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FIELD OF THE INVENTION - _

The present invention relates to plasma generators, and more particularly, to a
method and apparatus for generating a plasma to sputter deposit a layer of material in
the fabrication of semiconductor devices.

BACKGROUND OF 'THE INVENTION _
Low pressure radio frequency (RF) generated plasmas have become convenient
sources of energetic ions and activated atoms which can be employed in a variety of
semiconduétor device fabrication processes including surface treatments, depositions,
and etching.processes. Fdr example, to deposit materials onto a semiconductor wafer
hsing a sputter deposition process, a plasma is produced in the vicinity of a sputter
target material which is negatively biased. lons created within the plasmé impact the
surface of the target to dislodge, i.e., “sputter” material from the target. The sputtered
materials are then transported and deposited on the surface of the semiconductor

. wafer.

Sputtered material has a tendency to travel in straight line paths, from' the target
to the substrate being deposited, at angles which are oblique to the surface of the
substrate. As a consequeﬁcé. materials deposited in etched trenches and holes of
semicohductor devices having trenches or ﬁoles with a high depth to width aspect ratio,
can bridge over causing undesirable 'cavities in the deposition layer. To prevent such
cavities, the sputtered material can be redirected into substantially vertical paths
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FIELD OF THE TNVENTTON ™ = " " THg present invention relates to plasm
generators, and nore particularly, to a nmet hod and apparatus for
generating a plasma to sputter deposit a layer of materjal in t he
fabrication of seni conductor -devices. 5 BACKGROUND OF THE | NVENTI ON
Low pressure radi o frequency (RF) generated plasnmas have beconme conveni ent
sources of energetic ions and activated atons which can be enployed in a

variety of sem conduct or device fabrication process:%M#i1 (BVB@DV
surface treatnents, depositions, and et chi ng. processes. For exanpl e,
to deposit materials onto a sem conductor wafer 10 using a sputter

deposi t betweendhedsrget andtbawsubstrateby pegatively tkarging thietsubstrate andit t er

pasitioning appropriate vertically oriented electric fields adjacent the substrate if the
. sbuttered material is sufficiently ionized by the plasma. However, material sputtered by
a low density plasma often has an ionization degree of less than 1% which is usually
5 insufficient to avoid the formation of an excessive number of cavities. Accordingly, it is

desirable to increase the density of the plasrﬁa to increase the ionization rate of the
sputtered material in order to decrease the formation of unwanted cavities in the
depositioni layer. As used herein, the term “dense plasma” is intended to refer to one
that has a high electron and ion density. '

10 _ There are several known techniques for exciting a plasma with RF fields
including capacitive coupling, inductive coupling and wave heating. In a standard
inductively coupled plasfna (ICP) generator, RF current passing through a coil -
surrounding the plasma induces electromagnetic currents in the plasma. These
currents heat the conducting plasma by ohmic heating, so that it is sustained in steady

15 state. As shown in U.S. Pat. No. 4,362,632, for example, current through a coil is
supplied by an RF generator coupled to the coil through an impedance matching-
network, such that the coil acts as the first windings of a transformer. The plasma acts
as a single turn second winding of a transformer.

_ In order to maximize the energy being coupled from the coil to the plasma, it is

20 desirable to position the coil as close as possible to the plasma itself. At the same time,
However, it is also desirable to minimize the generation of particles being shed from
interior surfaces. These particles shed from interior surfaces can fall on the wafer itself
and contaminate the product. - Accordingly, many'sputtering chambers have a generally
annular-shaped shield enclosing the plas;na generation area between the target and

25 the pedestal supporting the wafer. The shield provides a smooth gently curved surface
which is relatively easy to clean and, protects the interior of the vacuum chamber from
being deposited with the sputtering material. In contrast, it is believed that a coil and
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taréet material which is negatlvely b| ased Ions',cr'eated wi thin the plasma

Lmpact the surface of the target to dislodge, i.e., "sputter”
material fromthe target. The sputtered materials are then
transported and deposited on the surface of the sem conduct or ' waf er .
15 Sputtered material has a tendency to travel in straight |ine
paths, fromthe target to the substrate being depo | es
whi ch are oblique to the surface of the substrat e. i&@fiﬁ%@h @hce
material s deposited in etched trenches and hol es of sen1conductor
devi ces having trenches or holes.with a high deFth to width aspect ratio,
can br ianysupparting stuelyra fardee patbgsneauvhayg relatively shaply cuived suﬁt;a@es To

preve ”ﬁ@ﬁ%&? it wouid e dgsﬁgsd&fﬂ%m Ut Sy RIRLAAL dBRBs 6N the Eofidind™ ©

subst a
its supporting structures. In addition, it is believed that the smooth gently curved

surface of the shield would tend to shed fewer particles than the sharply curved
5 surfaces of the coil and its supporting structure.
ThLis. on the one hand, it would be desirable to place the coil outside the shield
(as described in copending application Serial No. 08/559,345, filed November 15, 1995
for METHOD AND APPARATUS FOR LAUNCHING A HELICON WAVE IN A PLASMA
which is assigned to the assignee of the présen@ application and is incorporated herein
10 by reference) so that the coil is shielded from the material being deposited. Such an
arrangement would minimize generation of particles by the coil and its supporting
structure and would facilitate cleaning of the chamber. On the other hand, itis
desirable to place the coil as close as possible to the plasma generation area inside the
shield, to avoid any attenuation by the spacing from the plasma or by the shield itself,
15 and thereby to maximize energy transfer from the coil to the plasma. Accordingly, it has
been difficuit to increase energy transfer from the coil to the plasma while at the same
time minimizing particle generation and facilitating chamber cleaning. -
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2 . bet ween t he target and the substrat e. by negatively charging the

substrate and positioning appropriate vertically oriented electric
fields adjacent the substrate if the sputteredimaterial is
sufficiently ionized by the plasna. However, material sputtered by a
| ow density plasma often has an ionization degree of less than 1% which is
usually 5 I nsufficient to avoid the formation of an e SS nber of
cavities. Accordingly, it is desirable to i ncreasé&ﬁgéﬁgﬁp\?ﬁ

the plasma to increase the ionization rate of the sputtered rraterial

in order to decrease the formati on of unwanted cavities in t he

deposi BMMMAREOF THE RREFERRER EMBODIMENTScnse pl asma” is intended to

refer 1o ONkis an object of the present invention to provide an improved method and
apparatus for generating a plasma within a chamber and for_ sputter depositing a layer
which obviate, for practical purposes, the above-mentioned limitations.

5 These and other objects and advantages are achieved by, in accordance with
one aspect of the invention, a plasma generating apparatus which inductively couples
electromagneétic energy from a coil which is magnetically shielded from the plasma and
ionized target material so as to minimize the deposition of target material onto the coil.

_ As a consequence, contamination of the workpiece by particulate matter shed by the
10 coil may be reduced.

- In a preferred embodiment, an apparatus for energizing a plasma within a
semiconductor fabrication system to sputter material onto a workpiece may include a’
semiconductor fabrication chamber having a plasma generation area within the
chamber, a coil carried by the chamber and positioned to couple energy into the plasma .

15 generation area, and an arrangement of magnetic fields pos_itioned to reduce sputtering
from the coil onto the workpiece. Alternatively, the arrangement of magnetic fields may
by positioned also to reduce sputtering from the target onto the coil. The target and coil
may both include titanium, aluminum or other suitable materials. The apparatus may
include one or more eiect'romagnet coils carried by the chamber and positioned to

20 provide the arrangement of magnetic fields. Alternatively, the apparatus may include

| one or more permanent magnets carried by the chamber and positioned to provide the
arrangement of magnetic fields.
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that has a high electron and ion density. 10 . There are several
kirown techni ques for exciting a plasma with RF fields. I ncl udi ng
capacitive coupling, inductlive coupling and wave heating. In a standard

i nductively coupled plasnma (1 CP) generator, RF current passing through a

coi | surroundi ng the plasma i nduces el ectromagnetic currents in the
pl asma. These " currents heat the conducting plasm ohJp | ng,
so that it is sustained in steady 15 state. As shown |€%@E@pﬁw
4,362,632, for exanple, current through a coil is supplied by an RF
gener at or cou Ied he cail thro h_an inpedance matching

net wor 'EyﬂéNcQFl NGS first wndi ngs of a transforner.

| TE%PLZ‘?”?O réai“. age e@*évn%‘ﬁrf‘% ot SO OBE bBSR el o1 o1
it s aaambedensacwaanb@w@thsart emnoaimmmflth@preﬁemmvenumssI ble to the
plasma itself. At the sane tine, however, it is also desirable to

m ni mi ze t hEighisrapadial efossaectionalviewiof the;plagmerganerating champeeef or
el t P 1R Rl 6% ReflroicBeishec: - accor dingl v mmny spittering
chanbers haygy.® geneédritic diagram of the electrical interconnections to the plasma™
generating chambers of Figs. 1-2.
| Fig. 4 is a schematic diagram of alternative electrical interconnections to the
plasma generatlng chambers of Flgs 1-2.
10 : Fig. 5 is a schematic cross-sectional view of a plasma generating chamberin
accordance with the émbodiments of Figs. 1-4. '
Fig. 6isa graph schematically depicting the magnitude of the axial magnetic
field strength of the magnetic shield of Fig. 5.
Fig. 7 is a cross-sectional view of a plasma generating chamber in accordance
15 with yet another embodiment of the present invention.
Fig. 8 is a schematic, plan view from above of components of the plasma
generating chamber in accordance with the embodiment of Fig. 7.
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annul ar - shaped shi el d encl osi ng the pl asma gener ati oii af ea Bet ween the =~

tdarget and 25 t he pedestal supporting the wafer. The shield provides a
snmoot h gently curved surfacie which is relatively easy to clean and
protects the interior of the vacuum chanber from bei ng deposited
with the sputtering material. In contrast, it is believed that a coil and
3

AM# 1457/PVD/DV

DETAILED DESCRIPTION OF THE DRAWINGS
' Referring first to Figs. 1-3, a plasma generator in accordance with an
embodiment of the present invention comprises a substantially cylindrical plasma
chamber 100 which is received in a vacuum chamber 102 (Fig. 2). The plasma
5 chamber 100 of this embodiment has a single helical coil 104 which is carried internally
of the vacuum chamber walls .108 (Fig. 2) by a chamber shield 106. The chamber
shield 106 protects the interior walls 108 (Fig. 2) of the vacuum chamber 102 from the
material being deposited within the interior of the plasma chamber 100.
Radio frequency (RF) energy from an RF generator 3040 is radiated from the coil

10 104 into the interior of the plasma chamber 100, which energizes a plasma within the
plasma chamber 100. Anion flux strikes a negatively biased target 110 positioned
above the plasma chamber 1.00. The plasma ions eject material from the target 110
onto a substrate 112 which may be a wafer or other workpiece supported by a pedestal
114 at the bottom of the plasma chamber 100. A rotating magnet assembly 116

15 provided above the target 110 produces magnetic fields which sweep over the face of
the target'1 10 to promote uniform erosion by sputtering of the target 110.

As will be explained in greater detail below, in accordance with one aspect of the
present invention, the coil 104 is rriagneticall_y shielded by magnetic fields generated by
electromagnet coils 1000 and 1010 so as to minimize sputtering of material from the

20  coil 104. In addition, the deposition of target material onto the coil 104 may also be
reduced. As a consequence, contamination of the substrate 112 by material sputtered
from the coil 104 or by particulate matter shed by the coil 104 may be reduced.

Fig. 3 is a schematic representation of the electrical connections of the plasma

. generatmg apparatus of this |Ilustrated embod|ment To attract the ions generated by
25 the plasma the target 110 is preferably negatively biased by a variable DC power
source 3000. In the same manner, the pedestal 114 may be negatlvely biased by a
variable DC power source 3010 to bias the substrate 112 negatively to attract the

6
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any supporting structure for the coil generally have relatively sharply '
curved surfaces fromwhich it would be nore difficult. to clean away
materi al s deposited fromthe coil and its supporting structures. In
addition, it is believed that the snooth gently curved surface of

t he shield woul d tend to shed fewer particles than the sharply curved 5

surfaces of the coil and its supporting structure. n
the one hand, it would be desirable to place the coil out spi‘l\(qg 1t4}§g7évﬁleq\z

(as described in copending application Serial No. 08/559, 345, filed

Wiblé”?er gz dsosition materig| R4 i SRS 114 8 SPyAISTVG MEDOIIMSRS. 9 csent
appl | Ca%ded Mig. &, gﬁ@”Eéﬂéétﬁ ?ﬁ% iz ﬁcﬁe‘béged g@h@ﬁffﬁécﬁl@?\%% RiPpbWét sélﬁ'l‘éeco' !

i-s shi omth teria posite arrangerren
woul d nionbies ﬂtae gebstratei 112 s6 apdo attréotthé);omm depdsitiondmateriat opgrerunifogmly

1t o Slnsalel 12" g i of hkehedihedl 08 BuPEE b art Rl bt B BRaoa

Jeger ﬁ; i odtpafof 4 gg@ﬁaﬁa matchiff ok oz W irfY ofWhfchi8 1 doRBIdd tdt e
an RF generator 3045. The other end of the pedestal 114 is coupled to ground,
preferably through a capacitor 3065, which may be a variable capacitor. Alternatively,
as set forth in copending application Serial No. 08/677,588, entitied A METHOD FOR
PROVIDING FULL-FACE HIGH DENSITY PLASMA PHYSICAL VAPOR DEPOSITION,

10 filed July 9, 1996 (Attorney Docket # 1402/PVD/DV) and assigned to the assignee of
the preseht application, which application is incorporated herein by reference in its
entirety, an external biasing of the substrate 112 may be omitted.

One end of the coil 104 is coupled to an RF source such as the output of an
~ amplifier and matching network 3020, the input of which is coupled to an RF generator

15 3040. The other end of the coil 104 is coupled to ground, preferably through a

' capacitor 3060, which may be a variable capacitor. Sintilarly,'one end of the
electromagnet coil 1006 may be coupied to a DC power source such as the output of a
transformer and rectifying circuit 4020, the input of which is coupled to an AC power
generator 4040. The other end of the electromagnet coil 1000 is coupled to ground,

26 preferably through a resistor 4060, which may also be a variable resistor. Likewise, one-
end of the electromagnet coil 1010 may be coupled to an DC power source such as the
“output of a transformer and rectifying circuit 5020, the input of which is coupled to an
AC power generator 5040. The other end of the electromagnet coil 1010 is coupled to
ground, preferably through a resistor 5060, whict\ may also be a variable resistor.

25 Alternatively, both electromagnet coils 1000 and 1010 may be identical, or both may be
coupled to a common DC power generator, of course, or one or more AC power
sources may be used. One or rore of the electromagnet coils such as 1000 and 1010

7
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15 and thereby to maxi m ze energy transfer fromthe coil to the plasma.

Accordingly, it has been difficult to increase energy transfer from '
the coil to the plasma whi e at the same time minimzing particle
generation and facilitating chamber cleaning. :
4

AM# 1457/PVD/DV

may be superconducting, using windings of high-temperature or low-temperature
superconducting materials, cryogenicalfy cooled as needed, and able to be
disconnected from any power supply once energized. ,
Fig. 5 schematically represents the operation of the electromagnet coils 1000
5 and 1010 to reduce the sputtering of mateﬁai from fhe coil 104, and to reduce the
generation of particulate matter by the coil 104, and hence reduce contamination of the
substrate 112. As shown in Fig. 5, magnetic field lines 1100 are generated by the
electromagnet coils 1000 and 1010, causing the energized electrons from the high
density plasma 900 to spiral in helical paths 1200 around the magnetic field lines 1100,
10 deflecting the energized electrons from impacting the helical coil 104. The deflection of
the energized electrons by the magnetic field lines 1100 &lso creates an electric field
along the general direction of motion of the deflected electrons, deflecting energized
ions of the high density plasma 900 and target material ions from impacting the helical
coil 104. Furthermore, the magnetic field lines 1100 are believed to squeeze the high
{5 dénsity plasma 900 inward toward the central axis of the plasma chamber 100, creating
a buffer region from a few mm up to a cm or more, depending on the strength of the
magnetic field lines 1100, radially inward from the coil 104, advantageously avoiding
direct plasma heating of the coil 104. More specifically, the magnetic field lines 1100
deflect the energized electrons of the high density plasma 900 away from the coil 104
20 to a path around the coil 104 to the grounded:chamber shield 106. This inhibits the
energized electrons from lingering in the immediate vicinity of the coil 104 and ionizing
precursor gas atoms and molecules that could sﬁutter material from the coil 104, which
could in turn contaminate the substrate 112. Still further, the magnetic field lines 1100
can magnetically shield the coil 104 to a limited extent from ionized deposition material
5 which was originally ejected from the target 110. Asa consequence, the accumulation
of target'material on the coil 104 can be reduced, thereby reducing the formation of

particulates that could subsequently dislodge from the coil 104 and fall upon and

8
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SUMVARY OF THE PREFERRED EMBCDI MENTS . It is an object of the
present invention to provide an inproved nethod and apparatus for
generating a plasma within 'a chanber and for sputter dépositing a |ayer
whi ch obviate, for practical purposes, the above-nentioned limtations. 5
These and ot her objects and advantages are achieved by, in accordance with

one aspect of the invention, a plasnma generating apparatu i ;
i nductively coupl es " el ectronmagnetic energy froma c%w 1\%?1?’5}/?@\’ :

magnetical l'y shielded fromt he plasma and I oni zed target material so
as to mnimz [ LI t.ar.get onto the ¢ As a
consequ‘iﬂ%%m Q%%{ﬁi?rgﬁgﬁfq}ﬁ ﬁ% Oﬁ@o ?ﬁﬁ%@@%@/@ﬁgwg@ﬁIggf'grqc‘%ﬁglbé(rthghed by
the 10 electféthagh@YcdiR 1 GUW&:%HNO in the region adjhBert tREHPEESF 908 @Qfﬂ
apparatus for €energizing a plasma wthifil a sem conductor fa cat | on
system naogemjtﬁoe‘rmﬁa@lswﬂ'ypwabetecttmn Idensitiesim$he highudansity plasma 900 are

sem condu&t or fabf Bgt i op chanmber having a plasnma generation area within
t he 5’ a ®i-l carried by the chanber and positioned to couple

engr gy into mges %bﬁém%uéé ilugPat8s preferféd Aondfiffortl aifaBBARIHR For the
gnetic fields p05|t|one reduce sputtering
magnitude of the magnetic fi f' eld strength B, in the axial direction, plotted against the
distance x from the central symmetry axis of the plasma chamber 100. For example, as
| sho;/vn in Fig. 6, the magnitude of the magnetic field strength a (Fig. 5) in the axial
direction at the position x, closer to the central symmetry axis of the plasma chamber
10 100 is less than the magnitude of the magnetic field strength b (Fig. 5) in the axial
*  direction at the position x, more distant from the central symmetry axis of the plasma
‘chamber 100. Consequently, the influence of the magnetic field lineé 1100 on the
central region of the high density plasma 900 may be diminished in such a preferred
non-uniform arrangement for the magnitude of the magnetic field strength B, in the axial
16 direction, whereas the effective magnetic shielding on the pgriphery of the high density |
plasma 900 may be enhanced.- Typical values for the magnitude of the magnetic field
strength B, in the axial direction, at large distances x from the central symmetry axis of
the plasma chamber 100, are on the order of 80 Gauss, as shown in Fig. 6. Typically,
in preferred embodiments, it is believed that the magnitude of the magnetic field |
20 strength .B generally falls off exponentially inward from the edge toward the central
region of the high density plasma 900, given the relatively large conductivity of the high
density plasma 900.
Fig. 2 shows the plasma chamber 100 installed in the vacuum chamber 162 ofa
physical vapor deposition (PVD) system. Although the plasma generator of the present
25 i'nventipn is described in connection with a PVD system for illustration purposes, it
should be appreciated that a plasma generétor in accordance with the present invention
is suitable for use with other semicondut:tor fabrication processes utilizing a plasma,

9
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fromthe coil onto the workpiece. A'ternatively, . ‘the arrangerrent of

magnetic fi-el ds may ~.by positioned also to reduce sputtering fromthe
target onto the coil. The tlarget and coil . may. bot h include titanium
al um num or other suitable materials. The-apparatus nmay i ncl ude one

or nore el ectromagnet coils carried by the chanber and positioned to 20

provi de the arrangenent of magnetic fields. Alternatively ar at us
may i ncl ude one or nore permanent magnets carried ‘BVH]ﬁ‘égi’ YRBV and
positioned to provide the -arrangenment of magnetic fi el ds.

including plasma etch, chemical vapor deposition (CVD) and various surface treatment
processes.
The coil 104 is carried on the chamber shield 106 by a plurality of coil standoffs
120 (Fig. 1) which electrically insulate the coil 104 from the supporting chamber shield
5 106. In addition, the insulating coil standoffs 120 have an internal labyrinth structure
which permits repeated deposition of conductive materials from the target 110 on_tb the
coil standoffs 120 while preventing the formation of a complete conducting path of
deposited material from the coil 104 to the chamber shield 106 which could short the
coil 104 to the chamber shield 106 (which is typically grounded). . :
10 RF powér is applied to the coil 104 by feedthrough bolts 356 (Fig. 2) which are
supported by insulating feedthrough standoffs 124. As set forth in copending
- application Serial No. 08/647,182, entitled RECESSED COIL FOR GENERATING A
PLASMA, filed May 9, 1996 (Attorney Docket # 1186/PVD/DV) and assigned to the
assignee of the present application, which application is incorporated herein by
15 reference in its entirety, the feedthrough standoffs 124, like the coil support standoffs
' 120, permit repeated deposition of conductive material from the target onto the
feedthrough standoff 124 without the formation of a conducting path which could short
the coil 104 to the chamber shield 106. As shown in Fig. 2, the coil feedthrough
standoff 124, like the coil support standoff 120, has é generally disk-shaped insulative
20 base member 350 and a generally cylindrical cover member 352 of bead blasted
titanium which covers the insulative base member 350. The base member 350 and
cover member 352 form an internal labyrinth structure somewhat similar to that of the
coil standoff 120 to prevent the formation of a short between the coil 104 and the wall
140 of the shield. The feedthrough standoff 124 has a central aperture through which
25 extends the threaded conductive feedthrough bolt 356 through which RF power is
applied to the coil 104. The feedthrough bolt 356 is received by a titanium sleeve 358
which has a termination sleeve 359 of bead blasted titanium which receives the coil

10
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BRI EF DESCRI PTI ON OF THE DRAW NGS Fig. 1is a perspectlve

partial cross-sectional view of a plasma generating ., chanber in
accordance with an enbodi nént of the present invention. Fig.
2 is a partial cross-sectional view of the plasnma generating chanber of 5
Fig. 1 shown-installed in a vacuum chanber. Fig. 3is a
schematic diagram of the electrical interconnections to legl#pm
generating chanbers of Figs. 1-2. Fig. 41 S VPOV

di agram of alternative electrical i nt erconnections to the ' pl asma
gener at a schematic

cross- §:93tg iﬁ{g{ébe\%&%ﬁﬁfah Elégrﬁ%w &\'—ﬁﬁé’t“&%q Fﬂgth@HWbbgo pﬁthe shield Ryctber dance

WD U R atRRb4SE Friznfer388on Hiéinterior side of the wall 140 and a nut 366 threaded
onto the feedthrough bolt 356 on the other side of the wall 140. The nut 366 is spaced
froni the wall 140 by an electrical connector 368 and an insulative spacer 374. The

5 electrical connector 368 connects the feedthrough 356 to an RF generator 3040 (shown -
schematically in Fig. 3) through a matching network 3020 (also shown schematically in
Fig. 3). _
Electromégnet coils 1000 and 1010 are positioned externally of the chamber

shield 106, supported by electromagnet coil supports 1005 and 1015, respectively, as

10 shown in Fig. 2. Electromagnet coil support 1005 may be attached to adapter ring
assembly 152, and electromagnet coil support 1015 may be attached to vacuum
chamber wall 108. The electromagnet coil 1000 connects, through an adapter ring
assembly feedthrough (not shown), to a DC power source, as shown in Fig. 3. The
electromagnet coil 1010 also connects, through a vacuum chamber wall feedthrough

15 (not shdwn), to a DC power source, as shown in Fig. 3. Alternatively, one or both of the
electromagnet coils 1000 and 1010 may be connected to an AC power source, which
may cause the high density plasma 900 to rotate, which can lead to enhanced
uniformity of deposition of material from the target 110 onto the substrate 112.

As best seen in Fig. 2, the plasma chamber 100 of this embodiment has a dark

20+  space shield ring 130 which provides a ground plane with respect to the target 110
above, which is negatively biased. In addition, as explained in greater detail in the
aforementioned copending application Serial No. 08/647,182, the shield ring 130
shields the oute:; edges of the target from the plasma to reduce sputtering of the target

. outer edges The dark space 'shield 130 performs yet another function in that it is

25 positioned to shield the coil 104 (and the coil support standoffs 120 and feedthrough

standoffs 124) from the material being sputtered from the target 110.

11
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Fi g.. .6 is a graph schematically depicting the magnitude of the axial

RAgneti c field strength of the magnetic shield of Fig. 5.
Fig. 7 is a cross-sectional view of a plasnma generating chanber in
accordance 15 wi th yet another enbodi ment of the present invention.

Fig. 8 is a schematic, plan view from above of conponents of the plasm
generating chanber in accordance vm'th t he enbodi nent of Iim# 121'57/PVDIDV

In this illustrated embodiment, the dark space shield 130 is a closed continuous

ring of (diamagnetic) titanium or (non-ferromagnetic) stainless steel or (non-magnetic

.nickel) having a generally inverted frusto-conical shape. The dark space shield extends -

inward toward the center of plasma chamber 100 so as to overlap the coil 104 by a

5  distance d of 1/4 inch. It is recognized, 6f course, that the amount of overlap can be
varied depending upon the relative size and placement of the coil 104 and other factors.
For éxample, the overlap may be increased to increase the shielding of the coil 104
from the sputtered material, but'increasing the overlap could also further shield the
target 110 from the plasma which may be undesirable in some applications.

10 Alternatively, the amount of overlap between the dark space shield 130 and the coil 104

may be decreased by moving the coii 104 closer in toward the center of plasma
chamber 100 so as to increase the energization of the high density plasma 900.
Although such a decrease in overiap may reduce the shielding, by the dark space
‘shield 130, of the coil 104 from the material sputtered from the target 110, the magnetic
15 shielding by the magnetic field lines generated by the electromagnet coils 1000 and
| 1010 may fully or partially compensate for the reduction in shielding by the dark space
shield 130. '
The chamber shield 106 is generally bowl-shaped and includes a generally
cylindrically shaped, vertically oriented wail 140 to which the standoffs 120 and 124 are

20 attached to insulatively support the coil 104. The shield further has a generally annular- -

éhaped floor wall 142 which surrounds the chuck or. pedestal 114 which supports the
substrate 112 which has an 8" diameter in the illustrated embodiment. A clamp ring
154'clamps the wafer to the chuck 114 and covers the gap between the floor wall 142
of the chamber shield 106 and the chuck 114. Tﬁus, it is apparent from Fig. 2 that the
15 chamber shield 106 together with the clamp ring 154 protects the interior of the vacuum
chamber 102 from the deposition materials being deposited on the substrate 112 in the
plasma chamber 100. As described more fully in the aforementioned copending

12
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DETAI LED DESCRI PTI ON OF THE DRAW NGS _ . Referring first to Figs.
1-'3, a plasma generator in-accordance with an epbodi nent of the
present invention conprises’a substantially cylindrical’ plasna

chanber 100 which is received in a vacuum chanber 102 (Fig. 2). The plasm
5 chanmber 100 of this enbodiment has a single helical coil 104 which is

Chanber shi ol d 105, The chamber - shi el d 106 pr ot ect SNEIASARYBEV
wal I's 108 (Fig. 2) of the vacuum chamber 102 fromthe mat eri al being
oS e shls MR B, i SIME TEA R ol BRI FUbL FAE: ne
S anoHIGHENSITS PSSR PHYSIOA] VAROR'geeBSTIRNY od U 81l o711
negat i vi@tiorhey Bedket# J402PVD(DYS), theoclathp ring maydimeliminatedy| Thechaherer
100. Ths?hi@!d%S 06 ajsgr}g p(?- fg?atbly ér%reidaéf (maonqqaé#eeticg Etiitra%:l?&m 1c:%'(%non-ferromagnetic)

5  stainless steel or (non-magnetic nickel), like the dark space shield 130.

The vacuum chamber wall 108 has an upper annular flange 150. The plasma
chamber 100 is supported by an adapter ring assembly 152 which engages the vacuum
chamber wall flange 150. The chamber shield 106 has a horizontally-extending outer

, flange member 160 which is fastened by a plurality of fastener screws (not shown) to a
10 hdrizontally extending flange member 162 of the adapter ring assembly 152. The
chamber shield 106 is grounded to the system ground through the adapter ring
assembly 152. - |
" The dark space shield 130 also has an upper flange 170 which is fastened to the
horizontal flange 162 of the adapter ring assembly 152. The dark space shield 130, like
16 the chamber shield 106, is grounded through the adapter ring assembly 152. _

- The target 110 is generally disk-shaped and is also supported by the adapter
ring assembly 152. However, the target 110 is negatively biased and therefore should
be insulated from the adapter ring assembly 152 which is grounded. Accordingly,
seated in a channel 176 formed in the underside of the target 110 is a ceramic

20 insulation ring assembly 172 which is also seated in a corresponding channel 174 in the
upper side of the adapter ring assembly 152. The insulation ring assembly 172, which
may be made of a variety of insulative materials including ceramics, spaces the target
110 from the adapter ring assembly 152 so that the target 110 may be adequately
negatively-biased. The target, adapter and ceramic ring assemblies are provided with
25 O-ring sealing surfaces 178 to provide a vacuum tight assembly from the vacuum

chamber flange 150 to the target 110.
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onto -a substrate 112 which may be a wafer or other workpiece supported by a
pedest al 114 at the.bottom of the plasma chanber 100. A rotating
magnet assenbly 116 15 drovi ded above the target 110 produces magnetic
fields which sweep over the face of the target 110 to pronote

uni form erosion by sputtering of the target 110. As will be

explained in greater detail below, in accordance with one
present invention, the coil 104 is magnetically shiel ded Mﬁ%@?‘@lﬁ el ds

gener ated by el ectromagnet coils 1000 .and 1010 so as to m n| mze

of 't ar ger e B 104 b e Tlattited Bemporifient &age B 2 b a b Bx Hon
consequfitg Bead Hlasted 8akid YU q?@fafablyawgéé% %\M’e idrﬁ'or %Blalbéﬁﬁ

fromthe coil 104 or by particulate matt'er shed he coil 104 may
r educedormed into a three turmihglical ¢odl havingha diameter op 1 2d4rinchesnHowvever other

| s A S o R B Bl

tst£ r tcg 30 gﬂ&;\é‘tégg @aﬁéﬁgﬁﬁ’g?dﬁyﬁg‘ﬁ? gleqqf?b n?r?a Bgﬁggﬁxgﬁyﬁ I ased

by a Also, if thesmatdrial tobe sputteresbisralemiiihn, hoth theatargetand thet cail shall@ be '

negati vel cYe oP hlgthtpurﬁy a‘ummum In addition to the ribbon shape illustrated, hollow tubing
may be utilized, particularly if water cooling i is desired.

The embodiment of Flgs. 1-5 shows only two electromagnet coils 1000 and 1010

10 being used, but, of course as few as one electromagnet coil could be used, and as
many as ten or more electromagnet coils could also be used, or a combination of
electromagnet coils and permanent magnets could be used as well. An advantage of
using more electromagnet coils is that more electromagnet coils enable more precise
shaping or “bottling” of the high density plasma 900, which can increase the effective

16 electron density of the high density plasma 900 and lead to enhanced uniformity of
deposition of material from the target 110 onto the substrate.1 12, and greater magnetic
collimation of the materiai deposited from the target 110 onto the fine features and
structures of the substrate 112, particularly those with very high aspect ratios, such as
deep, narrow trenches, vias and contact holes. |

20 Fié. 7 shows a cross-sectional view of a magnetically shielded helical coil 104 in
accordance with another embodiment of the preseht invention in which the generation
of particulate matter by the coil 104 is reduced by a somewhat different structure to
reduce contamination of the substrate 112. in the embodiment of Fig. 7, magnetic field
lines 2100 are generated b& permanent magnets 2000, again causing the energized

25 electrons in the high density plasma 900 to spiral in helical paths 1200 around the
| magnetic field lines 2100, deflecting the energized electrons and ions of the high
density plasma 900, and the target material ions, from impacting the helical coil 104.

14
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I oni zed deposition material to the substrate 112. In an alternative

enbodi nent, as sh in Fig. 4, the pedestal 114 may be biased by a
hi gh freguency RF power source to bias the substrate 112 so as to
attract the ionized deposition material nmore uniformy

AM# 1457/PVD/DV |

The helical paths 1200 appear substantjally circular when projected onto a plane
| substantially perpendicular to the magnetic field lines 2100, as shown in Fig. 7. The

projections of the helical paths 1200 shown in Fig. 7 are appropriate for electrons since

the magnetic field lines 2100 are going into the plane of the figure on the left side of Fig.
5 7 and are coming out 6f the plane of the figure on the right side of Fig. 7. The magnetic

comporignt of the Lorentz force in the ith direction F,,, on an electron moving with ™ -

velocity v; in the jth direction in a magnetic field B, in the kth direction (the directiéns 1,2

and 3 forming a right-handed coordinate systém) is given by

: where the absolute value of the electric charge e of an electron is
10 °~ 1.6021892+0.0000046x10*® Coulombs, the speed of light c is
' 2.99792458£0.000000012x10" cm/sec, and e, is the completely antisymmetric tensor
(€123=1=€,3,=€41,=-€213=-€125=-€12¢, all Other components vanishing identically). For
example, in Fig. 7, with the 1 direction horizontal, the 2 direction vertical and thé 3
direction normal to the plane of the figure, on the left side of Fig. 7, when the magnetic

15 field line 2100 is into the plane of the figure in the negative 3 direction (B,=0, B,=0,

" Bs=-B) and the electrbn’s velocity in the plane of the'ﬂgure is upward in the positive 2
direction (v,=0, v,=v, v;=0), the magnetic component of the Lorentz force is to the right
in the positive 1 direction (F,,=-€,,6V,Bs/c=evB/c, F,,=0, F,,=0); when the electron’s
velocity in the plane of the figure is to the right in the positive 1 direction (v,=v, v,=0,

20 v,=0), the magnetic component of the Lorentz force is downward in the negative 2
direction (F,,=0, Fan=-€,1,8V,B,/c=-evB/c, F,,=0); when the electron’s velocity in the
plane of the figure is downward in the negative 2 direction (v,=0, v;=-v, v,=0), the

- magnetic cbmponent of the Lorentz force is to the left in the negative 1 direction
(Fym=-€1558V,Bs/c=-eVB/c, F,,=0, F,,=0); and when the electron’s velocity in the plane.of

15
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to the substrate 112. One end of the pedestal 114 is coupled to an RF
source such as 5 t he -qut put of an anplifier and tching network 3025,
the input of which is coupled to an RF generatn_gr 3045. The other end
of the pedestal 114 is coupled to ground, preferably through a
capaci tor 3065, which may be a variable capacitor. Alternatively,

set forth in copending application Serial No. 08/677,588, @g&/ﬁéﬁs\/ﬁ B@THCD
FOR PROVI DI NG FULL- FACE HI GH DENSI TY PLASMA PHYS| cX /

DEPCSI TI ON, 10 filed July 9, 1996 (Attorney Docket # 1402/ PVD/ DV) and
assi gned t he. a t resent a pI I cat] on whi ch

appl i cgf @%urﬁs's tﬂi’?ﬁ %'&ttgﬁ W?@YW‘GQWFSPBI%HC‘@ 210, ¥:50), the magngticy et y, an
extern ITBO tlf‘q}#% t One end
of the%lc)m lﬁ%gggfl @feclbcﬂ% ? oé %n sdﬂ?ﬁc(eeaéu'gﬂé gs"ﬁﬁ?hon }ﬂ'ut of an

anpl i f Fg,q=-egglevxﬁglchevalmﬁ,xtﬂ)kre§m&ﬁlg infeeclookwisebtationdf the eleetiohdd the an RF
‘gener a 3040. The other_ end of the coil 104 is coupled to ground,

pref er t&%“? 9fithg fignre, as shown gahe lefbsidecd&ig. i Similasly. pa the vight sidecf Fig.
el 3ol ik 188 by ut gr g A RN n 684 bt Do
recti f direction (B,#D; B440,(B,=B) andthetel@ftroms vélocny mothel ptand of the fijurdaser
upward in the positive 2 direction (v,=0, v,=v, v,=0), the magnetic component of the
Lorentz force is to the left in the negative 1 direction (F,,=-€,,:6V,B/c=-evB/c, F,.=0,
F.,=0); when the electron’s velocity in the plane of the figure is to the left in the
10 negative 1 direction (v,=-v, v,=0, v;=0), the magrietic component of the Lorentz force is
downward in the negative 2 direction (F,,=0, F,,=-¢€,,,ev,B,/c=-evB/c, F,,=0); when the
electron’s veldcity in the plane of the figure is downward in the negative 2 direction
(v,=0, v,=-v, v;=0), the magnetic component of the Lorentz force is to the right in the
positive 1 direction (F,,=-€.5€Vv,B,/c=evB/c, F,,=0, F,,=0); and when the electron’s
16 velocity in the plane of the figure is to the right in the positive 1 direction (v,=v, v,=0,
v,=0), the magnetic component of the Lorentz force is upWard iri the positive 2 direction
(Fim=0, F2m¥-e2,3ev,Balc=evBlc, Fa,=0), resulting in a counterclockwise rotation of the
electron in the plane of the figure, as shown on the right side of Fig. 6.
The magnetic shielding provided by the magnetic field lines 2100 generated by
20+  the permanent magnets 2000 performs a similar function to that of the dark space
shield 130 of the embodiment qf Figs. 1-5. More specifically, the magnetic field lines
2100 magnetically shield the coil 104 to a limited extent from deposition material being
ejected from the target 110: Still further, as mentioned above, the magnetic field lines
. 2100 deflect the energized eiectrons from the high density plasma 900 away from- the
25 coil 104 énd around the coil 104 to the grounded chamber shield 106. This preverits
the energized electrons from lingering in the immediate vicinity of the coil 104 and

16
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generator 4040. The other end of the el ectromagnet coil 1000 is coupled to
ground, 20 preferably +hrough a resistor 4060, mhréh may al so be a

vari abl e resistor. Likew se, one end of the el €ctromagnet coil 1010
may be coupled to an DC power source such as the out put of a
transfornmer and rectifying circuit 5020, the input of which is coupled to

an AC power generator 5040. The other end of the e § i
1010 is coupled to ground, preferably through a reéﬁ@% OW/D%i h

may also be a variable resisfor._25 Alternatively, both el ectromagnet
CO o R o0 BB ik S5 hREug idELIT R B g ALl © °
Z (rnlgr clzgilgmhab@oma@dbsén@emry dontamiraté like slibstiatera@net coils such as 1000
. Fig. 8 schematically shows a top.plan view of a preferred alternating
arrangement for the permanent magnets 2000 of the embodiment of Fig. 7. In addition,
5 the permanent magnets 2000 may be mechanically rotated with respect to the coil 104
. about the central axis of symmetry of the plasma chamber 100 to provide more uniform
magnetic shielding of the coil 104 from energized electrons and ions of the high density
'plasma 900 and target material ions.
_ In each of the embediments discussed above, multiple turn coils 104 and 204
10 were used, but, of course, single turn coils may be used instead. Still further, instead of
the ribbon shape coils 104 and 204 illustrated, each turn of the coil 104 or 204 may be
implemented with a flat, open-ended annular ring as described in copénding applicatidn -
Serial No. 08/680,335, entitled COILS FOR GENERATING A PLASMA AND FOR
SPUTTERING, filed July 10, 1996 (Attorney Docket # 1390-CIP/PVD/DV) and assigned
15 to the assignee of the present application, which application is incorporated herein by
reference in its entirety._
Each of the embodiments discussed above utilized a single coil in the plasma
chamber. It should be recognized that the .present invention is applicable to plasma
_ chambers having more than one RF powered coil. For example, the present invention
20  may be applied to multiple coil chambers for faunching helicon waves of the type
described in aforementioned copending application serial No.08/559,345, filed
'Novgmber 15, 1995 and entitled METHOD AND APPARATUS FOR LAUNCHING A
HELICON WAVE IN A PLASMA. _
The appropriate RF generators and matching circuits are components well
25 known to those skilled in the art. For example, an RF. generatbr such as the ENI
Genesis series which has the capability to “frequency hunt” for the best frequency
match with the matching circuit and antenna is suitable. The frequency of the

17
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8 . may be superconducting, using w ndings. of high-tenperature or

Iomftenperature su§erconduct|ng materials, cryogenically cool ed as
needed, and able to be di sconnected from any power supply once
energized. : Fig. 5 schematically represents the operation of
t he el ectromagnet coils 1000 5 and 1010 to reduce the sputtering of

material fromthe coil 104, and to reduce the gene

particulate matter by the coil 104, and hence reduce cont’é&#&ngﬁﬁﬁvamyhe
substrate 112. As shown in Fig. 5 magnetic field |ines 1100 are generated
by the

of cct r GRECFABH{Ar BRI the RF nawes @ hessels 1 Boresatl i MHz BbILR: cal

paths  LofOinated it i rdRE G Gary'tdrf], fob B*Smplet A%Hz to 4 MHz. An RF power
setting of 4.5 kW is preferred but a range of 1.5-5 kW is satisfactory. In addition, a DC
power setting for biasing the target 110 of 3 kW is preferred but a range of 2-10 kW and

5 a pedestal 114 bias voltage of -30 volts DC is satisfactory.
In the illustrated embodiments above, the chamber shield 106 has a diameter of

16", but it is anticipated that satisfactory results can be obtained with a diameter in the
range of 6"-25". The shields may be fabricated from a variety of materials including
insulative materials such as ceramics or quartz. However, the shield and all metal

10 -surfaces Iik_ely to be coated with the target material are preferably made of a material
such as stainless steel or copper, unless made of the same material as the sputtered
target material. The material of the structure which will be coated should have a
coefficient of thermal expansion which closely matches that of the material being
sputtered to reduce flaking of sputtered material from the shield or other structure onto

15 the wafer. In addition, the material to be coated should have good adhesion to the
sputtered material. Thus for example if the deposited material is titanium, the preferred
metal of the shields, brackets and other structures likely to be coated is bead blasted
titanium. Any surfaces which are more likely to spdtter, such as the end caps of the coil
and feedthrough standoffs, would preferably be made of the same type of material as

20 the targét, such as high purity titanium, for example. Of course, if the material to be
deposited is a material other than titanium, the pljefeéred metal is the deposited
material, stainless steel, for example. Adherence can also be improved by coating the
structures with molybdenum prior to sputtering the target. However, it is preferred that
the coil (or.any other surface likely to sputter) not be coated with molybdenum or other

25 materials since the molybdenum can contaminate the workpiece if sputtered from the

coil.
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10 . deflecting the energized el ectrons frominpacting the helical coil
104. The defl ection of -~, the energi zed el ectrons" lsay the magnetic field
lines 1100 al so creates an electric field - al ong 't he general
diTection of notion of the deflected el ectrons, deflecting energized

ions of the high density plasma 900 and target material ions frominpacting

the heli cal coil 104. Furthernore, the magnetic fi eApi# 1457gPDANNaAr €
bel i eved to squeeze the high 15 density plasnma 900 inward toward the
central axis of the plasma chanber 100, creating a buffer region
from.a few mMphdRyafer fo ERyel spliedis p‘i'@f@?élﬂ ag f

magnetic field |ines 1@?8 r% al 'y 1 nvva¥ ?ggﬁdt]ﬁl g 1049 bit¥an

gd\e/g_n; a@;’tglsfrq?ﬁaemntgl h§' tcC8"f For tu:srwaferpfb terget spaming) gabffac{m;t{ ﬁtaplpeii@dafewgr e
i fi | i nes ec e epergized .
ol ect r oReEM Gavbrags Raadieenashiavacmitis ssal digmetes of 1 inhes sBRCaion (o a
path ar ﬂ‘r&‘%r%é‘teofa'dnsgéﬂﬁe bP1 @ﬁcﬁéé’“ﬁ%@ Y2 ¥oGhd %ﬁ%ﬁhé’reé@@g atﬁ@ \dfarhBtdr ¥t S

t he nergl ze ectrons fromlingering in e vicrnity of

t hé coi thelfsil whd:h moves the coil away frrmnettw workpm adgmhaaad adverseLaffect ohat
coul d sEatter material_ from¢the coil 104, . uld in turn

cont am RatteMeRvesaga . Qo eother @?mdercmme thq Rl ‘f’l'ﬁm?é@”@ Mo the ¢ojbs 1i00
can MRORELEFA e Ghief g Varr fblerdd) chRoPiabFlfiimfiy! ont from ioni zed

deposi tiron nma
Deposition uniformity also appears to be a function of coil spacing from the

target. As previously mentioned, a spacing of 1.9 inches between the coil and target:
10 has been found satisfactory for a target to wafer spacing of 140 mm. Moving the coil
vertically either toward or away from the térget (or wafer) can adversely effect
deposition layer uniformity.
A variety of precursor gases may be utilized to generate the plasma including Ar,
H,, O, or reactive gases such as NF,;, CF, and many others. Various precursor gas
15. pressures are suitable including pressures of 0.1 - 50 mTorr. For ionized PVD, a
pressure between 10 and 106 mTorr is preferred for besf ior;ization of spu_ttered
material. |
It will, of course, be understood that modifications of the preéent invention, in its
various aspects, will be apparent to those skilled in the art, some being apparent only
20 after study, others being matters of routine mechanical and electronic design. Other
embodiments are also possible, their specific designs depending upon the particular
application. As such, the scope of the invention should not be fimited by the particular
embodiments herein described but should be defined only by the appended ciaims and

equivalents thereof.
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25 - which was originally ejected fromthe target 110. As a consequence,
t-he accurml ation of, target naterial—om the co 104 can be reduced,
t hereby reducing the f or mat'i on of ul at es that coul d

subsequently di sl odge fromthe m““m‘mﬁmé\m upon and

AM# 1457/PVD/DV

WHAT IS CLAIMED IS:

1. An apparatus for energizing a plasma within a semiconductor fabrication
system to sputter material onto a workpiece, the apparatus comprising:
| - a semiconductor fabrication chamber having' a plasma generation. area
within said chamber; |
5 a coil carried by said chamber and positioned to couple energy into said
plasma generation area; and
_ an arrangement of magnetxc fields posltloned to reduce sputtering from
said coil onto said workpiece.

2. The apparatus of claim 1 mcludmg a target including titanium, wherein

said coil includes titanium.

3. The apparatus of claim 1 including a target including aluminum, wherein

said coil includes aluminum.

4, The apparatus of claim 1 including a plurality of electromagnet coils
carried by said chamber and positioned to provide said arrangement of magnetic fields.

-8. The apparatus of claim 1 including a plurality of permanent magnets
carried by said chamber and positioned to provide said arrangement of magnetic fields.

20
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cont ani nate the substrate 112. Typi cal rragnetic"fiel d strengths generated

by the el ectromagmst cails 1000 and-1646—n the regi on adj acent the
RF coil 104 are in the ’ range of 50-110 . Typical electron
densities in the high density pmmiﬁ “!lr on the order of
10[err] cnierr]. 5 lly illustrates a preferred
non-uni form arrangenent for the magnl tude of the namweidsy/P\e/Ev

strength Blerr] in the axial direction, plotted against the
di stance x fromthe central synmretry axis of the plasma chanber 100. For

exanple, as g An §$§H@tdé“fol':bﬁerg§zmé '&%IE&QB'Wlﬂﬁﬁ a@erﬁnﬁ&nd”ﬁ’cﬂ&ﬁa‘bﬁc&? a

strength a (Fig. 5 1n the axla direction e position X

cl oser systeneta sputtar matenatonty awoskpiéce, hmempparatushmmmm 100 is |ess
than the magni tude of the i el thb i n.the aX|aI
direction at the }?&%’FFBH"&%F%%%P ﬁg'ﬂ"& Y'Bﬁﬁ 8@33%’3

axigs of i <R - chanber 100. Consequently, the I nfl uence of the
magneti c t?%?%ﬁl | nen;b 1100 on the central region of the high density
pl asma 900 nmay be adsputteringedrget carrigd withinefaid clkamber and meande ofa fisstm
arrangenent for the magnitude of the magnetic field strength B[err] in the

axi al 15naterigh saic tagget pesiioned ta # ervs@lmgetmetem nta srjdon t he
peri phe%r%leag;e hi gh density

a coil carried by said chamber and formed of the same type of material as
10  said target; and ' .'
first and second electromagnet coils carried by said chamber and
positioned to provide an arrangement of magnetic fields positioned to reduce sputtering
from said coil onto said workpiece. |

7. The apparatus of claim 6 wherein said first and second electromagnet
coils are positioned so that a magnitude of a magnetic field strength is substantially at a
minimum §ubstantially at a central region of said chamber.

8. The apparatus of claim 6 including:
a first source for applying a DC bias to said target;
a second source‘for applying a DC bias to said workpiece; and
an RF generator for applying RF power to said coil; and
5 ' a third source for applying DC power to said first and second

electromagnet coils.
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pl asma 900 may be enhanced. Typical values for the nagnitude of the
magnetic field stﬁength Blerr] in the axial direction, at |arge
di stances x fromthe central axi s of t he pl asna chanber

100, are on the order of 80 Fi g 6. Typically,

in preferred enbodi nents, H‘“ ﬂml - magni tude of the magnetic
field 20 strength B general |.I swuof f ekponent lally e
edge toward the central ' regi on of the high densi té“ﬁa{a&f&ﬁ%bc
given the relatively Iarge conductivity of the high density plasna

900. 2 shows the plasna chanber 100 installed in the
vacuum chanfer 16@3@9%@“‘5 of claigf§ includingiapor deposition (PVD) system

'n' connect i on’wi ErTSE BoRR @t afhivinds BETIEF e f8R tadeloces, 1t 0 T

shoul d be appr eciaaerdnthsiurée foramplyitg add e bids losaid Warkisises; and h t he

present invention Is suitable for use with other sem conduct or
fabrication pr océgscéfé generater fof @PM%M power to said coil;
5 ' a third source for applymg DC power to said first electromagnet coil; and

afourth source for applying DC power to said second electromagnet coil.

10. The apparatus of claim 6 including:
a source for applying a DC bias to said target;
an RF source for applying an alternating bias to said workpiece; and
-an RF generator for applying RF power to said coil; and
5 a source for applying DC poWer to said first and second electromagnet

coils.

11.  The apparatus of claim 6 including:
a source for applying a DC bias to said target;
an RF source for applying an alternating bias to said workpiece; and
an RF generator for applying RF power to said coil;
5 a first source for applying DC power to said first electromagnet coil; and
| a second source for applying DC power to said second electromagnet

coil.
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10 . : 10 - i ncl udi ng
pl asma et ch, chemi cal vapor deposition CvD d varioys surface treatnent
processes. 4 1s carried on the chanber shield 106

Y ot ohe Yol iSthE%”W]F\MHII\HIIM\W et sﬁ? el o o etrieaty

AM# 1457/PVD/DV

12. An apparatus for enei’gizing a plasma within a semiconductor fabrication
system to sputter material onito a workbiece, the apparatus comprising:
a semiconductor fabrication chamber having a plasma generation area
within said chamber;
5 a coil carried by said chamber and positioned to couple energy into said
plasma generation area; and
an arrangement of magnetib fields positioned to reduce sputtering from
~ said target onto said coil. '

13. A method of depositing matefial'on a workpiece, the method comprising
~ sputtering target material onto said workpiebé from a target positioned .
above said workpiece; and ' _
magnetically shielding a coil positioned adjacent said workpiece to reduce
5 sputtering of coil material onto said workpiece from said coil.

- 14.  The method of claim 13 including energizing a plurality of electromagnet
coils to provide said magnetic shielding of said coil.

15.  The method of claim 13 wherein $aid target material and said coil material

are the same type of material.

16. The method of claim 13 including positioning a plurality of permanent
magnets to provide said magnetic shielding of said coil.

23
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5 106. In addition, the insulating coil standoffs 120 have an i nternal
I"abyrinth structure fx_Tgﬂ%%?_gg%ﬂlL§_Lgpeated deposi tion of conductive
materials fromthe target 1 0 the coi|l sfandoffs 120 while
preventing the fornmation of “nfning pat h of deposi ted
material fromthe coil 104 iﬂmﬂ\gﬂ mm“ Hhi eld 106 which could short the
coil 104 to the chanber shi cl whith 1s typically gr

RF power is applied to the coil 104 by feedthrough bolts gwfﬁg’:@[)%| ch
are supported by insul ating feedthrough standoffs 124. As set forth
in copendin application Serial No. 08/647 1 entitl ed RECESSED
C0 L FOR GeREraTAEeHS of S&poshihefiatéial cB:a Wapkiece 368 mekhod FABP BB ot
11 86/ PVD/ DV) aneﬁa&éﬁﬂ@%}?é@nia&&ial onto said3WSTkiRR8 fim fg;}s%art%%gfoped

application, which applTcation is I ncorporated herein eference in
i ts entabove gaid Workipiecs; landugh st andoffs 124, |ike the coil support

s A AT AR SRS Pt
f oy mat | - Lo ch: the coil 104 t
e sffudin ngagg%@af%@gh@ﬁpgaﬂggﬁk g?ﬂtlﬁgdectbn f eedt hr ough >

standoff 124, |ike the coil support standoff 120, has a generally
di sk-shaped insul ative )

24
This Sheet Has Been

. BT




20  base member 350 and a generally cyli ndr_imé'a]_ cover nenber 352 of bead

bl ast ed titani um V\h'i-)Ch covers the insulative b-afe menber 350. The
base nenber 350 and ‘cover nmenber 352 forman internal |abyrinth
structure somewhat simlar to that of the coil standoff 120 to

prevent the formation of a short between the coil 104 and the wall

140 of the shield. -The feedthrough standoff 124 has a centfas B,
t hrough which 25 extends the threaded conductive feedt h%aﬁgﬁ{)lt @S\é

t hrough whi ch RF power is ‘applied to the coil 104. The feedthrough
bolt 356 is received by a titani um&%ﬁﬁ‘gﬁg . Which has a _
term nati on sl eeve 359 of bead bl ast i um whi ch receives the coil

A magnetic shield to reduce sputtering of an RF coil for a plasma chamber in a
semiconductor fabrication system is provided. The magnetic shield also reduces
deposition of material onto the coil which in turn leads to a reduction in particulate

5 matter shed by the coil onto the workpiece.
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104. The feedthrough standoff 124 is secured to the wall 140 of the shield

by the i nsul ati ve base nenber 350 on,the interior side of the wall
140 and a nut 366 threaded onto the feedthrough bolt 356 on the
ot her side of -the wall 140. The nut 366 is spaced fromthe wall 140

by an electrical connector 368 and an insul ative spacer 374. The 5
el ectrical connector 368 connects the feedthrough 356 to an RF generator

3040 (shown schematically in Fig. 3) through a mat chi ng network 3020
(al so shown schematically in Fig. 3). El ect romagnet
coils 1000 and 1010 are positioned externally of the chanber shield

106, supported by el ectromagnet coi | supports 1005 and 1015, respectively,
as 10 shown in Fig. 2. EIectronagne; coi | support 1005 may be attached

to ada ter rin S
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aseenbly 152, and_-electromagnet coil support 1015 nmay be attached to vacuum

chanber wal | 108 The electronagnet coiI 1000 connects,

ri ng rﬂ)!m# to a
shown in F|g 3 The nagnet Coi

a vacuum chanber mal (not shown),
as th

shown in Fig ternatlve y one or both of

el
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standoffs 124) fromthe material being sputtered fromthe target 110.

12 In this illustrated enbodi nent, the dark space shield
130 is a closed continuous ring of (diamagnetic) titanium or
(non-ferromagnetic) stainless steel or (non-nagnetic

116
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ni ckel ) having a generally inverted frusto-conical shape. The dark space

.shiel d extends I nward toward the center of plasma chanber 100 so as
to overlap the coil 104 by a 5 distance d of 1/4 inch. It is '
recogni zed, of course, that the anpunt of overlap can be vari ed
dependi ng upon the relative size and placenent of the coil 104 and ot her
factors. For exanple, the overlap may be increased to increase the
shielding of the coil 104 fromthe sputtered material, but

i ncreasing the overlap could also further shield the target 110 from
t he plasma which may be undesirable in sonme application 10

Al ternatively, the anmnount of over ween Ligce shield 130 and
the coil 104 may be de _by novi e coil 104 closer in
toward the center of plasna Charbe—=E80=—s9g =50 i ncrease the

energi zati on of the high densNy_pl = Ajt hough such a
decrease in overlap may reduc8}F SH g, thedark space

shield 130, of the coil 104 from materi al_sputtered fromthe target
110, the nmagnetic 15 shielding by the magnetic field |lines generated by
t he el ectromagnet coils 1000 and y1& partially
conpensate for the reduction i di ng by the darkspace shield
130. 000 =

f
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The chanber shield 106 is generally bow -shaped and includes a generally
cylindrically shaped, vertically oriented wall 140 to which the standoffs
120 and 124 are 20 attached to insulatively support the coil 104. The
shield further has a generally annul ar- shaped floor wall 142 which
surrounds the chuck or pedestal 114 which supports the substrate 112
whi ch has an 8" dianeter in the illustrated enbodinment. A clanp ring

154 clanps the wafer to the chuck 114 and covers the gap between the fl oor
wal | 142 of the chanber shield 106 and the chuck 114. Thus, it is
apparent fromFig. 2 that the 25 chanber shield 106 together mnth t he
clanp ring 154 protects the interior of the vacuum Eharmber 1025&&?”‘
t he depositi materials being deposited on the substzé?e 112 in the

pl asma chanbér 100. As described.?a{ﬁiéjﬁEHy in the afbrenentiong di ng

I
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13 . application, Serial No. 08/677,588, entitled A METHOD FOR
PROVI DI NG FULL- FACE HI GH DENSI TY PLASMA PHYSI CAL VAPOR DEPGCSI TI ON
filed July 9,1996 (Attorney Docket # 1402/ PVD/DV), the clanp ring
may be elim nated. The chanber shield 106 also is preferably forned
of (diamagnetic) titaniumor (non-ferromagnetic) 5 stainl ess steel or
(non-magnetic nickel), like the dark space shield 130. The
vacuum chanber wall 108 has an upper annul ar flange 150. The pl asna

chanber 100 is supported by an adapter ring assenbly 152 whi ch engages the

vacuum chanber wal | flange 150. The chanber shield 10dthas a
hori zontal |y extend v: fJ
fi\-' - TARGET =
104 2100 104
X X
(x» x
x /] %\ %
2000 2000
1200
| 112
100" | - él OO 106
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.shown) to a 10 hori zontal Iy extending fl angd yEsBescription éch?...%&' &{

ri ng assenbly 152. 'The ~  chanber shield 1 G,B’elzgﬁmg)nde%ﬁ _____ 1
ground t hrough the adapter ring assenbl VESDrawm (s) éf%
space shield 130 al so has an upper flgadge 170 ast. ;15 B
hori zontal flange 162 of the adapter ring assenbly 152 Thé ""épag@ged """
shield 130, like 15- ~the chanber shield 106, Ji hroug

adapter ring assenbly 152. The t i)f wi&éﬂ?@ W’f%

di sk-shaped and is al so supporte NATECO!L ringrvassenbly 152.
However, the target 110 is negatﬂmﬁhﬁgl ase gﬁ d therefore should be

i nsul ated from the adapter ring Sﬁé’@'rﬂ:ﬂlyGllﬂzAMﬁ*ﬁFEﬁqléq%& ounded.

Accordi ngly, seated in a channel 176 formed in the undersi-de of the
‘target 110 is a ceramc 20 insul ation ring assenbly 172 which is al so
seated in a correspondi ng channel 174 in the ' upper side of the

adapter ring assenbly 152. The insulation ring assenbly 172, which S
may be made of a variety of insulative materials including ceramcs, spaces
the target - 110 fromthe adapter ring assenbly 152 so that the target

110 may be adeguapEh¥ THE INVENTION
" The present invention relates to plasma generators, and more particularly, to a
method and apparatus for generating a plasma to sputter deposit a layer of material in

the fabrication of semicanductor devices.

5 BACKGROUND OF THE INVENTION
Low pressure radio frequency (RF) generated plasmas have become convenient
sources of ene?getic ions and activated atoms which can be employed in a variety of
semiconductor device fabrication processes including surface treatments, dep'ositions,
and etching.processes. For example, to deposit materials onto a semiconductor wafer

10 using a sputter deposition process, a plasma is produced in the vieinity of a sputter
target material which is negatively biased. lons created within the plasma impact the
surface of the target to dislodge, i.e., “sputter” material from the target. The sputtered
materials are then transported and deposited on the surface of the semiconductor '

. wafer. '

15 éaﬁﬁered material has a tendency to travel in straight line paths, from the target
to the substrate being deposited at angles which are oblique to the surface of the
substrate Asa consequence materials deposnted in etched trenches and hoies of
sem!conductor devices having trenches or holes with a high depth to width aspect rat:o ‘

_ can bridge over causing undesirable cavities in the deposition layer. To prevent such

20 cavities, the sputtered material can be redirected into substantially verticei paths

ot T
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negatively biased. The target, adapt er and ceramic ri ng.assenbl i es are

provided with 25,  Oring sealing surfaces 178 to provide a vacuumtight.
‘fassenbly fromthe vacuum chanber flange 150 to the target 110.
14 The coil 104 of thezi |  ustrated enbodi ment is nmade of 2

inch by 1/8 inch heavy

Pr————

between the target and the substrate by negatively charging the _substréte and
positioning appropriate vertically oriented electric fields adjacent the substrate if the
sputtered material is sufficiently ionized by the plasma. However, material sputtered by -
a low density plasma often has an ionization degree of less than 1% which is usually
5  insufficient to avoid the formation of an excessive number of cavities. Accordingly, it is

desirable to increase the density of the plasma to increase the ionization rate of the
sputtered'material in order to decrease the formation of unwanted cavities in the
deposition layer. As used herein, the term “dense plasmé" is intended to refer to one
that has a high electron and ion density. '

10 There are several known techniques for exciting a plasma with RF fields
including capacitive coupling, inducti\).e coupling and wave heating. In a standard
inductively coupled plasma (ICP) generator, RF current passing through a coil
surrounding the plasma induces electromagnetic currents in the plasma. These
currents heat the conducting plasma by ohmic heating, so that it is sustained in steady

15 state. As shown in U.S. Pat. No. 4,362,632, for example.'current through a coil is
supplied by an RF generator coupled to the coil through an impedance matching-
network, such that the coil acts as the first windings of a transformer. The plasma acts
as a single turn second winding of a transformer.

In order to maximize the energy being coupled from the coil to the plasma, it is

20 desirable to position the coil as close as possible to the plasma itself. At the same time, -
However, it is also desirable to minimize the generation of particles being shed from
interior surfaces. These particles shed from interior surfaces can fall on the wafer itself
and contaminate the product. Accordingly, many_sputtering chambers have a generally -
annular-shaped shield enclosing the plasma generation area between the target and

25 the pedestal supporting the wafer. The shield provides a smooth gently curved surface
which is relatively easy to clean and protécts the interior of the vacuum chamber from

being deposited with the sputtering material. In contrast, it is believed that a coil and
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duty bead bl asted solid high-purity (preferably 99.995% pure) titanium or
copper ribbon formed into a three turn helical coil having a

“di aneter of 12-14 inches. However, other - ~ highly conductive

mat eri.al s and shapes may be utilized dependi ng upon the nmaterial 5

being sputtered and other factors. For &anple, the ribbon may be as thin

as 1/16 inch. Also, if the material -.to be sputtered is alum num
both the target and the coil should be made of high purity
aluminum In addition to the ribbon shape illustrated, hollow tubing

may be utilizéRY SHBPYTRG PEGtYreifer tha call genesallyigve eslativelyrsharply curved surfaces
The enbodi nentfraai whicH - wokdPbé RONS difelul td 8@3@5@5}1 ma{ER38q Sé?ﬂel:l ?ron]r tﬂg ‘311 and

1010 10 bei.ng used, but, of course as tew as one e rorra
coul d be used,tSEHBPQIENG structures ningddition; #is wlemfaatetheempgmmm cmeds coul d

al so be used, sQFfaé’e SRS bﬁl@fd' W‘éhl {end d fo shed fewe??é&:&@?%ﬁ&h&%dr&@ﬂ%ﬁ ermnent

magnet s could be used as wel
el ectrona@net sudaces QféhQ Mkamtseswbeumgstmgmet coils enable nore precise

tho ef fective 15 Ty 3 ebnsheh AR bo Bo4t3HR BRee M7 ool e 5 <BRET
| ead t o enhandasidessribed ini copeoding applicatior Seriel iNoL 08/589, 345, ffitedi Ndvefribert 5, 95
target 110 ontg yiBPH&BARND A ARATUS FORY ANELINE AHELICON WAVE IN A PLASMA
which is assigned to the assignee of the present application and is incorporated herein
10 by reference) so that the coil is shielded from the material being deposited. Such an
arrangement would minimize generation of particles by the coil and its supporting
structure and would facilitate cleaning of the chamber. On the other hand, it is
desirable to place the coil as close as possible to the plasma generation area inside the
shield, to avoid any attenuation by the spacing from the plasma or by the shield itself,
15 and thereby to maximize energy transfer from the coil to the plasma. Accordingly, it has
been difficult to increase energy transfer from the coil to the plasma while at the same
time minimizing particle generation and facilitating chamber cleaning.
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“col limation of the material dep05|ted fromthe target 110 onto the flne

features and ' structures of the substrate 112, particularly those
‘with very high aspect rati os, such.as deep, narrow trenches, vias
and contact holes. 20 : "Fig. 7 shows a cross-sectional view of a
magnetically shiel ded helical coil. 104 % accordance w th anot her
enmbodi ment of the present invention in which the generation of
particulate matter by the coil 104 is reduced by a somewhat different
structure to reduce contanination of the substrate 112. In the

enbodi ment of SEMMARY Qft FHERRERERAED EMBODIMENTfs 2100 are generated by
per manent nagnets , ' fol ' in the
hi gh density plas Aﬁg%oowgpﬁhrgir%eagﬂ%‘ﬁggﬁg t’ ﬁgqﬁﬁﬁmﬁgﬁg&{dﬁ%@
magneti c fi el dpparats forig@nerating agiasmegwithie achambérand forl sputtetdepoaitidg adayer of

t he hi _gh wnicﬂ%%lﬁtey f&lp?%gal%gpposggqhé ng\;e%gﬁt ongatlrﬂftét?dns' ons, from

| npacting the iIca
5 These and other objects and advantages are achleved by, in accordance with

one aspect of the invention, a plasma generating apparatus which inductively couples

electromagnetic energy from a coil which is magnetically shielded from the plasma and

ioniied target material so as to minimize the deposition of target material onto the caoil.

As a consequence, contamination of the workpiece by particulate matter shed by the
10 coil may be reduced.

In a preferred embodiment, an apparatus for energizing a plasma within a
semiconductor fabrication system to sputter material onto a workpiece may include a’
semiconductor fabrication chamber having a plasma generation area within the
chamber, a coil carried by the chamber and positioned to couple energy into the plasma

15 generation area, and an arrangement of magnetic fields pos_itioned to reduce sputtering
from the cotl onto the workpiece. Alternatively, the arrangement of magngtic fields may
by positioned also to reduce sputtering from the target onto the coil. The target and cail
may both include titanium, aluminum or other suitable materials. The apparatus may

 include one or more electromagnet_ coils carried by the chamber and positioned to

20 provide the arrangement of magnetic fields. Alternatively, the apparatus may include
one or more permanent magnets carried by the chamber and positioned to provide the
arrangement of magnetic fields.
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The hel i cal pat_hs 1200'appea'r substantially circul ar when

T 15
projected onto a plane - ~ substantially perpendicular to the nagnetic.
-field lines 2100, as shown in Fig. 7. The . proj ections of the

hel i cal - paths 1200 shown in Fig. 7 are appropriate for electrons since

the magnetic field Ilines 2100 are going8nto the plane of the figure on the
| eft side of Fig. 5 7 and are com ng out of the plane of the figure on
the right side of Fig. 7. The nagnetic - ~ conponent of the Lorentz
force in the ith direction F[err] on an el ectron noving with

vel ocity v[er BRIEFNDEBERIPTION OEATHEDRAWINGSagnetic -fiel d B[err] in the kth
direction (the di&gctlons 1

10

15

1isa perSpe%tlve partial cross-sectional view of a plasma generating

chamber in accordance with an embodlmen_t of the present invention.

Fig. 2 is a partial cross-sectional view of the plasma generating chamber of
Fig. 1 shown installed in a vacuum chamber. |

Fig. 3 is a schematic diagram of the electrical intérconnections to the plasma’
generating chambers of Figs. 1-2. '

Fig. 4 is a schematic diagram of alternative electrical interconnections to the
plasma generating chambers of Figs. 1-2.

Fig.5is é schematic cross-sectional view of a plasma generating chamberin
accordance with the embodiments of Flgs 1-4.

Fig. Bisa graph schematically depicting the magnitude of the axial magnetic
field strength of the magnetic shield of Fig. 5.

Fig. 7 is a cross-sectional view of a plasmé generating chamber in accordance
with yet another embodiment of the present invention.

Fig. 8 is a schematic, plan view from above of components of the plasma
generating chamber in accordance with the embodiment of Fig. 7.

..{‘-\!‘,
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and 3 formng a right-handed coordi nate systen) is given by [err]
where the absolute value of the electric charge e of an electron is 10
*1. 60218920. 0000046x10[ err] Coul onbs, the speed of light ¢ is
2.997924580. 000000012x100[err]’cnfsec,'and.[err] is the conpletely

antisymetric tensor - [err] [err]l8Lerr] all other conponents
vani shing identically). For ~exanple, in Fig. 7, . with the 1 direction
hori zontal, the 2 direction vertical and the 3 direction nornal "to

the plane of the figure, on the left side of Fig. 7, when the magnetic 15
field |ine 21DETA{LEDDESCRIPPICMEFAHE DRAWINGS: i n the negative 3 direction

B =0, B | t he pl
Of the figurs is JHETHSIRFECRokP Pasma cencralor f sckeBnd Wi a8 ) co. © o
vlerr]=v, v[eembsdiinent bitheapgsent invantiop edmpiisesfa §dbetahﬁa_ll$mymdheal(mash& to the

right chamber 100 which is received in a vacuum chamber 102 (Fig. 2). The plasma
5 chamber 100 of this embodiment has a single helical coil 104 which is carried internally
of the vacuum chamber walls .108 (Fig. 2) by a chamber shield 106. The chamber
shield 106 protects the interior walls 108 (Fig. 2) of the vacuum chamber 102 from the
material being deposited within the interior of the plasma chamber 100.
Radio frequency (RF) energy from an RF generator 3040 is radiated from the coil

10 104 into the interior of the plasma chamber 100, which energizes a plasma within the
plasma chamber 100. An ion flux strikes a negatively biased target 110 positioned
above the plasma chamber 1-00. The plasma ions eject material from the target 110
onto a substrate 112 which may be a wafer or other workpiece supported by a pedestal
114 at the bottom of the plasma chamber 100. A rotating magnet assembly 116

15 provided above the target 110 produces magnetic fields which sweep over the face of
the target'1 10 to promote uniform erosion by sputtering of the target 110.

As will be explained in greater detail below, in accordance with one aspect of the
present invention, the coil 104 is magnetically shielded by magnetic fields generated by
electromagnet coils 1000 and 1010 so as to minimize sputtering of material from the

20 coil 104. In addition, the deposition of target material onto the coil 104 may also be
reduced. As a consequence, contamination of the substrate 112 by material spuitered
from the coil 104 or by particulate matter shed by the coil 104 may be reduced.

Fig. 3 is a schematic representation of the electrical connections of the plasma

. generatlng apparatus of this |llustrated embodtment To attract the ions generated by
25 the plasma the target 110 is preferably negatively biased by a variable DC power
' source 3000. In the same manner, the pedestal 114 may be negatwely biased by a
variable DC power source 3010 to bias the substrate 112 negatively to attract the

)
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“in the p05|t|ve 1 direction (F[err]—-[err]ev[err]) when the electron's
velocity in the plane of the figure is'to the right in the positive 1
-direction (v[err]=v, v[err]=0, 20 - v[err]=0), the magnetic conponent of
the Lorentz force is downward in the negative 2 - direction (F[err]=0,
Flerr]=-[err]], F[err]=0); when the elengon s velocity in the - pl ane
of the figure is dowward in the negative 2 direction (v[err]=0, v[err]=-v,
vierr]=0), the magneti c conponent of the Lorentz force is to the
left in the ne r]=[err =0,

Flerr] 20) ;  andUOREh SeRENen A PORl @ hpcubetaty 11 (170 Blive pmbodiment, as
shown in Fig. 4, the pedestal 114 may be biased by a high frequency RF power source
. to bias the substrate 112 so as to attract the ionized deposition material more uniformly
to the substrate 112. One end of the pedestal 114 is coupled to an RF source such as
5 the output of an amplifier and matching network 3025, the input of which is coupled to
an RF generator 3045. The other end of the pedestal 114 is coupled to ground,
preferably through a capacitor 3065, which may be a variable capacitor. Alternatively,
as set forth in copending application Serial No. 08/677,588, entitled A METHOD FOR
PROVIDING FULL-FACE HIGH DENSITY PLASMA PHYSICAL VAPOR DEPOSITION,
10 filed July 9, 1996 (Attorney Docket # 1402/PVD/DV) and assigned to the assignee of
the present application, which 'applicqtion is incorporated herein by reference in its
entirety, an external biasing of the substrate 112 may be omitted. |
One end of the coil 104 is coupléd to an RF source such as the output of an
amplifier and matching network 3020, the input of which is coupled to an RF generator
16 3040. The other end of the coil 104 is coupled to grodnd. preferably through a
' 'capacitor 3060, which may be a variable capacitor. Similarly, one end of the
electromagnet coil 100b may be coupled to a DC power source such as the output of a
transformer and rectifying circuit 4020, the input of which is coupled to an AC power
generator 4040. The other end of the electromagnet coil 1000 is coupled to ground,
20 preferably through a resistor 4060, which may also be a variable resistor. Likewise, one:
end of the electromagnet coil 1010 may be coupled to an DC power source such as the
“output of a transformer and rectifying circuit 5020, the input of which is coupled to an
AC power generator 5040. The other end of the electromagnet coil 1010 is coupled to
ground, preferably through a resistor 5060, which may also be a variable resistor.
25 Alternatively, both electromagnet coils 1000 and 1010 may be identical, or both may be
coupled to a common DC power generator, of course, or one or more AC power
sources may be used. One or rmore of the electromagnet coils such as 1000 and 1010
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16 o the figure is to the left in the negative 1 direction
(vlerr]=-v, v[err]=0, v[err]=0), the nmagnetic ~conponent of the
:Lorentz force is upward in the positive 2 direction (F[err]=0,
Fl[err], F[err]=0), resulting in a clockw se rotation of the electron in the
pl ane of the figure, as shown on the | eBt—side of Fig. 6. Sinilarly, on the
right side of Fig. 5 7, when the magnetic field line 2100 is out of the
pl ane of the figure in the positive 3 direction (B[err] =0,
B[ err] =0, B[er-rlngB)D and the electron's velocity in the plane of the figure
i s upwal"@Y Pf SURECRIISINGMsmayindipes sthigh tegineratyie fjlQy-fgmRgerature

vierr]=0), the sRERCINIACHYTAKBAAE, BYoddnRally cooled ad-RéBl ZariddHi®d e O the
left in the negative 1 direction (Flerr]=-e[err], "~ F[err]=0); when
the el ectron's FeFUEREFdifom ARy pawasSuBRly oRes engfaizedi s to the left in the 10

negative 1 directiorFig \q shehiativally Yégesdritd the'dpRFdtion @F theldiectioRERARE! Gils 1000
conponent of the Lorentz force iS = downward in the negative 2
di rection ([ er #d=t0104pdpdyce.the spyttering of matayial frof die ¢qile! 04, and'to reduce the

generation of particulate matter by the coil 104, and hence reduce contamination of the
substrate 112. As shown in Fig. 5, magnetic field lines 1100 are generated by the
electromagnet coils 1000 and 1010, causing the energized electrans from the high '
density plasma 900 to spiral in helical paths 1200 around the magnetic field lines 1100,
10 deflecting the energized electrons from impacting the helical coil 104. The deflection of
the energized electrons by the magnetic field lines 1100 dlso creates an electric field
along the general direction of motion of the deflected electrons, deflecting energized
ions of the high density plasma 900 and target material ions from impacting the helical
coil 104. Furthermore, the magnetic field lines 1100 are believed to squeeze the high
15 density plasma 900 inward toward the central axis of the plasma chamber 100, creating
a buffer region from a few mm up to a cm or more, depending on the strength of the
magnetic field lines 1100, radially inward from the coil 104, advantageously avoiding
direct plasma heating of the coil 104. More specifically, the magnetic field lines 1100
‘deflect the energized electrons of the high density plasma 800 away from the coil 104
20 to a path around the coil 104 to the grounded.chamber shield 106. This inhibits the
energized electrons from lingering in the immediate vicinity of the coil 104 and ionizing
precursor gas atoms and molecules that could sﬁutter material from the coil 104, which
could in turn contaminate the substrate 112. Still further, the magnetic field lines 1100
can magnetically shield the coil 104 to a limited extent from ionized deposition material
25 which was originally ejected from the target 110. As a consequence, the accumulation
of target material on the coil 104 can be reduced, thereby reducing the formation of
particulates that could subsequenfly dislodge from the coil 104 and fall upon and
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—————

el ectron's vel ocity in the plane of the figure 'i-S'doWnWard_ i_h t he neg'ative '

2 direction (vlerr]=0, v[err]—-v v[err]=0), the magnetic conponent
. of the Lorentz force is to t he right in the . positive 1 direction -
(F[err]—-[err] F[ err] =0, F[err]—O) and when the electron's 15 - velocity
in the plane of the figure is to the right in the positive 1 direction
(vierr]=v, v[err]=0, " v[err]=0) the magnetic conponent of the.
Lorentz force is upvvard in the positive 2 direction (F[err]=0,
Flerr]=-[err]/c=evB/c, F[err]=0), resulting in a::counterclockw se rotation
of the or@a@mat%welwbﬁ eﬁﬂanEy@f:almmgnﬁngtﬁl@strqwﬂﬁmrajed byhtker i ght
side of Fig.
magnetic fiel elctlrcr:]ne'iggréeltggﬂs é%ogr%@ddﬁ gﬁ‘%r@giﬁﬁ 2 agéﬁg?lée)ﬁ Eg?ﬁ%?% '%B%

perforns a si fﬁﬂgérOfﬁQﬂdplféﬁusﬁo Typigal ecbectmne!edatlas in teckigh density plasmaeaoa at80 of
t he enbodi nent, ¢le §iddor foPemdr e specifically, the magnetic field lines
2100 negnetica Iy shi e?d the coil 104 to a.linited extent from deposition
mat eri al Hei ng Fig. 6 scljestaticallyf ifustnatdsea prafegret nba@INif@M afrarfgementior thas

enor g1 red o eFEEB RS Febrtc dieteréft oy tns a5 iy Pt pddifat ey
coil 104 and distamocd xtfiven thei denfrﬁlélsytmnéti‘yea:@s" cfithel pldsmh ahirabersttioe |Fdr dfmpid hdss

&r g?’ﬁln:; of tﬁl"é‘ovérb\neﬁgg1 ttgshéleé\gm u ecgfrtl%)enr%aar;e%c ﬁe‘dn %F’nsl;tﬂga HF .rS;]m the axw(:ljl late

direction at the position x, closer to the central symmetry axis of the plasma chamber

10 100 is less than the magnitude of the magnetic field strength b (Fig. 5) in the axial
direction at the position x, more distant from the central symmetry axis of the plasma
‘chamber 100. Consequently, the influence of the magnetic field lines 1100 on the
central region of the high density plasma 900 may be diminished in such a preferred
non-uniform arrangement for the magnitude of the magnetic field strength B, in the axial

15 direction, whereas the effective magnetic shielding on the pt_ariphery of the high density
plasma 900 may be enhanced.- Typical values for the magnitude of the magnetic field
strength B, in the axial direction, at large distances x from the central symmetry axis of
the plasma chamber 100, are on the order of 80 Gauss, as shown in Fig. 6. Typically,
in preferred embodiments, it is believed that the magnitude of the magnetic field

20 strength'B generally falls off exponentially inward from the edge toward the central
region of the high density plasma 900, given the relatively large conductivity of the high
density plasma 900.

Fig. 2 shows the plasma chamber 100 installed in the vacuum chamber 1020fa -

physical vapor deposition (PVD) system. Although the plasma generator of the present

25 inventicn is described in connection with a PVD system for illustration purposes, it
should be appreciated that a plasma generator in accordance with the present invention
is suitable for use with other semiconductor fabrication processes utilizing a plasma,
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~ionizing precursor gas atonms and nol ecul es that coul d sputter

material fromthe coil _ 104 that. coul d subsequently contarni nate the

‘substrate 112.

Fig. 8 schematically shows a top plan view of

a preferred al t'-er'nat'i-ng - arrangenent for the permanent magnets 2000
of the enmbodiment of Fig. 7. In addi_tig_&ﬂ_

10

15

20

25

including plasma etch, chemical vap'or deposition (CVD) and various surface treatment
processes. _

The coil 104 is carried on the chamber shield 106 by a plurality of coil standoffs
120 (Fig. 1) which electrically insulate the coil 104 from the supporting chamber shield
108. In addition, the insulating coil standoffs 120 have an internal labyrinth structure
which permits repeated depbsition of conductive materials from the target 110 on_tb the
coil standoffs 120 while preventing the formation of a complete conducting path of
deposited material from the coil 104 to the chamber shield 106 which could short the
coil 104 to the chamber shield 106 (which is typically grounded). .

RF powér is applied to the coil 104 by feedthrough bolts 356 (Fig. 2) which are
supported by insulating feedthrough standoffs 124. As set forth in copending
application Serial No. 08/647,182, entitled RECESSED COIL FOR GENERATING A
PLASMA, filed May 9, 1996 (Attorney Docket # 1186/PVD/DV) and assigned to the
assignee of the present application, which application is incorporated herein by
reference in its entirety, the feedthrough standoffs 124, like the coil support standoffs
120, permit repeated deposition of conductive material from the target onto the
feedthrough standoff 124 without the formation of a conducting path which could short
the coil 104 to the chamber shield 106. As shown in Fig. 2, the coil feedthrough
standoff 124, like the coil support standoff 120, has é generally disk—shaped insulative
base member 350 and a generally cylindrical cover member 352 of bead blasted
titanium which covers the insulative base member 350. The base member 350 and
cover member 352 form an internal labyrinth structure somewhat similar to that of the
coil standoff 120 to prevent the formation of a short between the coil 104 and the wall
140 of the shield. The feedthrough standoff 124 has a central aperture through which
extends the threaded conductive feedthrough bolt 356 through which RF power is
applied to the coil 104. The feedthrough boit 356 is received by a titanium sleeve 358
which has a termination sleeve 359 of bead blasted titanium which receives the coil
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:5 the per manent magnets 2000 may be nechani caIIy rotated with respect to

the coil 104 - about the central axis of syrmetry of the plasm
‘chanber 100 to provide nore uniform . magnetic shielding of the coi
104 from energi zed el ectrons and ions of the high density pl asma 900
and target material ions. ~1lp.each of the enbodi nents

di scussed above, multiple turn coils 104 and 204 10 were used, but, of
course, single turn coils may be used instead. Still further, instead of

the ri bbon sha e coils 104 and 204 illustrated, each turn of the coil 104
or 204 may be104. The faegfiyeyahttandofi 124 insequmd toshewalb itef tha sbieldbyrtheg as

d bed d
OIS PoR E;EN%@R%%F%G“%%E%@WEW the interiorSile, 8 il PB'AHY dtdgsifiebied
1996 ( At t or nepntoda teedthraigrobaty ﬁﬁmav;heaade@wegmldmﬂs Thetngt 3663!sasaceghee
of the preseng,aAnpd Wéf'l‘%@By aﬂ@é&ﬂcﬁpmﬁn‘é@tél-ﬁ’isé@ %rﬂ%’m%fo §p &le U IR DY

reference in 1ts ent nents di scussed
above utidiz ealeatnsalmgneeqtm 368 gonniets thefeadthrough 356 thamBE rgenetates 13040 (sHosvn

o 2o o oA, S Rl B Bopmt
i nvention Fig. 3). _
Electromagnet coils 1000 and 1010 are positioned externally of the chamber

shield 106, supported by electromagnet coil supports 1005 and 1015, respectively, as

10 shown in Fig. 2. Electromagnet coil support 1005 may be attached to adapter ring
assembly 152, and electromagnet coil support 1015 may be attached to vacuum
chamber wall 108. The electromagnet coil 1000 connects, through an adapter ring
assembly feedthrough (not shown), to a DC power source, as shown in Fig. 3. The
electromagnet coil 1010 also conneéts, through a vacuum chamber wall feedthrough

16 (not shown), to a DC power source, as shown in Fig. 3. Alternatively, one or both of the
electromagnet coils 1000 and 1010 may be connected to an AC power source, which
may cause the high density plasma 900 to rotate, which can lead to enhanced
uniformity of deposition of material from the target 110 onto the substrate 112.

As best seen in Fig. 2, the plasma chamber 100 of this embodiment has a dark

20 - space shield ring 130 which provides a ground plane with respect to the target 110
above, which is negatively biased. In addition, as explained in greater detail in the
aforementioned copending application Serial No. 08/647,182, the shield ring 130
shields the outer edges of the target from the plasma to reduce sputtering of the -target
outer edges. The dark space' shield 130 performs yet another function in that it is

25 positionéd to shield the coil 104 (and the coil support standoffs 120 and feedthrouéh

' standoffs 124) from the material being sputtered from the target 110.
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" 20 may be applied to nultiple coi'l chanbers for Ia’u-nchi ng hel i con waves

of the type.
< No. 08/ 559, 345,
APPARATUS  FOR

descri bed in aforenenti oned copendi ng applicat.ion ‘seri al
filed Novenber. 15, 1995 and entitled METHOD AND
LAUNCHI NG A HELI CON WAVE I N A PLASMNA.

The appropriate RF generators and matchl®g circuits are conponents well 25

known to those skilled in the art. For exanple, an RF generator such as the
ENI ‘Cenesi s series which has the capability to "frequency hunt" for

t he best frequency “match with the matching circuit and antenna is

suitable. The

10

15

20

25

f r equidnaiy iligstrated embodiment, the dark space shield 130 is a closed continuous
ring of (diamagnetic) titanium or (non-ferromagnetic) stainless steel or (non-magnetic

_nickel) having a generally inverted frusto-conical shape. The dark space shield extends -

inward toward the center of plasma chamber 100 so as to overlap the coil 104 by a

_distance d of 1/4 inch. It is recognized, of course, that the amount of overlap can be

varied depending upon the relative size and placement of the coil 104 and other factors.
For .example, the overlap may be increased to increase the shielding of the coil 104
from the sputtered material, but incréasing the overlap could also further shield the
target 110 from the plasma which may be undesirable in some appiications.
Alternatively, the amount of overlap between the dark space shield 130 and the coil 104
may be decreased by moving the coil 104 closer in toward the center of plasma
chamber 100 sb as to increase the energization of the high density plasma 900.
Although such a decrease in overiap may reduce the shielding, by the dark space
shield 130, of the coil 104 from the material sputtered from the target 110, the magnetic
shielding by the magnetic field lines generated by the electromagnet coils 1000 and
1010 may fully or partially compensate for the reduction in shielding by the dark space
shield 130. '

The chamber shield 106 is generally bowl-shaped and includes a generally
cylindrically shaped, verticaily oriented wall 140 to which the standoffs 120 and 124 are
attached to insulatively support the coil 104. The shiéld further has a generally annular- -
éhaped floor wall 142 whiéh surrounds the chuck or pedestal 114 which supports the
substrate 112 which has an 8" diameter in the illustrated embodiment. A clamp ring
184 clamps the wafer to the chuck 114 and covers the gap between the floor wall 142
of the chamber shield 106 and the chuck 114. Tﬁus, it is apparéent from Fig. 2 that the
chamber shield 106 together with the clamp ring 154 protects the interior of the vacuum
chamber 102 from the deposition materials being deposited on the substrate 112 in the
plasma chamber 100. As described more fully in the aforementioned copending
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‘generator. for generating the RF power to the coil 104 i$ preferably 2 Mz

but it is anticipated that the range can vary from for exanple, 1
Mz to 4 MHz. An RF power setting of 4.5 kWis preferred but a
range of 1.5-5 kWis satisfactory. In addition, a DC -~ power setting
for biasing the target 110 of 3 kWis ,Qierred but a range of 2-10 kW and
5 a pedestal 114 bias voltage of -30 volts DC is satisfactory. .

In the |IIustrat ed enbodi ments above, the chanber shield 106 has a dianeter
of ted that satisfactory results can be

a
obt ai ned wit h %Dpﬁ?aé&?ﬂt ﬁ?ﬂa'ﬁ' %169 7,588, entifiedy MEFHQP FOR" PR@M@IrgﬁiwusFmg be

fabricated fromeu BENSETY PRASHIRIFHYSILAL VIBOR DE®OSITION, fi flgh%gl PM
materi al s such as ceram cs or cl:éjartz However, the shi metal 10

surfaces | i kel§tegep Dokttt OZRYP/OND therigap ringtreay be elimieated. eTIae chidmyberade
of a material shield 106 also is preferably formed of (diamagnetic) titanium or (non-ferromagnetic)

5 stainless steel or (non-magnetic nickel), like the dark space shield 130.

The vacuum chamber wall 108 has an upper annular flange 150. The plasma
chamber 100 is supported by an adapter ring assembly 152 which engages the vacuum
chamber wall flange 150. The chamber shield 106 has a horizontally extending outer

. flange member 160 which is fastened by a plurality of fastener screws (not shown) to a
10 hdrizontally extending flange member 162 of the adapter ring assembly 152. The
chamber shield 106 is grounded to the system ground through the adapter ring
assembly 152, -

The dark space shield 130 also has an upper flange 170 which is fastened to the

horizontal flange 162 of the adapter ring assembly 152. The dark space shield 130, like
16 the chamber shield 106, is grounded through the adapter ring assembly 152.

- The target 110 is generally disk-shaped and is also supported by the adapter
ring assembly 152. However, the target 110 is negatively biased and therefore should
be insulated from the adapter ring assembly 152 which is grounded. Accordingly,
seated in a channel 176 formed in the underside of the target 110 is a ceramic

20 insulation ring assembly 172 which is also seated in a corresponding channel 174 in the
upper side of the adapter ring assembly 152. The insulation ring assembly 172, which
may be made of a variety of insulative materials including ceramics, spaces the target
110 from the adapter ring assembly 152 so that the target 110 may be adequately
negatively biased. The target, adapter and ceramic ring assemblies are provided with

25 O-ring sealing surfaces 178 to provide a vacuum tight assembly from the vacuum
chamber flange 150 to the target 110.
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such ‘as stainless steel or c'opper, unl ess- made of ‘the same material as the

sputtered target ‘material. The material of the st r-uc'tyre V\/m ch will
- be coated should have a - coefficient of thernmal expansion which
closely matches that of- the material being - sputtered to reduce -

flaki ng of sputtered material fromthe-&-ﬁ-l_eld or other structure onto 15 _
the wafer. In addition, the material to be coated should have good adhesi on
to the - sputtered material. Thus for exanple if the deposited ;
' bracket s

Tnd ot her st ruct ur 8 iR el s®ied empocimgt e of £ frcf BY e inen hedi
Any surfaces mmaab@sm@w hlgbl-gurltyo(psaierhbli?drgs QQBW’pL&é) tithrdurarg g@é’ﬁ? ntﬁi;nloﬁ he
I e made 0 e
come type of Tineh FEHRH I HRRR Sl faynd s aGerRles o kA Inghes.( Bowevasmthey

f or exalrrpl e. Bghlycondective fnatérblsrmiﬂha@les rfaylbe utilized depedﬁﬁ@ﬁbérﬁtﬁe'rﬁat@nal
material Ot

.t han referred netal _is the deposited
materi al ,” st aFﬂF%gguiq’%chnéj%Fr | ZOr examplec thedibbap may b %éhmr?ﬁr%%mcby
coating the Also, if theshatuﬂélué a& sputtéieml é{@ﬂﬁﬂhﬁ%&@'ﬂi&o tlaFgét glﬁa‘gﬁr?eédu%ﬁoﬁlﬁ%e

23; 19 :E:e P?\QI:?I&’E‘F% °£B'QF‘PE '“'H@ éfba#@tipwotthﬁ fignophene @trated Heiow fubing
material s si nﬁ\eybb@tumldybﬁ@&ﬂﬁﬂtﬁ@ﬂa@?@&&ﬂb@&&néﬁe workpiece if sputtered
fromthe The embodiment of Figs. 1-5 shows only two electromagnet coils 1000 and 1010

10 being used, but, of course as few as one electromagnet coil could be used, and as
many as ten or more electromagnet coils could also be used, or a combination of
electromagnet coils and permanent magnets could be used as well. An advantage of
using more electromagnet coils is that more electromagnet coils enable more precise
shaping or “bottling” of the high density plasma 900, ‘which can increase the effective

15 electron density of the high density plasma 900 and lead to enhanced uniformity of
deposition of material from the target 110 onto the substrate.1 12, and greater magnetic
collimation of the material deposited from the target 110 onto the fine features and
structures of the substrate 112, particularly those with very high aspect ratios, such as
deep, narrow trenches, vias and contact holes.

20 Fig. 7 shows a cross-sectional view of a magnetically shielded helical coil 104 in
accordance with another embodiment of the present invention in which the generation
of particulate matter by the coil 104 is reduced by a somewhat different structure to
reduce contamination of the substrate 112. In the embodiment of Fig. 7, magnetic field
lines 2100 are generated by permanent magnets 2000, again causing the energized

25 electrons in the high density plasma 900 to spiral in helical paths 1200 around the
magnetic field lines 2100, deflecting the energized electrons and ions of the high
density plasma 900, and the target material ions, from impacting the helical coil 104.
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coil. " ' _ o 19 S .
~The wafer to target space is preferably about 140 mm (about 5.5"), but can
tange fromabout 1.5" to 8". For this wafer to target spacing, satlsflactory
stepped wafer - - bott om cover age has been achieved with a coil

di aneter of 11.4 inches spaced from

The helical paths 1200 appear substantially circular when projected onto a plane
- substantially perpendicular to the magnetic field lines 2100, as shown in Fig. 7. The

projections of the helical paths 1200 shown in Fig. 7 are appropriate for electrons since

the magnetic field lines 2100 are going into the plane of the figure on the left side of Fig.
5 7 and are coming out of the piane of the figure on the right side of Fig. 7. The magnetic

comporignt of the Lorentz force in the ith direction F,, on an electron moving with

velocity v; in the jth direction in a magnetic field B, in the kth direction (the directions 1, 2

and 3 forming a right-handed coordinate system) is given by

- 233 e, 8,

c,q k=1

where the absolute value of the electric charge e of an electron is

10 1.6021892+0.0000046x10*? Coulombs, the speed of light ¢ is

. 2.99792458+0.000000012x10'° cmlséc, and ey is the completely antisymmetric tensor

(€123=1=€31=€417-€213=-€137=-€ 3y, all other components vanishing identically). For
example, in Fig. 7, with the 1 direction horizontal, the 2 direction vertical and the 3
direction normal to the plane of the figure, on the left side of Fig. 7, when the magnetic

15 field line 2100 is into the plane of the figure in the negative 3 direction (B,=0, B,=0,
B,=-B) and the electron’s velocity in the plane of the.ﬁgure is upward in the positive 2
direction (v,=0, v,=v, v;=0), the magnetic component of the Lorentz force is to the right
in the positive 1 direction (F;,=-€,236V,Ba/c=evB/c, F,,=0, F,,=0); when the electron’s
velocity in the plane of the figure is to the right in the positive 1 direction (v,=v, v,=0,

20 v,=0), the magnetic component of the Lorentz force is downward in the negative 2
direction (F,,=0, F,,=-€,,;6v,B./c=-evB/c, F,,=0); when the electron’s velocity in the
plane of the figure is downward in the negative 2 direction (v,=0, v;=-v, v,=0), the
magnetic cbmponent of the Lorentz force is to the left in the negative 1 direction

(Fim=-€4208V,B,/c=-evB/c, F,,=0, F,,=0); and when the electron’s velocity in the plane.of
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-t he target by a distance of 1.9 inches. It has been -found -t hat incréas_i ng

the diameter of 5 t he coil- whi-ch noves the coil away fromthe v'vOrkpi ece
edge has an adverse effect on ' bottom coverage. On the other ' hand, :
decreasing the coil. diameter to nove the coil - closer to the wafer
edge can adversely effect |ayer uniforpikby. Deposi ti on

uniformty also appears to be a function of coil spacing fromthe
target. As preV| ously mentioned, a spacing of 1.9 inches between the coil

and t ar get has, been found satisfactory for a target to wafer spacing
of 140 nm (herf@‘-'f%@ tedgle in the negafive; beiracion (M Frdr VLBniaT: e RENFYE r om t he

target (or V\ﬁéﬁﬁbod@ﬁoﬁﬂﬁiﬁﬁfﬁééﬁ(ﬁ ward méhe 'thlfé@tlérﬁélﬁe =guni formty.
A variety of recursoradgases may l'1ze generate the bl asma

i ncl udi ng Ar, Fan=-€21s8V:BrfEreVg/c, dise'rQ)] F%ﬁlt'ﬂ@m ¢l9@<\ﬂg%@§ﬂ§n@ﬁths§lwﬂ'pem the
Crlerr] and ”BIEMe 8t fﬁ%rfﬁ;ur %_E'sgg\ﬁn %Fl‘ﬁ‘?éjlre %fde%?ngig ” S#)T/Hrﬁséwfhﬁsngﬂf ﬁdéHﬂE gbl €

I ncl udi ng pressures of . mlorr I oni
bet ween ® and wigam ﬂm!cmagnegc ﬁeldﬁiee 2480 fscut bttbe plameicf thei figwrain tb@gomee‘ﬂ

mat er ' al . . dir ctmﬂ éB 0, Bldo W \) anﬂ th& gfélfzt?&'i ? QQOW%f@tﬁ% éfriﬁé figure is

nmodi fi cati ons ésém’ enti on
upward in the positive 2 direction (v,=0, v,=v, v,=0), the magnetic component of the

Lorentz force is to the left in the negative 1 direction (F,,=-€,2€V,B./c=-evB/c, F,,=0,
Fin=0); when the electron’s velocity in the plane of the figure is to the left in the
10 negative 1 direction (v,=-v, v,=0, v,=0), the magnetic con‘_\pbnent of the Lorentz force is
downward in the negative 2 direction (F,,=0, F,,=-€,,,8v,By/c=-evB/c, F,,=0); when the
electron’s velocity in the plane of the figure is downward in the negative 2 direction
(v;=0, vy=-v, v,=0), tﬁe magnetic component of the Lorentz force is to the right in the
positive 1 direction (F,,=-€,,;6V,Bs/c=evB/c, F,,=0, F,,=0); and when the electron's
15 velocity in the plane of the figure is to the right in the positive 1 direction (v,=v, v,=0,
v,=0), the magnetic component of the Lorentz force is upWard in the positive 2 direction
(F,m=0, FmQ-ez,aev,lec=evBlc, F.»=0), resulting in a counterclockwise rotation of the
electron in the plane of the figure, as shown on the right side of Fig. 6.
The magnetic shielding provided by the magnetic field lines 2100 generated by
20+  the permanent magnets 2000 performs a similar function to that of the dark space
shield 130 of the embodiment o_f Figs. 1-5. More specifically, the magnetic field lines
2100 magnetically shield the coil 104 to a limited extent from deposition material being
ejected from the target 1 10' Still further, as mentioned above, the magnetic field lines
2100 deﬂect the energized electrons from the high density plasma 900 away from-the
25 coil 104 and around the coil 104 to the grounded chamber shield 106. This prevents
' the energized electrons from lingering in the immediate vicinity of the coil 104 and
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“various aspects, wll be apparent to.those skilled in the art, ‘sone bei ng

- apparent .only 20 after study, others being matters of routine nmechanical
sand el ectronic design. Qher . enbodi ments are al so possi-ble, their
speci fic designs dependi ng. upon the particul ar ~application. As such, .

the scope of the invention should not Bd-inited by the particul ar
enbodi nents herein descri bed but should be deflned only . by the appended
cl ai ms and equi val ents thereof.

ionizing precursor gas atoms and molecules that could sputter material from the coil - o
104 that could subsequently contaminate the substrate 112.
' Fig. 8 schematically shows a top.plan view of a preferred aiternating
arrangement for the permanent magnets 2006 of the embodiment of Fig. 7. In addition,
5 the permanent magnets 2000 may be mec_:hanically rotated with respect to the coil 104
about the central axis of symmetry' of the plasma chamber 100 to provide more uniform
magnetic shielding of the coil 104 from energized electrons and ions of the high density
plasma 900 and target material ions.
_ In each of the embodiments discussed above, muitiple turn coils 104 and 204
10 were used, but, of course, single turn coils may be used instead. Still further, instead of
the ribbon shape coils 104 and 204 illustrated, each turn of the coil 104 or 204 may be
implemented with a flat, open-ended annular ring as described in copending application -
Serial No. 08/680,335, entitled COILS FOR GENERATING A PLASMA AND FOR
SPUTTERING, filed July 10, 1996 (Attorney Docket # 1390-CIP/PVD/DV) and assigned
16 to the assignee of the present application, which application is incorporated herein by
reference in its entirety._
Each of the embodiments discussed above utilized a single coil in the plasma
chamber. It should be recognized that the present invention is applicable to plasma
_ chambers having more than one RF powered coil. For example, the present invention
20 “ may be applied to multiple coil chambers for launehing helicon waves of the type
described in aforementioned copending application serial No.08/559,345, filed
'Nov_ember 15, 1995 and entitlied METHOD AND APPARATUS FOR LAUNCHING A
HELICON WAVE IN A PLASMA. _
The appropriate RF generators and matching circuits are components well
25 known to those skilled in the art. For example, an RF generater such as the ENI
Genesis series which has the capability to “frequency hunt” for the best frequency
match with the matching circuit and antenna is suitable. The frequency of the
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"WHAT 1S CLAIMED | S 1. - An apparat us for energi zing a
plasma. within a sem conductor fabrication - systemto sputter nmaterial
sonto a workpi ece, the apparatus conpri sing: a '

~ seni conductor fabricatioon chanber having a pl asma generatlon area

wi t hi'n” sai d chanber; 5 _ -~ . 183 coil carried by said chanber and -

positioned to couple energy into said pl asma generation area; and
an arrangenent of magnetic fields p05|t|oned to reduce sputtering from

said coil

10

15

20

25

onto sai d workpi ece.

generator for generating the RF power to the coil 104 is preferably 2 MHz but it is
anticipated that the range can vary f_rom, for example, 1 MHz to 4 MHz. An RF power
setting of 4.5 kW is preferred but a range of 1.5-5 kW is satisfactory. In addition; a DC
power setting for biasing the target 110 of 3 kW is preferred but a range of 2-10 kW and

" a pedestal 114 bias voltage of -30 volts DC is satisfactory.

In the illustrated embodiments above, the chamber shield 106 has a diameter of
16", but it is anticipated that satisfaétory results can be obtained with a diameter in the
range of 6"-25". The shields may be fabricated from a variety of materials including
insulative materials such as ceramics or quartz. However, the shield and all metal
surfaces likely to be coated with the target material are preferably made of a material
such as stainless steel or copper, unless made of the same material as the sputtered
target material. The material of the structure which will be coated should have a
coefficient of thermal expansion which closely matches that of the material being
sputtered to reduce flaking of sputtered material from the shield or other structure onto
the wafer. In addition, the material to be coated should have good adhesion to the
sputtered material. Thus for example if the deposited material is titanium, the preferred
metal of the shields, brackets and other structures likely to be coated is bead blasted
titanium. Any surfaces which are more likely to sputter, such as the end caps of the coil
and feedthrough standoffs, would preferably be made of the same type of material as
the target, such as high purity titanium, for example. Of course, if the material to be
deposited is a material other than titanium, the pfefel‘red mefal is the deposited
material, stainless steel, for example. Adherence can also be improved by coating the
structures with molybdenum prior to sputtering the target. However, it is preferred that
the coil (or.any other surface likely to sputter) not be coated with molybdenum or other
materials since the molybdenum can contaminate the workpiece if sputtered from the
coail.

REPLACEMENT SHEET

16 JAN 1998

4




" 2. The apparatus of claim1 includi ng' a target i ncl udi_-hg titani um

wher.ei n

said coil includes titanium’ _ 3. The

sapparatus of claim1 including a target i ncl udi ng al um num wherein

said coil

including a plurality of electromgnet ils

i ncl udes al um num 4. .The apparatus of claim1
carried by said chanber

and positioned to provide said arrangenent of rragnet ic fields.
5. The apparatus of claim1 including a plurality of permanent rragnets

carried by said Ch?H@Wafé?’@tgtd?@é'sbéc?@ﬁ%réfgra%fyoa\ﬂoqﬁmg _(QE&R%%T%H{ can

magnetic fields

10

15.

20

range from about 1.5" to 8". For this wafer to target spacing, satisfactory stepped wafer
bottom coverage has been achieved with a coil diameter of 11.4 inches spacéd from
the target by a distance of 1.9 inches. - It has been found that increasing the diameter of
the coil which moves the coil away from the workpiece edge has an adverse effect on
bottom coverage. On the other hand, decreasing the coil diameter to move the coil
closer to the wafer edge can adversely effect layer uniformity.

' Deposition uniformity also appeafs to be a function of coil spacing from the
target. As previously mentioned, a spacing of 1.9 inches between the coil and target
has been found satisfactory for a target to wafer spacing of 140 mm. Moving the coil
vertically either toward or away from the target (or wafer) can adversely effect

deposition layer uniformity.

A variety of precursor gases may be utilized to generate the plasma including Ar,
H,, O, or reactive gases such as NF,, CF, and many others. Various precursor gas
pressures are suitable including pressures of 0.1 - 50 mTorr. For ionized PVD, a
pressure between 10 and 100 mTorr is preferred for besf ior;ization of sputtered
material. )

It will, of course, be understood that modifications of the present invention, in its
various aspects, will be apparent to those skilled in the art, some being apparent only
after study, others being matters of routine mechanical and electronic design. Other
embodiments are also possible, their specific designs depending upon the particular
application. As such, the scope of the invention should not be limited by the particular
embodiments herein described but should be defined only by the éppended_ claims and
equivalents thereof.
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6. An apparatus for energizing a plasma within a sem conduct or
fabrication syst emto sputter nmat erial .onto a wor kpl ece, the
appar at us cornpri si ng: : a sem ¢on rication

'chanber havi ng a pl asna lgene.r. atlon .ar ea__z_L | | \!‘\“!“\l\l“‘lﬂ\‘\!“\m \

WHAT IS CLAIMED iS:

1. An apparatus for energizing a plasma within a semiconductor fabrication
system to sputter material onto a workpiece, the apparatus comprising:
a semiconductor fabncatlon chamber havmg a plasma generation. area
within said chamber; .
5 ~ acoil carried by said chamber and positioned to couple energy into said
plasma generation area; and ) '
_ an arrangement of magnetic fields positioned to reduce sputtering from
said coil onto said workpiece.

2. The apparatus of claim 1 including a target including titanium, wherein
said coil includes titanium.

3. The apparatus of claim 1 including a target including aluminum, wherein

said coil includes aluminum.

4, The apparatus of claim 1 including a plurality of electromagnet coils
carried by said chamber and positioned to provide said arrangement of magnetic fields.

‘5. The apparatus of claim 1 including a plurality of permanent magnets
carried by said chamber and positioned to provide said arrangement of magnetic fields.
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"5 within said chanber; | asputtering target carried

- within said chanber and made of a first = - material, said target bei- ng
spositioned to sputter said target material onto s
a coil carried by said chanber and for rred of t he “ll“/l““ erl I as
10 said target; and _ first an csetcornd el eet r omagnet
coils carried by said chanber and p03|t|oned to provide an .
arrangenent of magnetic fields positioned to reduce sputtering from

said coil onto sai@ V"OrKﬁ'aSE&ang f?r energizing a glasmé within QEerﬁEBﬁ&@:ttdﬁa Q{c:aﬁér?' m

6 wherein said first and .secon ectrona S are positloned
so that a magriysieetaoiPuenmgiesal ants A sotkpircee thp dptacatynibemensingl |y at a

m ni num substantial ly af ¢@8mgBREGRr fé&%‘aﬁ&h %an?d@r tlafiRG IR flsma generation area
5 within said chamber;

a sputtering target carried within said chamber and made of a first
material, said target bei.ng positioned to Sputter said target material onto said
workpiece;

- a coil carried by said chamber and formed of the same type of material as
1L said target; and '

first and second electromagnet coils carried by said chamber and
positioned to provide an arrangement of magnetic fields positioned to reduce sputtering.
from said coil onto said workpiece. |

7. The apparatus of claim 6 wherein said first and second electromagnet
coils are positioned so that a magnitude of a magnetic field strength is substantially at a
minimum substantially at a central region of said chamber.

8. The apparatus of claim 8 including:
a first source for applying a DC bias to said target;
a second source for applying a DC bias to said workpiece; and
anRF generator for applying RF power to said coil; and
5 a third source for applying DC power to said first and second
electromagnet coils.
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8.

source for applying a DC bias to said target;

The apparatus of claim®6 includi ng L o a fi r st

an RF generator for applying RF power to said coi l

Source for applying a DC bias to saic W;’rkp' andﬂ(!lllﬂlllllIIIIHlIlI\HIl\ |

a third source for applying DC power te28aid first
el ectromagnet coils.

LN

£1%

5
5

cails.
5

coil.

10.

11.

second

The apparatus of claim 6 including:

a first source for applying a DC bias to said target;

a second source for appl.ying a DC bias to said workpiece; and

an RF generator for applying RF power to said coil;

a third source for applying DC power to said first electromagnet coil; and

a fourth source for applying DC power to said second electromagnet coil.

The apparatus of claim 6 including:

a source for applying a DC bias to said target;

an RF source for applying an alternating bias to said workpiece; and
an RF generator for applying RF power to said coil; and

a source for applying DC power to said first and second electromagnet

The apparatus of claim 6 including:

a source for applying a DC bias to said target;

an RF source for applying an alternating bias to said workpiece; and

an RF generator for applying RF power to said coil;

a first source for applyihg Dc power to said first electromagnet coil; and
a second source for applying DC power to said second electromagnet

a second
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9. The, appar at us of claimé |nclud| ng. -~ I af'r':f source
for applying a DC bias to said ta

arget ;
generator for applyi ng Re S?L\,Sr“f;kﬁg.egeco?.“" IIIIIII |||I|| Il ||Il| II lIIl Sl
source for applying DC power to said fl3st el ectromagnet COI| and

a fourth source for applying DC power to said second eI ectromagnet coil.
10. The apparatus of claim6 including: a source for

applying a DC bi as14 0 @i ghphdtcior ener xzmg a plasma wutlan a seﬁ%oﬁ&&%ﬁﬁcaftl%
appl ying an alternating blas to saird | 'ece;
system to sputter material onto a workplece the apparatus comprising:
a semiconductor fabrication chamber having a plasma generation area
within said chamber; ' _ '
5 a coil carried by said Chamber and positioned to couple energy into said
plasma generation area; and |
an arrangement of magnetic fields positioned to reduce sputtering from

said target onto said coil.

13. A method of depositing material on a workpiece, the method comprising
sputtering target material onto said workpie'cé from a target positioned
above said workpiece; and | -
magnetically shielding a coil positioned adjacent said workpiece to reduce
5 sputtering of coil material onto said workpiece from said coil.

- 14. The method of claim 13 including energizing a plurality of electromagnet
coils to provide said magnetic shielding of said coil.

( 15.  The method of claim 13.wherein $aid target material and said coil material

are the same type of material.

16. The method of claim 13 including positioning a plurality of permanent
magnets to provide said magnetic shielding of said coil.
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an RF generator for applying RF poWer to said coil;_and 5
a source for applying DC power to said first and second el ectronmagnet

Lour e for appl ying 4 DC bl ss to el dotarget SRR .-

source for applying an alternating bi as2fe-sai d work pi ece; dnd® ¢
an RF generator for applying RF power to said coil; 5 a
first. source for applyi ng' DC power to said first el ectromagnet coil; and

a second source fo_ a to sai.d second el ectromagnet
coi | . {7 p'?\ %e&%dD?dgposmng mater?al on a workpiece, the method comprising

sputtering target material onto said workpiece from a target positioned
- above said workpiece; and ,
magnetically shielding a coil positioned adjacént said workpiece tb reduce
5 sputte_ri-ng of target material onto said coil from said target.
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23 : .12.  An apparatus for energizing a plasma within a -
sem conductor fabrication systemto sputter material onto a

or kpi ece, the apparatus conpri sing: ~a sem conduct or
fabrication chanber having a plasma generation ar éa ~ within said :
chamber; 5 - "a coil carr2®d by said chanber and positioned

to coupl e enenaMHGH IS BMINATE R’:@fﬂ%ﬂi‘f‘ﬁﬁﬁ@r&%rﬁ@ . 18P CSOURCE
an arrange ering from
- ABSTRACT : _
A magnetic shield to reduce sputtering of an RF coil fora plasmé chamberin a
semiconductor fabrication system is provided. The magnetic shield also reduces

deposition of material onto the coil which in turn leads to a reduction in particulate
5  matter shed by the coil onto the workpiece.

Figure 1
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- said target onto said coil. S0 713 A nethod of depositing
material on a workpiece, the nmethod conprising - ' ' _ ' -
. sputtering target material onto sai-d workpiece froma target positioned

above sai d workpi ece; and ' - magnetically shielding a coil
- posi tioned adjacent said workpiece to reduce 5  sputtering of coi
material onto said workpiece fromsaid coil. 14. The nethod .
of claim 13 including energizing a plis=ality of el ectromagnet coils
~to provide said magnetic shielding of said coil. .- 15. The

met hod of claim 13 wherein said target materi al and said coil naterial
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- are.the sane type of naterlal - ; -.16.f'5

i ncl uding positioning a plurality of permanent - | RRBEMENEN
. said nmagnetic shleldlng of sald COI| - _
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17. A method of depositing nmaterial on a workpiece, the nethod conprising
sputtering target material onto said workpiece froma target positioned
above said workpiece; and magnetically shielding a coil

- positioned adjacent -said workpi ece to reduce 5 sputtering of target
material onto said coil fromsaid.target. °
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