally parallel to a top surface of a substrate
supporting member is formed. The overlapping magnetic coils produce a magnetic field
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to the embodiments thereof which are illustrated in the appended drawings. [0020]It is to be
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invmg}gla H'@ﬁea eiirfore mﬁ%gﬂﬁﬂﬁ'@dwqﬁ of its scope, for the invention may
admit to (@ﬁerl equ&%ly effect%/qe)t embodiments. In addi{io%n, the drawings may be simplified

for clarity and not necessarily drawn to scale. Where possible, identical reference numerals

ha¥@@Blen udbiptépdesigried chanevrrithahibe apRtsdes tHEamgnassilustrate 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 magnetic fields respectively
préfRR&d by MEin € oifs ast@Pmiagvett s manpotAIRals HrilsuBnd 7 risti-waanetic coil
[0QHid® shdsvA RRFSE g Matic view of a process chamber having both extended width
main magnetic coils and 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]FIGS. 8A-8C are transitional
diagrams degli__citi(%r:f the generation of the magnetic field in accordance with the prior art and
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MagBetriePit§ ORtEUEREO RSB ReRNEARTEtMAlbER8RY §Ml®Rion 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

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;

[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 eight equal sized coils;

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

process chamber having eight equal sized coils.

DETAILED DESCRIPTION

e ts—

[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 configurations at FIGS. 19A and 19B;
[0BMFIG024, d¥stsangedifaclivelvietively yaradn omegnatignedidssc 0 2biliraain gurrent
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results for various embodiments of the invention;
four coils are driven by four individual currents. lilustratively, 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 coil
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. Although 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. |t is relatively easy to control the magnetic field
located in a low magnetic fieid 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 3022 and 3025 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. 9-21D (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 one embodiment of the present
invention and suitable for use in a process chamber having four coils; [0039]FIG. 26

degiqatgraatalisiong seoktivsiiatir smbodimistiiplcptenoseatatsaproligventhe

emilpshaemtiad thaghesefidryention and suitable for use in a process chamber having four
coils; [0040]JFIGS. 27A-27C depict schematic diagrams of magnetic fields in a four coil

ch%ggze]r tth\Jﬁgonl%taYr? r(i:%l#?ernott%t(i)%r}g(lagn g%olgij 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 302; and 302,.
Further, the opposing magnetic field 308 generated by main magnetic coils 3025 and
302, is of a lesser magnitude than the magnetic field generated by main magnetic coils
3021 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 coil
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 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. 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 outward. 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, 5042, 5045 and
504, that are positioned proximate the main magnetic coils 3024, 302, 3023 and 302,.
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, 5042, 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 throughout various rotational methods; [0045]FIG.

32 eepiakfandisth Jnslamignesyiscliedelandtiaiorostpliing dkafiatdt shhprasitredialds are
emmﬁgﬁgattgffm]péfes%}drpé?gﬁign and suitable for use in a process chamber having
eight colls; )

[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 504, 504,, 5043, 504, (collectively referred to as
sub-magnetic coils 504) are strategically placed proximate the main magnetic coils 302.
llustratively, 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 fieid
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 allow 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.

[0056) 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 504; 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 eight equal sized coils; [0048]FIG. 35 depicts a table
showing a magnetic field rotation sequence in accordance with one embodiment of the

pr&i FHERRDS AFRBICHTe 16r sedri@ BriveedReBAbIthAHE-BiganetGasailed Bumd
CEAAUbERIEH S IRErH FRLIRAAO e SeriraUBH el RrABREALRDIIOSAABRINGRC 5RE
In

configuration 300 circumscribing sidewall 12 of a plasma enhanced chamber

acEBtaadtBaptChIRIRVERRITRIHS BT aRe sRUSER: FRRRRHSShERIRERYeRaTaNdpitS
MaHLRFFBGHEROEDils 302 and 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
3024 and 302;,) and sub-magnetic coil 504,. Main magnetic coil 302 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. Aithough 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 only. 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 overiapping portions.

[0058] FIG. 7 is a side view of main magnetic coils 302 (i.e., main magnetic coils
3024 and 302,,) and sub-magnetic coil 504,. 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 50414 and 5044 onto a single “bobbin” and each coil 50444 and
5045 is respectively series connected to a main coil 3021 and 302;. Additionally, the
sub-magnetic coil 50444 is wired in series with the main coil 3024 and sub-magnetic coil
50414. 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 3024 and 302;, and sub-magnetic coils 504,. Note

that the current through main magnetic coils 3024 and 3023, 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 substantially octagonal plan form. However, that

depiction is not intended to limit the scc‘;g:; of the invention. For example, a coil
co%@éur%‘é’ﬁ IR acderkyise ditactirninishabrsdhaewrgnédnrsiditiverratbarretas a larger
PERPRGHEY et araben Wit ARV YE URRBKIE (QIrBEiRm verlapped by) at least a
portion of an adjacent coil. Nomlllustratively, 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

maf?$hgnetid @il 38 SrniRARIMAE HaRiGhARLICHIS8avelesTepisRY 49 iRl tHBe

Corpatfheveriiering, Hintaeniatopratasdiustratyegnraeprisothe Tromai BRsratiosods
302 can overlap maore or less than the depiction in FIG. 3. Other embodiments of the

invifesanhAnaeRsd o ViRl ieneHirsafo i seraBel h B lR irlvithieEpiscl R Klegees ithy
21r40padlIbtaA Fhigakesrthr) PasitEBodiclbis apaesaly qo@ﬁ%%@ﬁum,shmeé)xtecﬁﬁp@@s
ow

ExB drift such that, at ang given moment, there is a high magnetic field corner and a

mAPAEHEHeIaSior Tit & raRdVRIPEIRS R AL tdishgheanati fisidi&2%h answe low
magagHiefieldaaraen (Poiptimdamsyer ificalyalises wigssantralinateeciall 1 amaigh

magnetic field corner g)oint A). FIG. 3 depicts an instantaneous view of a magnetic field

préfneiatsaurviMgt Hialosongticliol §afy fRwine thisgrmarisiedomagnaliasails 6
driging 9ot 30%teand AA SN raiadivelc awIgusTENt (YUK SOShBiRLLT IR ANRfic Rt

(coils having extended widthréilllow greater control over the magnitude of the hi%h magnetic

fielragoRtinfialds LR QiR théomagh sapFaYe Shanpd Selshnborealte suksiiRjerarthe
e”EﬂHPHBé?.eWiﬁog {RRANRNE GOIR 37 PAYIHe R faR AWe RAGRstifcigiaisadiRhcent

However, the size of the main magnetic coils 302 is limited by the size of the reaction

ch&rilseihatdaellitpinsdields ebatirnsitie srlasna e ton eldingeham piderERNEHY jumps
SUBROHING 1A AMRELSIE N e8Iy NGB APBRISAABT AT & M REVARBBAABHVEEHER),

magnets can be made wider to increase the coil area. As such, making the magnets wider

praitiighs magnealis tekh S fizipeneinipiobetivaan railsiiel@af oy gprhdndissentoe
%o?rsgggﬁﬂﬂ YK haﬁrﬂg gQRHPé'ﬂSr?_‘B?%{]HE% _&ivER 152 2 -2t fry-five

Fl
(descri In” greater detail Below) depict illustralive embodiments that allow greater

conlegreserhalpshepesast the Niagpetic thel b lgsweal TAL imtgivalifBAt Sunrtgsteaseep), the

dri rent.t [ i j 10 h icfield,
e e et o
30pdagnetBofiglih 628 sangedeetechby arotate aailsiiécand BaghbtibiseRptiadriatipntie
cham he curr owce floyy i ' iG:&Ql
LR TR e s N AT B A S
30D antth @Qeddeof i leesevatagoRuatedtfff.the magnetic field generated by main
magnetic coils 3021 and 3022. lllustratively, four current sources are depicted as causing

CUEbO ﬂow|H§r%@_'ej%ﬁ%@sqfh@%m@mn%@rﬁgﬂﬁrﬁ@gn@ﬁccﬁéueaéfsrﬁmwm:9 616,
produc I

a magnetic field in a reactor having a configurable magnetic field ("CMF"), the
B-farid §18drateafesytivegastninaiisiegreaserasrestivalyiiwhilggnainiainiRgcthesrgent

pO‘ﬁQn%ﬂé ﬁgf&f %?éﬁ%ﬂ?ﬁﬂ%c‘&?r&‘é‘ﬂ@é RipPiRE GrddeneimRmace Manesuiihed fiamss

Coi r to coll pair to rotate the magnetic field. Such a reactor that uses a CM techniquqe

is therapiges Melscmagneticeaetsr 3nurdenedRe A5KictPRmatsHBErMANStiSarRi R4,
Cosfhs R T S et b PG g b,
inferval 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 302, 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 5044 and 5044 which generates a
high magnetic field 634. In addition, a low magnetic field 636 is generated by sub-
magnetic coils 504, and 504s. 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. 4A, when coils 3021 and 3023 are driven, the
magnetic field 400 has a convex shape, i.e., the outer lines of force 402 curve outward. To

o R B S A R S B S B e
phrcaimmiﬁmwbmégdlﬂmwd' 's.5@4&056%g@%d@%ﬁa&aﬁgﬁzmmiew?mmn?]a&
the main magnetic coils 3021, 3022, 3023 and 3024. As js discussed.in. detail below, the
B B PN A DL BT R B R A Rer At
?eﬂmafhlnﬂs.(gﬁ?)themeegqr RAcuphea toe mEin &mga?n:ecauﬁs‘iejd&foamf amﬁfmmch
ield 406 extending across the er. As is discussed below, the ition of suc
B DDA 0T G g BB e B 0 BT AS RGN O S el st
indlycling agiglidaniahnafenetntietd-shrpeMEiel feflbainsiwaeoeous fields and for

controlling the field shape as the fields are switched to facilitate field rotation. [0054]The
ive fi be extended to b duced b id iety of call .
e etior b G SR Lt M REE IR AP ALt B bRV SIaREy
a heprigotiaiattsion alfoibiet meagsatibeic el \dirtingl #1208 sitatibthéinchecobeanaebeith Anothitad
f th [ble. embadi f the i tian that utjli h tive field
e B BT e ISVERT < P SUE R e Pt s SO aR JPUHS faigive
pravideschigecthagmetin éttdfietdisdorrehtaing the diagrikiic dethomduertlibyirtieatathby a
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h ORI GFRRE RS2 48 . B0 A0 RSS2 LERLE SRR R e 0%
allawd tsmngo frthedie W srpigabite fididtha apatais (2 Ghab & e radgnetigfiidisns)e Enes

b- tic coils 504 d to control the shape of th tic field. I field
coRToL A BB ARARE RS 3G 2 o A GRS 2T R LARTLLY

Theuanslagnstiviedn obthe dgilsppieaéhe risggioriitpfanere ailkdhe inastiongrynakgreiic
influence) In the reactor. More turns in a coil also provide a stronger magnet. A stronger

m ' 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

notopexdatont i1 oherentbiedippiiésl ofdhihénvespoctiveecnils-r38@natid cill4 carchethat a
placed adjacent (i.e., end to.end) to the mai netjc coils (See FIGs. 1 17 belowy).

As@ﬁ&ﬂ'ﬁﬁ%ﬁfé@ '%?@%iﬁld%%ﬂﬁﬁiﬁﬁ Eﬁ‘é’ﬁoi %ehgecaq%féﬂ% iﬁ'&‘gn%&?"
estpidishamisuiial shrpereteetivagnriianirie agdisteslb-eprgsetic ceilstiven (hermbalized)

e TP SRRl BirEe B dessel

sulgnreRgRelitagRLsic eI Tilinally pulsen) dpwEsit3RcAubnt2PeRIdoaisssessaubh

sub-magnetic caqils 5041 and 5042, and current squrces 308C and 308p, drives cugrent
R SRR MRARSS Sl d SRIER G Lo G LRR SRMERS Righand

coip504 TAR barlFvagRYisRArsBRIcWaRBEs Qe poRIth shate priagnetic 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 3024 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 instance when four current
sources are used, the sub-magnetic coils are "double wound" with each of the two windings
selRSt¢bnneéteddpo naditfertantaijaappliedaio mamjnetitagnieétithisatb 30@iradod dbeeethe an

sar r sed | isting.e ha | ified a

OO g e G L 202 e T IS B0 of
anthsopapaeticiildnmpiesenisit 304 C Miwsnearticttycbé tBezinimaia ceagr fioamis 202 -
an rg(y%r@pping portions 402 and 404. Main 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 magnetic coils 302 that depiction is for

illuEpasle pLﬁbdéeéftﬁwr»yun»femeaémime_gnati@i@;éuaﬁzéldss_ttsm qriendubareiginent at
CO'@%Q‘}S%%E?&%E%PGN?%”r@’ﬁ:ﬁ}’%@@lﬁﬁ%ﬂ%‘ﬁﬁé ?Hggﬁ'é)?i'é' Héffcg%%?ze%fe%d by ‘D"

overlapping portions. [0058]FIG. 7 IS a side view of main magnetic col l.e., mal
médifwsbebie o Maiihmagrefiandbdiin antesicbetiegneticrig F@ddepicts a schematic
circuit of a double wound version of the coil configuration of FIG. 7. The sub-magnetic coil
SO0fgoégwounsk as e il saBthvadietionsiirsagia ‘RePRBH ofiNtheachr it W hé&in
and 5041B is respectively series connected to a main coil 3021 and 3022. Additionally, the

suBARRATSICodil 30da ASsdnreaanashriaddithensyantcal 302 ampgislifagaibtid Qi s
SOHeddits: TRErLHESNE, SR PRHAIMY o PeEN3GREtRFERRO R Hras AHEE Bl iough eqsh

of the four sets of three coils. As such, each current is driven through three series
coRREctBd Bensbetwasi thencriliyaesbewrs 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
thegpegneticiiiddywishirsthe ehameer. B wine e ishinaipreseghetitiacaioRagintiecass
generate a relatively strong magnetic field at %redetermined intervals. The current thronégampgl
[ ,

adplt&timainmagestic el #0&an AR 3stiliaimagacinif'd PiRdisRbIFeTe RS
FIGA” 7 fywk 7 dERieihe diyestign sfdhedimy ebayrrandthenigh s thegneligeeils Sfad

and 3022, and sub-magnetic coils 5041. Note that the current throu&h main magnetic coils

300aPspseNed, Bhd B miAgwsibetigesomaiib aanstifo aalis ke bt . #iZeudis thibe
CuRest he@eldiiivg ansh Crasies mlatear BAdEticield thanrtdnarg reenisdtnvnth epnegitthe

directions. [0059]FIGs. 8A-8C together depict transition sequences used to rotate the
maGAR$EeRId in an etching chamber. FIG. 8A depicts the prior art application of different

magnetic field intensities for magnetic coils at intervals (or degrees with respect to an initial

Stagdga}pﬁintrﬁ@%@%hmd&h oe. E@ns;i&?ﬁmrfécg)&ﬁml pfi&@n?a?dnﬁwﬁézm%\& of Elthe
and 9 of the prior art; a high magnetic field 620; and a low magnetic fie . At interv

0P GRABLBHR K0 R TAATBAOEHRTE e G5 AT b MG (ah A0S
62Q,sBHfingdGifcsamel N ieion agiaetisxanis|6, ark beriveRIe ancaddiiblo dwrgniplinficdd
622. When combined, the two cur\(ed%%]agnetic fields 620 and 62%{ form a con?a ve shaﬁed
fielNGRRASHRY JotRinGA TRIRALFIRI ML ARGIIRRRR WIS ATBRE YIS A PLBRE

angifierpad. of adjacent coils that facilitates field rotation, the plasma in the etching
chamber momentarily jumps as the field is rotated. To provide a smoother field, at interval

604 (forty-fiv grees), a high magnetic field 624 is generate tw ils :
o oL E e OO R A 1ot e L Y one o A AR el
at feshyfifiveationr 769 lutlpsressitinh ajopiindritad plasess. ciamben? 606 (Hiketodbgreatipn
the curved high etic field is,generated by magnet] ils. 8. Il
ma@n%'ﬁ&’%él@égé%i%rbgw&é?eﬁqﬁ%m%aﬂgﬂg g(%?s)y 7 e?n%%p gﬁ%@ §(I)$r%%rl?)st;gt%n?ﬁlgé ?Ié%Wed,
corfyteigatriplee\or, dazmagiie tinéeitd risd mrerappiivahdOdrie suibtantakylalitingnt ffow
then%%orlxlgtri]ct: Igolirl]tgcg\éﬁgu?gao%n%%) g'omprises overlapping main magnetic coils 7024, 7025,
702, and 702, (collectively main magnetic coil 702) and optional sub-magnetic coil
704,, 7045, 7043, 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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[00601FIG. 88 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, 3023 and 3024; sub-magnetic coils 504, 5042,
5043, and 5044; a high magnetic field 630; and a low magnetic field 632. At interval 614,
the?&?rwea mgﬁflﬂagﬁdti@ﬂeﬁﬂﬁeods%W@W%Micmawsﬁglcaﬂdmz For
whis AR oY TRENSRI0HR e nemicd Y ek lGe AR BB Dy e
3024. Interval 616 provides a smoother transition ?rc_)m zero to ninety degrees ecauseyt e
magiétiOfetd diattethad arehtahtheanaia 1mgosiiosodp ddikcispasiinadssashlitntdhe
sub;magnpeti ' 4 j t ' ic fi 4. iti
o e B e e kb S GO G o e
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magadri crag hat2 2oiBurtsh telsic teddsesoih comdilywationadP@tic coils 5041 and 5043 to
provide a magnetic field "A" that helps shape the magnetic field at the ends of the adjacent
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S R D R e 2 N
[00p3tHe 127 @8y rantib atiphe pootitve 8082magnetic coils 5041 and 5042 and the

[0071] FIG. 10 depicts a top view of another embodiment of a magnetic coil
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 8025, (collectively main magnetic coil 802), main magnetic coil 804 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 magnetic coil 3022, and there is an increase in the current
applied to main magnetic coil 3021. As a result, the portion of the magnetic field

repragsatiel ‘E@JISCB%/\(WOQWC_KI i eewsdimuraiben) dpvetiendd$0024 amd 8024, [3065hHain
e O SR per i AR 8IR 89 care
mansitanestiorpasie2ofaeaciubtheagrd ol thodarvadsiowardheoaranather to partially
SURTTBAMEHDE W Prd 8 ed AibJPS 611 aRt BLERR, main magnetic coil 804 overlap
ends of main magnetic coils 802. For example, main magnetic ends 8024 and 802,z
are overlapped by ends 8044g and 80444 respectively. Further, sub-magnetic coils 806
can be positioned in or 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 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 902, and 902;, (collectively main
magnetic coils 902), main magnetic coils 904, and 904, (collectively main magnetic
coils 904), and optional sub-magnetic coils 9064, 806, 9065 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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magnetic coil 3023 is decreased, and the current at main magnetic coil 3022 is increased.
As a result, the portions of the magnetic fields represented by "A," "B," "C," and "IT flow
between the coils as shown. [0067]Lastly, at t6, the current is increased at main magnetic
coil 3022 and turned off at main magnetic coil 3023. As a result, the magnetic field gradient
represented by "A" flows between sub-magnetic coils 5042 and 5044 and the magnetic
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[0068]FIG. 8C should be considered one example of using embodiments o present

inVeRfiGHES Fitaky WE TR IhegEias thedolrwing &oildeatsin At angy 988 a RE2u st 9062,
magngtisfipsbetatiana 2 £4@906s, see below for an additional description of methods for

rotating a magnetic field in accordance with embodiments of the present invention.
[OCI)E%FIG. 9 d%cts a top view of an alternative embodiment of a magnetic coill
co
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example, for each colil, one end s overlag ed and one end is overlapping. The magnetic

coil WRHRAAIBE ORI INFIREUG GOl p MRS mair PZgnésrliastively, ndip 5 icyfgils

702ddgplleEtenlnmae maonetigdiutiéOzdirndomtionabisubdmagast cofahe GAdin’ g netic
7043, and 7044 (coIIectiveIé/ main ma%netic coil 704). Each of the main magnetic coils 702
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end of another adjacent main magnetic coil 702. For example, the end 7021B overlaps the
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are not equidistant from a center of the process chamber 701. Because the coils are
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proximate the overlapping portions of the main magnetic coils 702 to provide greater
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respect to ) or outside the main coils. It is appreciated that other embodiments may
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700. [0070]FIG. 9A depicts a perspective view of one main magnetic coil (coil 7024) in
configuration having N coils that do not overlap, i.e., wider coils improve the magnetic

field shape.

[0074] FIG. 13 depicts a top view of another embodiment of a magnetic coil
configuration 1100 to circumscribe a process chamber 701. The coil configuration
1100 contains main magnetic coils 11024, 1102, 11025 and 11024 (collectively main
magnetic coils 1102), and main magnetic coils 1104, 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
1102y 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 110424 and 1104 overlap main magnetic coil ends 110234 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



FIG. 9. The main magnetic coil 7024 contains ends 7024A and 7024B, a top portion 7081,
a bottom portion 7082, and an interior area 710. The top portion 7081 and bottom portion
7082 are curved and substantially parallel to each other. The top portion 7081 and bottom
portion 7082 are connected via ends 7024A and 7024B. The ends 7024A and 7024B are
substantially parallel to each other. The main magnetic coil 7024 contains an interior area
710 for y the interconnection of the .ends, 70 and 7024B, the top portion 7081, and
okGIR poon FbBIuTH 1 ERY, TOARIL e S5 I, SRR KGR ARRgBete cols
magragioyaboohBgtration 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
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magnetic coils 902, are curved inwards, and are posjtioned o ite of each other. Spaces
91198%%9938%8&%%%@&&9& gﬁWerﬂﬁﬂ %&ﬂgﬁcﬁé 904. Further the main
magnetic coils 904 are offset from the main magnetic coils 902 by about 90. Each of the
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701. The coil configuration.900 is similar to the cpil confi io e i j
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are driven by eight independent currents, the configuration provides substantial control of
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magmeigucation 1300 contains main magnetic coils 1202, 1202, 12025, and 12024

(collectively main magnetic coils 1202); sub-magnetic coils 12044, 1204,, 12043, and
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configuration 1000 to circumscribe a process chamber 701. Magnetic coil configuration
1000 contains main magnetic coils 10021 - 10028, (collectively main magnetic coils 1002).
Each of the main magnetic coils 1002 is curved. Each of the main magnetic coils 1002 has
one end 1002xA that overlaps an adjacent magnetic coil 1002x (where X is the coill
number) and one end 1002xB that is overlapped by another adjacent magnetic coil 1002x
In AdB#iohcelattive hesulamagiplisticeids|s1 204, candrsubanagbaticinnile st the304,,
pr c 01. A ElG, | etie cqll lguration.
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about 90. [0075]FIG. 14 depicts a top view of another embodiment of a magnetic coll
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circumference of the process chamber 701. Eac in eti Il 21 i t Q.
S e e e T B R W = A B R
end40Znrthdushbhattestidscoipaté02es betwetnindibeenmel ptrenchrod thdamaitively
magnetic cojls 1202. [0076]Sub-ma ic cojls 1204, are positioned adjacent 1o th e
SR TUAED BB ol R A A ol O KoM O S BED A aTe Ty Rsslares
centein thaigrretipostiipnad 2 addosabmodigetfiorihd 484terSd theemaioverghétycaatiain
The sub-magneti¢ coils 1204 improve the.sha f the magnetic fiel enerated within th
ch%@@ﬁqf’?ﬁg"ciﬂgo %u% i@eﬁ“ﬁim%qﬁﬁ?'ﬁ&é)ﬁiﬁ&%f%lﬁﬁﬁée&zﬁﬁgﬂ% (r)nﬂepr%nv(fge%
sulpséapitalbsnprandsbedotiol over the shape of the magnetic field produced in the
chamber. lllustratively, the sub-magnetic coils 1204 are depicted as being located on the

Ouiﬁﬁ&?ripheﬁ'@.fWedgﬁii&wg&?%ewi&? 38%mbodiment of a magnetic coil configuration
1500 to circumscribe a process chamber 701. The magnetic coil configuration 1500
contains main magnetic coils 14024, 1402, 1402s; and 14024 (collectively main
magnetic coils 1402); sub-magnetic coils 14044, 1404, 14043, and 1404, (collectively
sub-magnetic coils 1404); and sub-magnetic coils 15024, 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 coll
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[0077]In operation, a magnetic field gradient can be produced in the chamber by energizing
three coil pairs, e.g., high current to coils 12022 and 12023, medium current to coils 12042
and 12044, and low current to coils 12021 and 12024. The pairs of main magnetic coils
form a concave magnetic field and the pair of sub-magnetic coils forms a convex magnetic
field. The vector addition of these fields Eroduces a field with improved parallel lines of

for¢é@¢r38d titbstirgnatic (oo iR, 15hepidisraagpstievreiisls®asmilbdrnesedfGe.,
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and 13044 (collectively sub-magnetic coils 1304). Each main magnetic coil 1202 is curved
inWarE elieifigith Syripeoidingoagnaanatisoieldoadsitive dectheahoag vetisr fiedd provided by
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N i A R S e B S A e AL
en@gbievd sauhstentiplerdnpwovpant 206 Bhaveesniglaceht hedsroagaetiof firidnahape.
o - onile 1. T ° Y . ) e
i R s R SR L SR B s R
theaspaeseritegbwidwesneshito iiignaifs suith takomycfaduiciareritssibppliamate osid to

13%%8“@85&{%%%8“9 field additive to the magnetic field generated by main magnetic

coi 2 and sub-magnetic coils 1204. In this embodiment, twelve currents can be

applied to achieve substantial improvement in the control of the magnetic field shape.
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configuration. [0079]FIG. 16 depicts a top view of another embodiment of a magrietic coi
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magnetic coils 1402); and sub-magnetic coils 14041, 14042, 14043, and 14044 (collectivezly
sub§Rdgnarid d@iwuqueEwbsmmmmwagm&@Q@)Moztbisdemquﬂagmtuidr@m@irs
118 dnpnathdid s R TERIAe ARh USRI X ROUIAOALERRILP Ml MaRREBIL 4804S
formed between each alternatively pdsitioned main magnetic coil 1402 and sub-magnetic

coif heosulrmagnreticovelad1BPa arsinosatpibneanitheidemmand boionagidiie cavsosiiad

ab?rl\giﬂOCBTI:[h?hcérgHBlfrﬂ%&igfégﬁsp{% 1?%\‘?@?%691,'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 1600B 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] F1G. 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 16044, 1604,, 16045, and 1604,
(collectively main magnetic coils 1604); and vertical and horizontal sub-magnetic coil
sets 17024, 17025, 17023, and 17024 (collectively sub-magnetic coil pairs 1702). Each
coil set, for example, contains two horizontal coils (e.g., coils 170245 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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[0080]FIG. 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 14021, 14022, 14023, and 14024 (collectively main magnetic coils 1402);
sub-magnetic coils 14041, 14042, 14043, and 14044 (collectively sub-magnetic coils 1404);
and sub-magnetic coils 15021, 15022, 15023, and 15024 (collectively sub-magnetic coils

15009deeRd & tHenfhiamig)netitheoitwenty? eoils suismaiuges dirxibility itncoresgcingna
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alternatively g,ositioned main magnetic coil 20 1402 and sub-magnetic coil 1404.
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about 90 of the circumference of the process chamber 701. The addition of
suBhawnatirevirussunheciseris wscHaspRMerRIY by providing a magnetic field additive
to the magnetic field provided by sub-magnetic coils 1404. In this embodiment, twelve

CufseBE3 can prsappyrd defelieye selRpaptiad IMBIPVEMERt Enibe Girniral of theemagegfisn
field shape. Alternatively, the sub-magnetic coils can be wired in series with the adjacent
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embodiment of a magnetic coil configuration 1600A to circumscribe a process chamber

7other rainagyasinetisiceinfigftidn sebuthemprkadimentnaghstiowsisa combinatian of

1604k dnghhoPEANeiREiNERnIBINIRIRIMEMTRON) 2188 SuRtBIagnste coil pairs
16021, 16022, 16023, and 16024 (collectively sub-magnetic coils 1602). In this

embodiment, the pairs of sub-magnetic coils 1602 are aligned with an associated center of

thd3¥38h coilfl6n4! e LeBTHaGhARTRASHEOY G RicaR FRBPHREN Mo HBNEBHAT

aspaGialg @ aincitiduia e NTaRTS iRA0deribRes, (HeDRALRMY 3f and; 160340 rawda ga.
corrective magnetic field to improve_the shape of the magnetic field in the chamber. The

manrfsiifdie fsenalicvatiap o ORGwRIMBFISES LA frehts! gRitTRuBded iy, four
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confi%;ration 1600B that is similar to FIG, 18A except the horizontal sub-magnetic coils

16604we pBditiBRdd ARG GiaehatzankRLARMRENEYGHeolisa PRy Nt R%e0il @884, 1602..
[0GBRIRIG: HAFSGPIRIBEISRASINE gt AROYTRY, eathadist) ofrdi MenelFeClsitioned
proximate the overlap of the main magnetic coils 3024, 3023, 3023, 3024. The horizontal
sub-magnetic coils 16024, 1602, 16025, 16024 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, 5025, 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 ¢oil pair 16024, 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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configuration 1700A to circumscribe a process chamber 701. The magnetic coill
configuration 1700 contains main magnetic coils 16041, 16042, 16043, and 16044
(collectively main magnetic coils 1604); and vertical and horizontal sub-magnetic coil sets
17021, 17022, 17023, and 17024 (collectively sub-magnetic coil pairs 1702). Each coil set,
for example, contains two horizontal coils (e.g., cojls 1702,8 and 17021D) and two vertjcal
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chamber. The twenty coiiJs also provides flexibility in producing a magnetic field s
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Also, alternatively, the main coils maé overlap as shown in previous embodiments
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invengon havine a¢absenficthatiabliagRdhatdsig mitantaie ol ¢xappt sameediedtion
and harizontal sub-magnetic coils 1704 are positioned outside the area circumscribed b

theaRdPragfictdre deLsoain cellnlRRér SBainm bt it Shiith careeRipifriitie drdbidual
Wit &N @ /B auh GRS MR iRG!SiH eHECBRItWSE Sd e aa Lo MauBlatad ofORS Inlentde fields

depicts a perspective view of an embodiment of the invention having a coil configuration

17@50eFEbRthesev R SRile a6 PRINtS iy thecsarg difsstinbalyhig Ednle thsiBage.

17Q{4d apepirevriamPeadiicaurwdry Sintelh@ainltaaesiie (08a8edudRiFof the
3023, 3024, four vertical sub-magnetic coils 6041, 6042, 6043, and 6044 and eight

horgaiftflibitaih e estianes easipsabiepbdiresty adiacanr B dhsusingigcmain coil

subsaeReiiake!lgirR4ibrr et Lurfdst ABH I94h&rssitensd iRt die eyprlaprahihg
main magnetic coils 3021, 3022, 3023, 3024. The horizontal sub-magnetic coils 16021,

166iEsiamainY 6bviexfe hisimparpadhabitpapodyrerthens B ifAHE HiveiraitsRcield
negfibieriRPvab ki dRainTeRik ARSHAD B CRIFNIRR IBAYE hBSSIgNg d 1R AE Ahe hetiaup-PhadRetic

main coil. Sixteen currents may be used to independently drive each coil. Al_ternativ%’l_}/ the
corfiRjisr A mhpmberivenniph BiGelo4s assamparmy. teothe eHipnaoRaticcaiigehio4 of

sysiedethsoviticA seRimagagtic coils 5021, 5022, 5023, 5024 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 5042 and 5043 are connected in series with cggrg_?ir #2021, and
malf%83ll 302B1Fhe hiirBtSrAuRSEIResES SYiB¥hahAnathes Rmbedinsitipl s mugsent

shapgdhgomagnetiidialdpsadvest bvdheumain gragicetisieofsolf rE] ditd88Ame vt evils

side view of the embodiment of FIG. 19A where the sub- magnetic coils 1702 are

o096 Fnsl R 10RBthat f siaaked varicale QuieiSIdRSVA ReArRAMPE] (1. This
subsmpgaRHEMOITepTAR areliandi indapshinedslitedinpastielHy ensd Wegreals ofilthe

1604, meaning that all of the currents for the individual coils are shown moving inthe
closhansbesirsicomierrRCRIRPSAHAYIRg N AR §eptibg nain and sub-magnetic coils

aligned. The division of the sub-magnetic coils 2100 into two portions enables twelve
currents to be used to establish the magnetic field shape. The configurations of other
main magnetic coils discussed herein may also be used. In this embodiment, twelve
currents can be applied to achieve substantial improvement in the control of the
magnetic field shape. Alternatively, the sub-magnetic coils can be wired in series with
the.adjacent main coils such that only four current supplies are used to drive the
configuration, e.g., wire together the pair of sub-coils immediately above and below

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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by these five coils are pointed in the same direction, which is into the page, and are thus
vectorally additive. In addition, within the portion of each sub-coil directly adjacent to the
single main coil depicted, the direction of current flow is the same as for the main coil. In
contrast, FIG. 20B depicts a side view of the embodiment depicted in FIG. 19B, where the
sub-magnetic coils 17041 are outside the main magnetic coil 16041. As in FIG. 20A, the
curoéntiseinithee stibAmadti€ic 28is deépittretiewmagnetie fiahde gietibon psdtecadrét ihe

the main ¢oil 1604, ing that,all of the currents for.the individual cails gre sho ,

et ot r e A IA e A R C IS B e el Rl e el
coityadépbistepan tirersa@keGlitecti@t; whidil@G. i2BBhdgmigs, dnel anadhesivdidtdalyadient
additive. However since,the.sub-coi lgcated outside ,of the,main coil,. within the portio,
o L T O A g A Ca B PR Rl 1 e R
floésehéhepprisitelad foidtrecodsnredilcErtme hidbsighpstirngfthicide s Nt nsdiataito the

produce the same cofrecti agnegtic field over the warkpiece, fewer.turns ire would
b BB B AL B TR e TP R SR RSl S0 Tt sien,
coltheaestbtod coils rfagteatidice ity ddieh bt iccombmedtiefiehf FIG, 19B. [0087]FIG. 21
depicts a perspective view of another embodiment of the present invention. In this

rd e et raRREIS e e AT SR RRED T Ao G
maghetie toits 2dja2 ol enain 138! eandebral thppcisitm sebertagnigtienceilandreagimergined.
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In this embodiment, twelve curfents can be ap qu,dFtRaa jeve substantial.impravement in
theWgde%rle&g[ eprﬁ%dgll\é]%?lc ﬁglgﬁ &g&%%&{g}%ﬁﬁely, 'g@u ?r%lg&s[e i2 89 g%%a% lﬁgza\l/'\'/]ire%'[ﬁ]
serigsiwttrahedjdperentsubimeagitetioclvdilat enlgrépzedurreftisuphiesdireerse ptodiroesthe

fi ti .g.,.wire together. th ' b-coils i djat b d below;.
e e e o N R LR B e T
[00&BM sulThay nésimeddtionsdratye BkenZ#F  depactsiitie raspgoetic theld griodsiced by the

bodi ts of the| jan di d abgve. FIGS. 22A-22K g i ti
ol BPRAERE BT A LG o) e A0S S St RGO e e G 25 s our
invapien.arid [eér deiatsdhretiagsiceiaidteatienbprabitee ddy éneceitshadinensrgized.
o SRS TG, b AR DG AT RANg, Do IO MU iFs contiotaple
et 0 Pl fel6 onath i o 38, matnal 116 center fold Sreng ot

th coils reduce the high field strength side . maintai center, field sfrength a
b lebioris e b e S R D et
thecgiroinns ohéhadariancstthielddpesalid waCcdipivisdiiie Selbthighisfieldcka & om BEG
embodiment of FIG. 5 where two adjacent main coils and two opposite sub-magnetic, coliﬁ
reOONE R 3D Fre IR KGRI e TR fhtdr Bl PRI faf SRR and while
Maggityidey i inadpsialkiestrdhdie batipaémagGiudrita S suthpagkiitionilh Me. fRAD

depicts the field strength, produced by the embodiment of FIG. 11 ing two adjacent main
o BRI B R DRI B RS AR S RBRILID FRROABOITLNR IPSiREbgoLs Steh

subgianiigifoEmitoranaagretinficidveitiyhe heagneundiisidielotsalds leedhg rdisialitemith

b- ti t, FIG. 22E depicts t tic field produced by th :
omBUEIRS BREK! 106 i R AER RATRLEROAR ARSI Bh eSSt

anqHavei-sHB-pragBetisAnisonsd tResiditiopp esdareryneticdikidrakretgites higtefield end
magnetic field has a well defined gradient and high v side is cqntyallable with. the,
sulRhiBgreakeigceisdHY ?ﬂﬁg‘%}?@ﬁrgﬁr%sségﬁ’fr?ﬁ;qﬁ@%zgg@ 2‘3%{ ?BVZE@Y{I)OQ@E the
shqwgihat dheroney anping of e ek eoirRlusdhreddiiantithehegoer coils plus the
addition of the upper and lower coils modifies the high field end from 85G down to 60G,

while keeping_the e 35G .in the center of the workpiece an il ing the | r
fie|é°§ﬂf£ngthg%l2§w?§£ {55152 B9 créﬁlﬁ:f\ﬁ)#ilrg 2 .éﬁ?%%%ﬁf%@f&% %E‘hgi?ﬁdﬁ 2
endyiRsREH, BPPBRite Folsoxmhnibidieddstaiits emistieat tratmagifetivifiekhaagnitude is
time-averaged (magnetic field rotated) etch rate unjiformity. Further control of the fiel
stréi@tM%tH@'FBW\‘i@H%?ﬁi t’%"aﬁ%? W'Ssir?a%ﬂﬁjég?iémﬁg&eeggﬁlg sbgri?%g\‘ ?nda%S ng%o%%(;‘
In aglgificu the 4napmetiaflindivatrengtthefhigGialdthadcehtee whthpieubataty, FIG. 226G
controllable (e.g., 85G, 70G, 60G, 55G, etc£4by controlling the relative currents in each of

the coils to achieve the desire field shape.



[umFIG. 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 24 depicts the
magnetic field that is produced by the embodiment of FIG. 3 where two, opposite extended

Rl i A st g e Ca B B, 2 13 ks Where: two,
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energized. ere t1s an Improved .un It e | . .
oS e d e e R Rl kR, 2 5IBoe (ekich e SHRSHEt e
reg?ﬂbtﬂjtﬁriﬁjmqt@hetiemmIdcﬁﬁiébﬁ.cﬂZé}ghfzhmwF t. Zggﬁfbggg?wzﬁlamtodmﬁmtﬁaur sub-
unitorm. us, e progressionxzom , 1Q , 10 (0] S S that t . .
oG R e R T s A R S R s b e g Sl .
UpWha?ngyﬁr?mlsdmetrw]gaﬂhTwaiﬂg}&u;tggaéﬁhféiEédnshsdhgﬁfntfr@mFaGant%eCﬂr@&é@@
range. o , all Tol a center relq stre (0] B rener.| oV ent.over the result .
O R ARG e et SN O U I Bt TContahe SHETEROReLE Heie is
thenaddiilpiost g stddy amdfdnm finEHUSINBObllogRissRI SN BIBNR2H ofdI®2G, to 22H

appropriate coils, [0091]FIG. 22J depicts th tic field produced by t bodiment of
D EE AR GEHTRL T (Y TaDRIBG, L o B e B ISR LR e LIS
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coils are also energized, the magnetic field uniformity is further improved as shown in EIG.,
22Rtrﬂl£ﬂheﬁ@meﬁ%rmi8fn 40G to a range o? GG,yaﬁ for a center field strength g} SbG.

Further improvement over the results could be obtained by further modification of the
shapes and locations of each of the coils, the addition of more coils, and the fine tuning

of the currents energizing all of the appropriate coils.

[0091] FIG. 22J depicts the magnetic field produced by the embadiment of FIG. 11
where all four of the 180 degree main coils are energized. This embodiment shows
improvement over the magnetic field of the 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 generally 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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[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
rar¢ftabts rraadsetoritis telasmeroseeetan téowdvkangestdmltheriohghetifielid fblape to
rOlHR (T ARRYALEH EDI DY Hrdch P ARECHHATe SIRRE R RIALPHOSLR! over
IC fie S.

magnet d_ rotation may be about 4 secon anges in the currents running throug
thel@eatrohmaiirsioodits ¢ srekute plasmadimpedantiistndtioe Rovmins ereuity will

the co ' r €s,| ing.cireuit (wh .
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of tuitlingcaaadrdblicivangna ttrctge andddedermaintssitheinapedaptateC ravgestatehecontrol

magéﬁ“%gield shape to accomplish rotation can be made in milliseconds, but the RF tuning
rcuit re

Ci cts over 100's of milliseconds. As such, the plasma impedance and the RF tuning
circuitry will be mismatched for a period of time on the order of 100's of milliseconds while

thel®@B3funindcanisoraiekuibgterts el Blaemainewedaassraithtthaeicingostrevitry
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results in an increase in the reflected power. In addition, givena four second rotation
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ma.g{%%{éﬂgi{ﬁ?&ogﬁa%é%m{%&giéget%m%ygﬂf the magnetic field rotation on the RF

matchlng an s maximize the total energy delivered to the plasma per magnetic field
rotation period. Accordingly, during the rotation of the magnetic field, the DC current
wal@@sins thBberefeiroubptiRnBeisrénleghias they BECBShtNaRsh ordbetmagretie rield

TUning cikcuitoy adi - e .
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deq{aegsséglg?/ aggﬁrg{a?fn@?ng%rg&%rﬁa@vides a transition magnetic field shape,

[0095] The methods of rotating a magnetic field disclosed herein define the
magnetic field control 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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followed by the primary magnetic field shape again, rotated 90 degrees. As such, a
complete rotation can be written in abbreviated form as: Shape(0) 4 Transition(0-90) 3
Shape(90) 3 Transition(90-180) Shape(180) 4 Transition(180-270) 3 Shape(270) 4
Transition(270-0) 3 return to Shape(0) Therefore, by defining the shape at 0 degrees and
by defining the transition from O degrees to 90 degrees, the whole of the rotation is
de’éﬂfﬁb@@g 1P tnterimane ineanebafichshape agairiicatrtedldgamssor As such, a

CoUBIRKIIEHISR G LN YRR FRIBHIRIANAY B pruided between the primary

magnetic field shapes. [0096]As used herein, the number of coils referred to in an
embodiment can be determined by the azimuthal %%%Les at which the centerpoints of the
|

coils are disposet! P& AN 185 MUHE-APih R rRIPBEEY ok AISEINIPA-¢BA hfangement
(€.9., heReIiE B FRRRBHRE SLITPL NI WHENIhe Sl dish s el & SHaITBis: In

the four coil arrangement depicted in Figure 3, the centerpoints of the coils 3021.4 may be
dﬁfrhebdeﬁmlm @quﬁnﬁ%omeg%&d?r@aa@mfe;@ﬁat ltxlyltb@fﬁﬁﬁgeltmhth@mzlm%egioin 0
chamber. In addition, altho t mbodiment of Figure 11, depijcts eight coils .
BB L Sh TRt B B8 A BDE Ao e BB alln GErSEE ggidnat
witrtespechigihbeepiatrollte pltrassiorwiger. dheminterdhtrkaiserrmatstvathaghitte
9021.4 and corresponding, coils 9061.4 may also be defined.to be at 0, 90, 180 and 270
de§rs9RE 56, BIRTISRS BeWsR dERET a0 R BRTS R KeH3RSSsed herein as

would use a four-coil rotation scheme. However, an eight coil embodiment such as
defuiogepl in Figingsedhdmeceimietheimsmber 45, Gflisl Bfeti@@ 225n230 enbaddintedreas with

t ta the chamb ..From the point of vi f rent driver that is rotati
ina ST RS AR AeleR R S e P RS s M (SR B g Pses
[069 TEtatieate afsemersintetiog pisitinghufrthedidivercoilremas gep@ied éoghdtmieate of
AR P A RS R I S R et
ongjrakiyeamtiret slepictead theFigags StitiHee kkntedpdietslesthbambily 36iergmeayidéhaefimeertts

h ORI S ot 2B Ea s IRBEB R BRSPS 4y e PLRHGR G HEP R o
cugédison, [ath #lgeaid 2mbidithestioiAigespddtwipidtbeiyitiboien ¢golye 8ign906..4),
indé%ac e?etgge%%(\elgt%gﬁ%%tgﬁc{nga(%] ﬁg(\:/(-fzigl%eﬁerpoint along the same angle with respect
to the center of the process chamber. Therefore, the centerpoints of the coils 90244
and corresponding coils 90644 may also be defined to be at 0, 90, 180 and 270
degrees. Thus, this would also be considered a four-coil embodiment as used herein
as would use a four-coil rotation scheme. However, an eight coil embodiment such as
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.

[0097] 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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For a specific coil, a positive current means that the magnetic field points from the coil into
the semiconductor processing chamber, while a negative current means that the magnetic
field points out of the chamber (for example, if a magnetic compass were placed on the
pedestal in the center of the chamber, whose needle points north under normal
circumstances, then a positive current causes the needle to point away from a single

enérefiz2aRefilimaeih ARty aHERRhARATR T the meaanetis ik RalptriEeRe taipol
RegridtRe KentRibAHISRBRIte SUnaLENHBEr OWARC A R &y SRR Ehm@rﬁ'%&ﬁéfthat the

direction as seen from the top of the chamber. pmAs the above paragraph is merely a

notRfsnatis dieldh reiaissiRutcpb ity (haRbek i xseiBell Rerargneticeatapmiatsere
thab ey BRIHEHE GSigms MHe AP of the ahaMberUpdse RedmetigitesrEhR itier

magnetic field rotational methods of the present invention (such as used below with respect

to PRNES SPCARASEY)CESr BIehIBOSH O HUE BN RCavSRENE G reaestientinpriBt aveayuliemta
negehpRd eﬁﬁ@h‘%%@l’ml&%‘%g@ﬁ?@ BURDRI G PRy Jashing el e P BHIRH iaWRNR

may be wound such that a positive Turrent causes the magnetic field to point out of the
prdééssehaniidegasdinehsheodr amgnasmenititiethureseingo ofFbeeraiispie, doneén the
origipal drsall ARRASMANL AL HTRINITh S Th RS PR EhisHEaNre 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.g., coils 7, 9) at a lower current. Fi%gre 23 depicts a

t

stal988Y rotaderihenhave RATATEREIIBIRIEN BoNtRlRNR! SYEIRM dotrRasi Wislingto
Figiie Zrdthpidurdagiasiireidine s ayHtehBHEd apiag N aahaowar s demsyrer

of all of the positive numbers, while the amount of B-field going out of the chamber is the

suresieatsothihee ghaMe neamidralan ke aseddmessse fetgaeirmta@ur\%tiﬁsfiﬂ% spkRlipRar
B-figlhaiRadnindnsre8ambRléndaR (dilciPasilsel MERWRIRA Gk Hédt kikevgaredhs2 and

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

B-ftdd g5 RigaNasMAle cHimialpes of R-cordd ks realas 1iad fordioiheSuERAtS 8eRF0Rk be
B-figleheoing PUhef LA haaase isuhiRrdlen alietehR i dRaIR PR AIEEERNESIP may be

magnitude in the magnetic field between shapes and transitions also increases.

ActrdnfBuemiabaawitvericuiigobeanses the: mronatisdied terrintauhefdheumgeess
mi%ﬂé‘}ﬁBé}‘HQﬂg ﬁg@“ggpgplig@l\gmrqg%@ﬁg}@&step, as caused by both the change in
current settings and by the diffeérence in total magnetic field produced between the shape
(1+R) and the transition (1), becomes progressively more severe as values of R increase,

28 [98AR]Accof@ih @yametgo iRy dheopkigigal haghaiaRuimea bR AHRIAH 1A% Shown in
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simplified flow diagram of one embodiment of a method 2400 for rotating.a magnetic fieldé?
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transitional magnetic shape. In one embodiment, the change to the first transitional
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magnetic field shape. Optionally, at step 2408, the magnetic field may be changed to
additmntehBifisid geingh et péitherehrisheriisithasunsi R Aldhe dagaliveiBYBReS:
chapagd onBe ARTMATH REBRaBs MReRAle e HlRARMJOrMIT BFAdiIgAY I reialelamber

primary magnetic field shape may bethe primary magnetic field shape rotated by 90

degdsebsRdud tiomeoib#il BlusyRfritsairiie chisewiseatbarrmeiet RiSHRIL dpiRdeetat

the,ratatRd REBIAY fiekd RYapmMAaY bAdiesansibss hrersmeonMelBetislfelidrizanto the
rotated by 90 degrees. At step 2412, steps 2404 through 2410 may be repeated

nec#udaBeOIR Itttk mﬂmmh@wﬁgﬁéﬂéqrewléiﬁbraﬂengerﬁumattpc{,ﬁmgﬁﬁggggsout
betﬁ‘fﬁ% eaeihipasy-magneticdighl Rhape Ahpdnessad E0QiagMaadaonRly mtiedes iHntee
e

for F tuning circuitry to match the new plasma impedance caused by the change in

the megyratie fielth beiveenisharss @shljansitieasral§adnerageshéerordingly RENgRRge"

C'Wi‘é%r?&ﬁlf%%%%&ﬁeﬁﬁhﬁ RsRRschebropitiRe a0didgr SedHRinsRImHtEYN Witing and

mechanical tuning parts, has reduced wear. ) .
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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[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. Alternativelé/ orin
g
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any subsequent steps. By controlling the coils that pass through zero current to have their
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two advantageous guidelines for rotating a magnetic field in a process chamber. Firstly, the
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theRaRetEhHaIeash PRAMYY SRS 0kie MaperimaeIdaRmhEaaesHian betwsen they one

primary shapes has approximately the same magnetic field magnitude during each step.

SeroRagireach hectange. o ediistbnnsitional measatinfitidrdinpthistacermplishnd
of Bp EHiiNgRY e TNEERIOSH PR B L D NERMIELAE O SHE MchHYG SADEIER94086, the

meaning between the same two steps. Thus, the method 2400 advantageously minimizes
thmm@tssﬂﬁlﬁhé.smhgnuedé@ﬁ@mgﬁasiémahmege@ﬁi@ff@ﬁ&@mggge_@nﬁw@ly, at
P A8 e R RITAY BE Uha R RoaluiR Al nadais it i e
rotation may be controlled to be within 20 percént of the maximum magnitude applied, or in
sostwpamhuoothénallyviatistep géitenthednagoeticeticith dveshangedztagtiise retatesbprimany
magn} 2 tic\fie y fagil] Emizing t
EEO e B el Aol e IS AN RLGE R heoe
[olowa rhiothienpricnarttoagnaticriieldoshapel wintetsmplogiegreas, clunde drerfeur-fold
quideli ) utilized in . . |
SR SRR e bR AR B e
elshapeayaytdediffecaptdbiare tbim prireanamagieticldiebeshippentatitetabyl déradedraes,

be uni | " : ; e ‘
o b e ShS et B A TRE B2 b A e, 1 e
schetatisqtiine foragReticcdigldto Bpepiuidimgntal bipies trasrsiitvosdirsdep8-hetwaeysiaate
quring transii . h et o _ e

BT b R R TR S R AR
pritaaiygneigndtiy fiel dnshtghe thayrtesvd pfasrdaisimpetenrancplesednthn datioh aegeripe the

above. Tr}{ef llowing provides a few illustrativ. Cifj [ ts, pf.the
i A A R A AT P A
segirenitey 25s¥hasitzge fimese ia misotashethasnbéditivavargifolor daffs tonifie cliroelijriowith
coils, sEch.as ut.not Iir’%ite to, thﬁ: chza(')nbers depicted in Figures 1, 2, 3, 4A, 8A, 11, 18A,
18B'GH 9% BH'%@ﬂ fic 1R & gﬁ% P ahisition in the sequence 2500 is defined by the
currents applied to the four coils (or sets of coils) of the process chamber (identified in
Fiqone25 as Opiietakp, tha, tatel #gastiteiielibstieaigthgaing dotecarsnutHdhe ahamber
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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30 normalized notation using the number one to represent the highest current and the
letter R to represent the lower current as a percentage of the higher with respect to the
primary magnetic field shapes (shown in Figure 25 as Shape 0 degrees, 90 degrees, 180
degrees, and 270 degrees). [mos]The sequence 2500 comprises two transitions between
each primary shape of the magnetic field (labeled as Transition A, B for each primary
shd@Rlin addihR@bbectaneshion 24 80yretsats dwghadvantageougLgujdadimes fosittating a
cur, re lied t c
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any s ape or transi e sum of the. pos ive curren esu
neghtvgesrierhis flagRjtudeinftileerraggnede cblfaﬂljeandgemmtfleidlgnmg ¢hanged aut tfe

the hamberf n row js equal. Moreove the maan the currents a li
i i TR e e S R S
se(qiummrge r258Kois atsy ctmastanlro‘ﬂledstdhmenvagmmuﬂa pétbenh@grthacmabdrgumlgnmgrmunﬂe

e L R SR o R A AR SR
0.%isecondiationh mdhﬂanm@mﬁh%mgf a tther atreago 0D Sistt ondsahtepeciislys taelitates
inBECIFEIRLITE SHBoR AR AUE IR Aot ePeh) BIaIBh SRt TAEIEa e
fullgradiptss ehthabeaw conditions after each transition step. If a particular matching network
on a process chamber responds more quickly, shorter times may be used. Conversely, if
[0103] Embodiments of the above method, and variants employing one or more of
the guidelines disclosed above, may be utilized in both conventional process chambers
as well as the process chambers disclosed herein or future developed process
chambers having electromagnets as discussed herein. The magnetic fields being
controlled and rotated may be uniform, sloped, or non-uniform. For chambers having
four main magnetic coils and configurations that effectively use four coil transitions, the
logic behind the transition schemes (time for RF circuitry to tune, incremental steps,
zero crossings, B-field magnitude during fransitions, 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
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the response is slower, longer times may be necessary to fully achieve the benefits of the
rotational methods described herein. [0108]It is contemplated that other transition schemes
following the guidelines of the rotational method disclosed herein could also be utilized. For
example, Figure 26 depicts a table showing a magnetic field rotation sequence 2600
suitable for use in a process chamber having four coils or a four-coil symmetry. The table

depieidealizedyaietatan disingr toararabssigee o Figbresent 4h6yBianest USRI pABA die
thejadditiRngl fEyrelionstREO ARy Beiveprahs ;&?m@m@@eﬁﬁw@ﬁ ieeGalaeth e dyapstions
e
j

A, B, C, D, and E between each primary shape). In any of the aforementioned rotation
seIéRaEs, BRARGUHISIERRRT S dgtieMER IhATaNEWS HRE ApReIR dBsEReguibBIfREIaeR
confemplageedbas AT Muirsyf transitions, other time periods for the primary shapes
and the transitions, other R values, and/or other relative current values may be provided
while still follayying thepl%%ner?ﬁ% idelines. outlined above, [0109 &ié%ures 27A-C,resR/echeI
depf8themati€ ASGHEASD GOIRRIEES VG AP YRR N SAFLBIAATY shap

rotaifqn;I mggim&d@armm%%mmﬁgm?@wo?mr@f&ﬁpﬂh@ﬂféﬁfa;fd?]ecmcaﬂmtion,
Figure 27A depicts a conventjonal magnetic field rotatiopal sequence (througha
ondh SRRSO REYeE0 T IR SPRIRSUTRR! Crow HITF R, BRSAe GUHERE aRplied to a

Fighen 267 a2 fisgani@aeysaapeappiidds (otatryl BarHegtRms toraviated/iinagy shapfred

2706 through a single transition 2704. Figure 27B depicts a magnetic field rotational

sedlIER@ROth SEONERRRR YL ARG IME ~RTTRATHIR VML 7RIR R pRBL &t the
invegHes aidlar ek S RINDYEN2P. tdSreRPICIEShiade geyfBed fSTRIMBAIYN A, 0
shape 2712 is rotated 90 degrees to a rotated primary shape 2716 through two transitjions

27 HETSRP 71291 Fyifrdherertie srikta RRSHEMOHER £SIRiHERM IR fhiBUgWal 1o -

One{tﬂgaﬁtgrn R0/ ASBHBRLIAR ARG WHRIRED TS B H KRBT (6 Parls
shown in Figure 26. As depicted in Fi%r_e 27C, a first primary shape 2722 is rotated 90

dedheYal £95RaEaU BRSSP anHidNgh iR e BdRdia¥hs 2 7S, Shedmpeps AN the
2734 a8RetR’ Rdla totheF o pasivtiedriong indisRieDinamelic fakinRble 352 orie alEwing

and are illustrative only to show that the relative strength of the magnetic fields being

applieR soihirigarstbonghdererctEset ataiednpahguhthreiReRseErRthts applied

over time for a single rotational sequence for each of the rotational sequences depicted in
Figuasp3, 2 aiinl e grapm infige pastivvorpacetdhendttiominsasfuthicergative

depicted in Figures 23, 25, and 26 where a low value of R is ysed (R = 0.33). The, graph i
FiQGIST3H RSN PITTaRARD SLDEL AT RO bd R RTL U8, BRI Al herd &

higayatelef iR nyssiddRrev)oftheaiehacasn 600 U ahyighape 28Arandifien, the sum
number of transitions between the primary ma netit(;field shapes maﬁf] be incr(z:il

. I t
facihidfeean@Rtive BRIt T BaBATRR R Pl hEgRoaLYRIGU R dRio ? Thus,

curigRts3pRiedesthe AtigaeskiadRinBlivg PhaagRsINtBRTREERAeIDsN ANt giduringw
the rotational sequence, moreover, the total amount of time to. make the transitions may be
incrié 2uPAnYEFRRNES s theammsriuds ohiieeHtRms arpligA 9:RA6P 6%&8&1‘&@(@&5

direqthgr m@rﬁﬁwﬁ@@qﬁ yheuFrasRetif digihebates fotatiimiltedhashesn @S (Baighatio
these principles, alone or in combination, thereby advantageouslPl/qimprove the plasm

| :
stalsAfstathe ThambberRaagHydedat lBeamaieleifield going into and out of dhamber 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. [f a particular matching network on a

process chamber responds more quickly, shorter times may be used. Conversely, if
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[0111]The shape of the magnetic field may further be controlled by the selection of the
relative currents applied to the coils (e.g., by controlling the value of R). For example, by
providing a low value of R, such as less than or equal to approximately 0.33, a sloped
magnetic field may be created and rotated using any of the inventive rotational sequences
disclosed above. Alternatively, by providing a high value of R, such as approximately 1, a

flatitRapeORnae| drsignss deiden imesdRaydbesirFangasy the il avhanaainnhpnefits of
segvenseridinnloseth 889 e sEnp s ffisiyalue of R chosen for a given process may

depend upon multiple factors, such as the process pressure, the SF power on the cathode,
the process gas selection, the design of the process kit immediately next to the edge of the

wal108lng the k&oniempidiedciaat atherdiansitioncrehinemicllowing hecaerlingr &l
arqrlesstiRmi MathairaidiRnsed hordh, dotHe hReeMAfized 2008 xahile EFRJure 26

which is hereb}élincorporated by reference in its entirety. [0112]The inventive methods of
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, 8B-C, 9-10, 12-17, and 19A-C, or other configurationsé. In one embodiment, the shape
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currents flowing in a subset of the eight coils. For example, Fi?ure 29 depicts a top

scherBatic Hed & hebuasmgashmbRiarysoapgindremy Mahscatoremepdicoensiiatian
abuh AsHIAI YR AP BIREPFIRTIBh T2 ARIIEW iR fonEHR!dey ABBEE (S dlosiW G RERSHide

coils and four smaller corner coils). Lines 2930, 2932, and 2934 depict the direction and

re|ati_eecgmef@maiﬁméhﬂtagtt@rcﬁwr@bgr@d@fcb'amgit?ms;oqﬂw@rtﬁ_@@igﬁri@@tﬁsfggibemgimary
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may be obtained by reducing the magnetic fi l magnitude at point A while keeping
approxidedexhileestiinel ayvigeitheeganss g Bdgtines. qutlingrhalbeveccomplished by

decreasing the higher current in the large side coils (e.g., coils 2912 and 2914 in Figure 29)

why MPeRsGiAg WD [BSIRASREN MR SRISEHENR (B diagPims Brtashata Fidldsiavee
Zé';ﬁgiﬁl?{ Wﬁgrytransitioning Wiﬁﬁtin e}ght-goil configuratiorﬁ% variety of rotation Ischemes
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there’are now more coils to choose from. With respect to the principle of staggering the
timietatineal caeausinge IthjeudNsdLReVINAEEGh Ye R cdearRcagiiatiatt aldilniondhat

°p§ﬂ8§vﬂﬁ q:rggvet MRy eRgeP e Ebgy&rmy@m@gﬁnﬂmw%teq 90
evaluated bas&d on their performance on"a specific semiconductor etch and/or deposition
todlegigethtospaoifaiestipemayusbapecdidcthrpuabr e sinaledreatiom2 H4snfidegméB
P! | f ifncy (HARETG|Bne i e dodaelist,
roﬁ%?lcg%ﬁé;rﬁg ‘égﬁé gggﬂs&etaotsggcﬁenglecg(?n itions awﬁq%d_ware ma%)l/nnot n'ece_ssarjly bﬁe the
desitadicojativacchetanderwitivting peesspidovebtivhsinoiay dadthaldhamn (0w Fighends.
follQWing AR HRSIS e B9 A SASIT AP ARLP 87 1h SRR ENBAY I degrees to a rotated
primary shape 2716 through two transitions 2714, and 27145. 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, 2724p, 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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used for a majority of the time, with only variations applied to the transitional 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
coikgguehtas|idepjoterbjRor iguiasp R3 Fahuran 3 (26 Qvhedp niciohy sralueeebMpiarysedtiidos
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corresponding to the rotational seqdences denoted thereon by the reference numera
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FigureingAgﬁr:%%rlespectively). For each scheme, the data provided is for a main, or side,

coifc<’;1tﬁl et BOnding corner coil. For the four-fold-symmetry rotation schemes, the

entire scheme may be extrapolated by dividing the scheme into four parts. The currents in
theleemainingl beils i Eeapitienmadnetieigidauay funfeibgeonirelrd ibvtithe belection of
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evaluation (discussed further below) it was.fo that the facto [
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over conventional rotation,schemes. For exampl e_conventignal rotatio
PR TR AR R e R e
ref@ENpewEMenatizd Qzhth ddeyrthd Trpoesereas silectizn W alesigradfaageocslys kit
provide sloped magnetic fields (for,examplg, as depicted by feference numer. -
SRS R PR A R P e
becajsetite BRinuBBDE paitiidishabemhresstaredduribenlripld) SsRistenteNan 6418831,
27/?5'&33‘15'3&%?%%29 é %2)0%5 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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plugin addition, the rotation schemes disclosed herein are flexible in that 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 for each
coil passing through zero current, and the like) to provide benefits over the conventional
rotation schemes. For example, rotation schemes V and W have increased numbers of

trafSHBStR B R I SYINGHY €81 of WHRIREEdagpISanchiauk sralissreamsy coils).
transHian 2960s, 2B S'AgaT s nedipRs Havdivatiion dAa ¢eilfinasstiBrRie bFSHR GHEGRé

[0119]Plasma stability while utilizing the rotational schemes disclosed herein were

evalBiEusgeshBixetaist ihe aigbharitse? 2 1 afbrasriianesneayinuslyipae hensfit
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data acquisition capability. A hi?h power recipe was selected for the evaluation and the
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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
coriﬁb%?r’ationé’\ﬂbﬁﬁné@%lﬁh@fﬂWsMHmem, Big1590e FRAGANIRRNY RrRSIRlY pRhdplation
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Figures 12-13). For example, Figure 33 depicts a sequence 3300 for rotating a sloped
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primary shape 3306 that is 45 degrees clockwise from the primary shape 3302. A graph
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respective primary shape, transition, or rotated primary shape. As another example, Figure
34 VRIRLS ECSRLRRACHSIRS B3 tRERYAYRISERRM SN Mal PeaTerRRfes RAVhRAGHIC
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transitions 3404A 0 to a rotated primary shape 3406 that is 45 degrees clockwise 36 from

theQORRARE S IFaPEr ol critsvapR 3 AleSRawe simgy P BsMA rrE Bk heRbrRMer levels,
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reference numeral corresponding to the respective primary shape, transition, or rotated
prirpEggessapenditions and hardware may not necessarily be the desired rotation scheme

for another set of process conditions and hardware.

[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 transitional 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 3004ag, 3014ag, and 3024,k to rotated primary shapes 3006, 3016, and
3026. Whereas the intermediate step depicted in Figure 27A (referring to a
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[0121]Figure 35 depicts a table of currents and exemplary durations for the steps of a
sloped rotation schemes for a process chamber having an eight equal size coil
configuration (such as shown in Figure 33). The data 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
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the currents in time by one-fourth. Similarly, for an 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: for scheme W, 0<D<0.5and 0 sE <0.5; and for
scheme X, 0D < 1.0 and 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 3004ae, 3014pg, 3024,g, 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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[0124]In addition, magnetic fields cause increased plasma density at the chamber
boundaries as well as over the substrate, thus increasing erosion of the inner surfaces of
the chamber. Such surfaces often consist of materials such as anodized aluminum, silicon,
silicon carbide, quartz, aluminum oxide, aluminum nitride and/or yttrium oxide, or the like.
Irregularities in the chamber surfaces can exacerbate the erosion rate of those surfaces,
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expensive manufacturing methods for these chamber coatings. [0125]Thus, methods of
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[0120] In addition to eight coil configurations having a four-fold symmetry, the above
magnetic field rotationa! 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 3304ap 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 iltustratively rotated through
four transitions 3404a, to a rotated primary shape 3406 that is 45 degrees clockwise
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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 maélbe devised without departing from the basic

scépmntiaoprinanhstagse Mk of A anthidddbyshiewsaislativat estibwurmentsnienton
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forming a magnetic field having a primary shape; changing the primary shape to at least
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shapmsiipredn A BERUPHMARPERpErent applied to one or more magnetic field producing
coils has its polarity reversed between any two adjacent steps. 2. The method of claim 1,

further compg’sin X mgintaining the magnetic field at an approximately constant magnitude
ik Pt
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configuration (such as shown in Figure 33). The data 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 fieid
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, 2008, 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 aiso been discovered that the inventive method further
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4. The method of claim 1, further comprising: maintaining the primary and rotated primary
shapes for a duration that is greater than a duration of maintaining the transitional shapes.
5. The method of claim 4, wherein the primary and the rotated primary shapes are
maintained for about the same duration and wherein the transitional shapes are maintained
for about the same duration. 6. The method of claim 1, wherein the rotated primary shape

is YRIIRERRHYE [RAEES HRMASS IR he (RUNSHALS RORLPIOCESHNgFERHI ST Higntorthe

furthgyr6ostpisingol eprstinktitaeina dtsbiigoiesdby reglaMd tecarEntesaamtatige
the magnetic field in approximately 90 degree increments during a process. 8. The method
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coils disposed about the process chamber. 9. The method of claim 8, wherein the plurality

of RYRRHEIE frd BlRYdanpesith R 9B HAEnetic field producing coils. 10. The method of

claim 8, wherein the plurality of magnetic field producing coils are coupled to four current
suppl@s$.  In addition, magnetic fields cause increased plasma density at the chamber

boundaries as well as over the substrate, thus increasing erosion of the inner surfaces
of the chamber. Such surfaces often consist of materials such as anodized aluminum,
silicon, silicon carbide, quartz, aluminum oxide, aluminum nitride and/or yttrium oxide,
or the like. lrregularities 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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11. The method of claim 8, wherein the step of changing the primary shape further
comprises: supplying sequential pluralities of currents to the plurality of magnetic field
producing coils to form the respective sequential transitional shapes. 12. The method of
claim 1, wherein the step of changing the primary shape further comprises: changing the
primary shape to at least five sequential transitional shapes. 13. The method of claim 1,

further comprising: repeating the changing steps recited in_claim 1 to rotate the magnetic
foR] 11 FRGTAESH 176 CEaEHF UL AD G RIAESRtor e Broces: MR Eeeld
plastatigrionessolilearitadecLigle magnetiRAi algingnstiandyichenabigine afaseticthe
fielcf shage thro%%h at least fwo sequenti thraﬁsitional shapes to form a primary shape of
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damage on a substrate being processed in the process chamber. 15.The method of claim
1 8 @r%ﬁm@iﬁ&sma impedance cause by the changes in the magnetic field as it is

rotated.

[0126] Thus, from these simulations, the use of extended width coils improves the
shape of the magnetic fields produced in the chamber. To further improve the shape of

the fields, additional coils that provide corrective fields can be used.

[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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controlling the magnetic field during the changing steps to reduce process chamber surface erosion
due to the plasma. 16.A method for rotating a magnetic field in a process chamber, comprising: (a)
supplying a first set of currents to a plurality of magnetic field producing coils disposed about the
process chamber to create a first magnetic field; (b) subsequently supplying a second set of currents
to the plurality of magnetic field producing coils to create a first transitional magnetic field; (c)
subsequently supplying a third set of currents to the plurality of magnetic field producing coils to create
a second tra sitional m 5’5;%@ eld; and (d) subsequently supplying a fourth set of currents to the
plurality of ki Srlu'(l,\f@%‘hg%’ |§|g coils to create a second magnetic field that correlates to the first
magnetic field rotated by about 90 degrees, wherein a maximum of one current applied to one or more
magnetic fielid produci |t3£olarltx revF d between ah%? adhaitcent steps. 17.The

method of cldim 16, w ereln heia eac tntﬁl rr?t%eg?tgtlc 1B1dS 18 gpprc%(lmately equal.

18.The method of trlmmng@, wgnetio factd doarimgna pif ovaey chegmt applied to one or more magnetic field
producing coils is %ﬂ%i%%ﬁé%ﬁr%ﬂgsﬁaﬂ?% at least two sequential transitional shapes; and

changing the transitional shape to a rotated primary shape, wherein a maximum of

one current applied to one or more magnetic field producing coils has its polarity

reversed between any two adjacent steps.

2. The method of claim 1, further comprising:
maintaining the magnetic field at an approximately constant magnitude
throughout each step.

3. The method of claim 1, wherein a maximum of one current applied to one or more

magnetic field producing coilsis equa to zero during a step.

4. The method of claim 1, further comprising:
maintaining the primary and rotated primary shapes for a duration that is greater

than aduration of maintaining the transitional shapes.

5. The method of claim 4, wherein the primary and the rotated primary shapes are
maintained for about the same duration and wherein the transitional shapes are

maintained for about the same duration.

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

7. The method of claim 1, further comprising:

repesating the changing steps recited in claim 1 to continuously rotate the magnetic
field in approximately 90 degree increments during a process.
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19.The method of claim 16, further comprising: maintaining the first and second magnetic fields for a
duration that is greater than a duration of maintaining the first and second transitional magnetic fields.
20.The method of claim 19, wherein first and second magnetic fields are maintained for about the
same duration and wherein the first and second transitional magnetic fields are maintained for about
the same duration. 21.The method of claim 16, further comprising: repeating steps (b)-(d) with desired
sets of currents to continuously rotate the magnetic field in 90 degree increments during a process.

22.The method of claim 16, wherein the plurality of magnetjc field producing coijls is four magnetic field
oroducing cils. 23 PRGBS Ui HEURLA S PRI AN 1o B HD RO corts
primary shape further comprises:
supplying a first plurality of currents to a pluraity of magnetic field producing

coils disposed about the process chamber.

9. The method of claim 8, wherein the plurality of magnetic field producing coilsis

four magnetic field producing coils.

10.  Themethod of claim 8, wherein the plurality of magnetic field producing coils are

coupled to four current supplies.

11.  The method of claim 8, wherein the step of changing the primary shape further
comprises:
supplying sequential plurdities of currents to the pluraity of magnetic field

producing coils to form the respective sequential transitional shapes.

12.  The method of claim 1, wherein the step of changing the primary shape further
comprises:

changing the primary shape to at least five sequentia transitiona shapes.

13.  Themethod of claim 1, further comprising:
repeating the changing steps recited in clam 1 to rotate the magnetic field in a
first plasma process; and
transitioning to a second plasma process from the first plasma process while
controlling the magnetic field transition by changing the magnetic field shape
through at least two sequential transitional shapes to form a primary shape of the

magnetic field for the second plasma process.
14.  Themethod of claim 1, further comprising:

controlling the magnetic field during the changing steps to reduce device damage

on asubstrate being processed in the process chamber.
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are coupled to four current supplies. 24.The method of claim 16, further comprising between steps (c)
and (d): (e) subsequently supplying a fifth set of currents to the plurality of magnetic field producing
coils to create a third transitional magnetic field; (f) subsequently supplying a sixth set of currents to
the plurality of magnetic field producing coils to create a fourth transitional magnetic field; and (g)
subsequently supplying a seventh set of currents to the plurality of magnetic field producing coils to
create a fifth transitional magnetic field. 25.A method for rotating a magnetic field in a process

chamber haying a%}lﬁralit of magnetic f'el%%oducin coils arranged thereabout, comprising: forming
a magnetic fi81d hali &%%Er&@ﬁbﬁeﬂu ﬁ?ﬁéofh%'grimary shape to at least two sequential
transitional shapes;cand|tihgntliaontbgnisha siteh adigihagpate ahatgitayl sepsaty sedie witesn the
magnitude of the magn tic fietld is held aBBrct)xi{nat?zlagrﬁonstant throughout the rotation, and wherein a
. & & sutfaceerosion eohﬁp ae : I
maximum of one current appliedto one or more friagnetic field producing coils is equal to zero or has
its polarity reversed between any two adjacent steps.
16. A method for rotating a magnetic field in a process chamber, comprising:

(a) supplying afirst set of currents to a plurality of magnetic field producing coils

disposed about the process chamber to create afirst magnetic field;

(b) subsequently supplying a second set of currents to the plurality of magnetic

field producing coils to create afirst transitional magnetic field;

(c) subsequently supplying a third set of currents to the plurality of magnetic field

producing coilsto create a second transitional magnetic field; and

(d) subsequently supplying a fourth set of currents to the plurality of magnetic

field producing coils to create a second magnetic field that correlates to the first

magnetic field rotated by about 90 degrees, wherein a maximum of one current

applied to one or more magnetic field producing coils has its polarity reversed

between any two adjacent steps.

17.  The method of clam 16, wherein the magnitude of each of the magnetic fields is
approximately equal.

18.  The method of claim 16, wherein a maximum of one current applied to one or

more magnetic field producing coils is equal to zero during a step.

19.  Themethod of claim 16, further comprising:
maintaining the first and second magnetic fields for a duration that is greater than

aduration of maintaining the first and second transitional magnetic fields.
20.  The method of claim 19, wherein first and second magnetic fields are maintained

for about the same duration and wherein the first and second transitional magnetic
fields are maintained for about the same duration.
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21.

22.

23.

24,

25.

The method of claim 16, further comprising:
repeating steps (b)-(d) with desired sets of currents to continuously rotate the

magnetic field in 90 degree increments during a process.

The method of claim 16, wherein the plurality of magnetic field producing coilsis

four magnetic field producing coils.

The method of claim 16, wherein the plurality of magnetic field producing coils

are coupled to four current supplies.

The method of claim 16, further comprising between steps (c) and (d):

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

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

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

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;

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 magnetic field
producing coils is equal to zero or has its polarity reversed between any two

adjacent steps.
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