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BACKGROUND OF THE INVENTION
. . Technical Field:
' The invention is related to fabrication of
microelectronic integrated circuits with a® inductively
coupled RF'plasma reactor and particularly to such reactors
having cailed RF antennas providing a highly uniforan plasma
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- ¢ Backaround Artg:
ﬁ; Inductively coupled plasma reactors are employed where
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high density inductively coupled plasmas are desired for
- processing semiconductor wafers. Such processing may be
" étchinq, chemical vapor deposition and so forth.

- fInducﬁiwgly coupled reactors typi&ally employ a coiled
‘« - antenna wound around or near a portion of the reactor
.chamber and connected to 4n RF power source. In order to
;prévide’a uniform etch rate or deposition rate aéross the
entire surface of a wafer, thHe plasma density provided by
. the coiled antenna must be uniform across the surface of the
semiconductor wafer. OHé Attemp to provide such a uniform
field is to wind the coildd antenna in a. flat disk parallel
to overlying the wafer, as disclosed?in“ﬂ.sx patent No.
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m<roel ectronic integrated circuits with a inductively coupled RF plasna
reactor and particularly to such reactors havi ng coi |l ed RF ant ennas
prgyiding a highly uniform plasm di stribution. Background Art:

| nductively coupled plasma reactors are enpl oyed where high density

I nductively coupled plasnas are desired for processi ng sem conduct or

waf ers. Such processing nay be et ching, chem cal vapor deposition and so
forth. | nductively coupl ed reactors tégically enpl oy a coiled ant enna

wound around or near a portion of the reactor  chanber and connected to
o POeT ROUIES A ST, (O PLAMLIS S ULOIMEL Sy RS
provi ded by the coiled antenna nust be uniformacross the surface of the
semoonductor vef ke o6 B WYL i BAOL SR TUN R A s 4 15 Lo
as di scl osedthat kiSere Phs emtlddyge potential difference between the

center of the antenna and the circumferential edge thereof,

with the result that the plasma can have a high ion density

or "hot spot" over the center of the wafer and a lower ion

‘density at the wafer periphery. This in turn causes the

etch rate --or deposition rate-- to be nonuniform across the

wafer surface. One way of ameliorating this problem is to-

limit the power applied to the antenna coil to a few hundred

watts so as to minimize the plasma non-uniformity. This

approach is not completely satisfactory because it limits

the etch rate (or deposition rate), thereby reducing

throughput or productivity of the reactor, and morecver does

not solve the problem of process non-uniformity across the

wafer surfacs.

another problem with inductively coupled reactors is
that any high voltage induced on the antenna coil leads to
capacitive coupling of RF power to the plasma. In other
words, capacitive coupling of RF power from the coiled
antenna to the plasma increases with the voltage on the
coiled antenna. Such capacitive coupling increases the ion
kinetic energy which makes it difficult for the user to
precisely control ion kinetic enérgy and thereby control
sputtering rate or etch rate. Capacitive coupling is
particﬁlarly pronounced in the flat disk coil antenna of
FIG. 1..

Therefore, there is a need for an inductively coupled
plasma reactor having a coiled antenna which provides a
highly uniform plasma across the wafer surface at high power
with only minimal capacitive coupling.



24,948,458 to Ogle. This concept is depicted in FIG 1. One
problémwith the flat coiled antenna of FIG 1 is that there is a large
patential difference between the center of the antenna and the
citcunferential edge thereof, with the result that the plasma can have a
hi gh ion density or "hot spot" over the center of the wafer and a | ower ion
density at the wafer periphery. This in turn causes the etch rate --or
deposition rate-- to be nonuni form acrossithe wafer surface. One way of
aneliorating this problemis to limt the power applied to the antenna coi
to a few hundred watts so as tSUMMARY R THE Ipvasmaomon- uni formty. This
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reactor, and Gasdadiag B8eponer seppbieddiprashRFmsolurgeodass mowagnithor ity

across the chamber of an inductively coupled plasma reactor which
processes a semiconductor wafer in the vacuum chamber, the
reactor having a gas supply inlet for supplying processing
gases into the vacuum chamber, the coil antenna including
plural concentric spiral cohductive windings, each of the
windings having an interior end near an apex of a spiral of
the winding and an outer end at a periphery of the spiral of
the winding, and a common terminal connected to the interior
ends of the plural concentric spiral windings, the RF power
source being connected across the terminal and the ocuter end
of each one of the windings. In a preferred embodiment, the
RF power source includes two terminals, one of the two
terminals being an RF power terminal and the other of the
two terminals being an RF return terminal which is connected
to ground, the common terminal of the plural concentric
spiral conductive windings being connected to one of the RF
source terminals and the outer ends of the plural concentric
spiral conductive windings being connected to the other RF
source terminal.

In one embodiment, thé inner ends of the concentric

spiral windings are connected radially outwardly to a common
- conduétqr rather than inwardly to an apex terminal. In

anbtheg embodiment, the concentric spiral windings are each
powered at a point intermediate the radially inner and outer
ends, &n one version of this embodiment, separately
controlled RF power sources are connected to the two ends
and the intermediate point is a common RF return. In vet
another embodiment, there are plural radially separate
groups of concentric spiral windings, each connected to a
separately controlled RF power source to enable adjustment
of radial distribution of the plasma ion density. 1In a



waf er surface. Anot her problemw th inductively coupled reactors is
that any high voltage induced on the antenna coil leads to capacitive
coupling of RF power to the plasma. In other words, capacitive coupling of
RF power fromthe coiled antenna to the plasma increases with the voltage
on the coiled antenna. Such capacitive coupling increases the ion kinetic
energy which makes it difficult for the user to precisely control ion
kinetic energy and thereby control sputtetding rate or etch rate. Capacitive
coupling is particularly pronounced in the flat disk coil antenna of FIG

1. TRBrshereembpéinent, dtheadpirel sencedtctcveindingyl ede mbasm

reactor havi &gneo%hh.edleﬁt eﬂaasmzs&%ﬁ)ﬁ:?ﬂé' @ﬁamgerhhg'ﬂ!{x&”' 194 % 3518

across the wafer surface at high tapaci tive

coupl i ng. extend above the celllng In a related embediment, the
reactor includes a dome-shaped ceiling and the antenna coil
has a dome shape and wicks hpwardly at the apex away from

the dome shaped ceiling.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a simplified diagram of a coiled antenna for
an inductively coupled plasma reactor of the prior art.

FIG. 2 is a simplified diagram of a coil antenna having
its windings connected in parallel across an RF source.

. ~ FIG. 3A is a top view of a flat disk coil antenna for a
plasma reactor in accordance with a first embodlment of the
invention.

FIG. 3B is a top view of a flat disk coil antenna

corresponding to FIG. 3A but having a greater number of
windings.

FIG. 4 1s a side view corresponding to FIG. 3A.

FIG. 5 is a perspective cut-away view of an inductively

coupieq plasma reactor employing the coiled antenna of the
embod}ment of FIG. 3A.

F&g. 6 1s a perspective view of a cylindrical coil
antenna in accordance with a second embodiment of the
invention.

FIG. 7 is a perspective view of a coil antenna in
accordance with a third embodiment of the invention which is
a variant of the cylindrical coil antenna of FIG. 6 in that



3 - SUWMMARY OF THE | NVENTI ON The invention is enbodi ed
in a coil antenna for radiating RF power supplied by an RF source into a
vacuum chanber of an inductively coupled plasma reactor which processes a
seni conductor wafer in the vacuum chanber, the reactor having a gas supply
inlet for supplying processing gases into the vacuum chanber, the coi
antenna including plural concentric spiral conductive w ndings, each of the
wi ndi ngs having an interior end near an apex of a spiral of the w nding and
an outer end at a periphery of the spiral of the w nding, and a common
term nal congget edlindtbeal il dis estginbethevetutnt coblimd raft tw r al

w ndi ngs, the RF power source bei ng connected across the termnal and the
outer end of F88Eh°bhe of the wi ndings. In a preferred enbodi nent, the RF
power source includes two termnals, one of the two termnals being an RF

power term nal an he,ot he R tepm pal kRO AR RE rgfurn
term nal Wi ch isg%%hngcggdété?%ﬁéﬁ%ﬁfg%thégconﬁna ?2?21%2? g? the pl ural
concentric accordance with a fourth embodiment of the invention having

a dome shape.

FIG. 9 is a perspective view of a coil antenna in
accordance with a fifth embodiment which is a variantlof the
cylindrical coil antenna of FIG. 6 and the dome antenna of
FIG. 80

FIG. 10 is a perspective view of a coil antenna in
accordance with a sixth embodiment having a truncated dome
shape overlying a truncated dcme-shaped ceiling of a plasma
reactor.

FIG. 11 is a perspective view of a coil antenna in
accordance with a seventh embodiment having a truncated
dome~-shaped portion overlying a truncated dome-shaped
reactor ceiling and a cylindrical portion surrounding the
reactor side wall, '

FIG. 12 is a perspective view of an embodiment of the
invention having a truncated dome ceiling forming a
chamfered corner along the ¢circumference of the ceiling.

F;?. 13 is a perspective view of a variation of the
embodiment of FIG. 12 including a cylindrical winding.

FIG. 14 is a perspective view of an embodiment of the
invention having a shallow or partial dome~-shaped ceiling.

FIG. 15 is a perspective view of a variation of the
embodiment of FIG. 14 including a cylindrical winding.



spiral _conductive wi ndings being connected to one of the RF source
termnals and the outer ends of the plural concentric spiral conductive

w ndi ngs being connected to the other RF source termnal. I n one
enbodi rent, the inner ends of the concentric spiral w ndings are connected
radially outwardly to a conmon conductor rather than inwardly to an apex
termnal. In another enbodi nent, the concentric spiral w ndings are each
powered at a point internediate the radiafly inner and outer ends. In one
version of this enbodi nent, separately controlled RF power sources are
connected to the F#E-ehfisiand PRESPerieriediigie ofornt enbodinembrodl R et ur n.

I n yet anot hahverReghMRay ingher enal ol dimdl- shagieal l:)éiwﬂ?raiengéows of
concentric spiral each connected to a separately controlled RF

ehl
power sourceqpéméﬁggaeaggﬁﬁgt AT o} °F fh LI ST Buti on of the plasma ion

density. In a

FIG. 17 is a perspective view of a variation of the
embodiment of FIG. 16 including a cylindrical winding.

FIG. 18 contains superimposed graphs of ion current
measured at the wafer surface as a function of radial
position from the wafer center for various types of reactors
of the prior art and corresponding graphs for a reactor
incorporating the present invention.

FIG. 19 contains superimposed graphs of ion current
measured at the wafer surface as a function of reactor
chamber pressure for different reactors of, the prior art.

FIG. 20 contains superimposed graphs of ion current
measured at the wafer surface as a function of reactor
chamber pressure for different reactors of the prior art and
corresponding graphs for a reactor incorporating the present
invention.

FIG. 21 contains superimposed graphs of ion current
measured at the wafer surface as a function of resactor
chamber:pressure for different reactors of the prior art.

5 .

F%F. 22 is a schematic diagram illustrating a
concentric multiple spiral coil having its inner ends
connected radially outwardly to a conductor bus.

FIG. 23 is a side view of a dome shaped concentric
maltiple spiral ceil having an upward wick toward an apex
termination.



4 further enbodinent, the spiral concentric w ndings are not confornal

with the shape of the chanber ceiling,
a rel ated enbodi nent, the reactor includes a done-shaped ceiling and the

ant'enna coil
donme shaped
FIG 1is a

and can extend above the ceiling.

In

has a dome shape and w cks upwardly at the apex away fromthe

ceiling. BRI EF DESCRI PTI ON OF THE DRAW NGS
sinplified diagramof a coiled antenna for an inductively

coupl ed plasna reactor of the prior art. FIG 2 is a sinplified
di agram of a coil antenna having its wi ndings connected in parallel across
an RF source. FIG _3Ais atop viewof a flat disk coi|] antenna for

a plasma reactor Fif acoriddvestatas @ Kdonst seapedi mektinke tsRinadvent i on.

concentric coil powered at its inner apex terminal.

FIG. 25 illustrates a dome shaped multiple spiral
concentric coil powered at its inner apex terminal, in which
the coil extends downwardly along the chamber cylindrical
side wall.

FIG. 26 illustrates a cylindrical shaped multiple
spiral coil whose inner ends are connected radially
outwardly to a common connector bus.

FIG. 27 illustrates an embodiment corresponding to FIG.
26 and having in addition an overhead multiple spiral
concentric coil.

FIG. 28 illustrates an embcdiment corresponding to FIG.
26 having a truncated dome shape.

FIG. 29 illustrates an embodiment corresponding to FIG.
27 having a truncated dome shape.

FIG. 30 illustrates a concentric multiple spiral coil
divided into separate inner and outer multiple spiral coils
independently driven by separate RF power sources.

. ,

FIG. 31 illustrates an embodiment corresponding to FIG.
30 in WQFCh the inner and outer coils are overhead and side
coils respectively.

FIG. 32 illustrates a cylindrical concentric multiple
spiral coil nonconformal with a dome shaped ceiling and

devoid of any conductors over the ceiling.

FIG. 33 illustrates an embodiment corresponding to FIG.



FIG 3Bis atop viewof a flat disk coil antenna corresponding to FIG 3A
but having a greater nunber of w ndings. FIG 4 is a side view
cofresponding to FIG 3A FIG 5 is a perspective cut-away view of
an“inductively coupled plasma reactor enploying, the coiled antenna of the
enbodi nent of FIG 3A FIG 6 is a perspective view of a cylindrical
coil antenna in accordance with a second enbodi nent of the invention.

FIG 7 is a perspective view of a coil ahtenna in accordance with a third
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terminate in a central apex termination.

FIG. 34 illustrates an embodiment corresponding to FIG.

33 and having in addition a cylindrical concentric multiple
spiral coil.

FIG. 35 illustrates an embodiment in which RF power is
applied to an intermediate point along each of the
concentric spiral windings of the coil.

FIG. 36 is a schematic diagram corresponding to FIG.
38.

FIG. 37 is a schematic diagram corresponding to FIG. 36
in which the pclarity is reversed sc that the intermediate
points ars grounded and RF power is'applied to the ends of
each winding.

FIG. 38 illustrates an embodiment having a multiradius
dome ceiling with a concentric multiple spiral coil
conformal with the ceiling and having a central opening or
hole to alleviate concentration of plasma ion density at the
chamber center.

?Iq. 39 illustrates an implementation of the embodiment
of FIG:; 39 in which the inner ends of the multiple spiral
conductors are connected radially outwardly to an annular
ring co%mon connector having a diameter at least nearly as

great as or greater than the outside diameter of the
ceiling.

FIG. 40 illustrates an implementation of the embodiment
of FIG. 39 in which the inner ends of the multiple spiral
conductors are connected radially outwardly and upwardly



ttte cylindrical coil is continued over the ceiling of the reactor.
FIG "8 is a perspective view of a coil antenna in accordance with a fourth
epbodi ment of the invention having a done shape. FIG 9is a

pé?sgective view of a coil antenna in accordance with a fifth enbodi nent

which is a variant of the cylindrical coil antenna of FIG 6 and the done
antenna of FIG 8.

S

away from the ceiling to an annular ring common conductor
having a diameter less than the outside diameter of the
ceiling.

DETAILED DESCRIPTION Of THE PREFERRED EMBOﬁIMENTS

In an inductively coupled plasma reactor having an RF
antenna coil adjacent the reactor chamber, it is a goal of !
the invention to reduce the voltage on the coil. One
possible approach to reduce coil voltage is to reduce the
amount of inductance in the winding of the ¢oil antenna.
This would reduce the potential V across each winding (since
V = L di/dt, where L is the winding inductance and i is the
winding current), this reduction in electric potential
reducing capacitive coupling to the plasma. FIG. 2
illustrates one way of accomplishing this by connecting all
of the coil windings 10, 12, 14 in parallel across the RF
power source 16, 18 via conductors 20, 22. One end 10a,
12a, l4a of each winding is ccnnected to the conductor 20
while the other end 10b, 12b, 14b is connected to the other
conductor 22. The problem is that the gap 24 between the
conductors 20, 22 gives rise to a discontinuity in the RF
field over the wafer. Thus, for example, in a plasma etch
reactor employing the coiled antenna of FIG. 2, the
discontinuity of the coil can often cause azimuthal
asymmetry in the plasma density across thé wafer surface.
Accordingly, the coil antenna of FIG. 2 does not provide a

uniform plasma density and therefore dces not fulfill the
need.

<

Referring to FIGS. 3A and 4, a coil antenna 30 overlies
the ceiling of a reactor chamber 31, the c¢oll antenna 30
having plural concentric spiral windings 32, 34, 3s6
connected in parallel across a capacitor 62 and an RF source
64. The windings 32, 34, 36 have inner ends 32a, 34a, 36a
near the center of the spirals and outer ends 32b, 34h, 36b



FIG 10 is a perspective view of a coil antenna in accordance with a sixth
enbodi rent having a truncated done shape overlying a truncated done-shaped
ceiling of a plasma reactor. FIG 11 is a perspective view of a coi
ant’enna in accordance with a seventh enbodi ment having a truncated

done- shaped portion overlying a truncated dome-shaped reactor ceiling and a
cylindrical portion surrounding the reactor side wall. FIG 12 is a
perspective view of an enbodi nent of the invention having a truncated done
ceiling forming a chanfered corner alongthe circunference of the ceiling.
FIG 13 is a perspective view of a variation of the enbodinent of FIG 12

i ncl udi ng a ayIthrimedrphgrigsngt the spirgdss fhy dnnegereddéctrde JhBw of
an enbodi menigHfatd@orineetrtli e8gheNERGa R $hiIM Qpharddralindanesshapad

ceiling. the preferred embodiment, the common apex terminal 38 is
connected to ground while the outer winding ends 32b, 34b,
316b are connected to the RF source 64. As shown in FIG. 4,
the straight central inner arms of the windings 32, 34, 36
preferably wick vertically upwardly away from the reactor
top to the apex terminal 38 by a vertical distance v of
about 2 cm. FIG. 3B illustrates a S5-winding version of the
colil antenna of FIG. 3A, including concentric windings 32,
33, 34, 35, 36 with inner endings 32a, 33a, 34, 35a, 36a and
outer endings 32b, 33b, 34b, 35b, 36b.

FIG. 5 illustrates an inductively coupled plasma
reactor including a cylindrical vacuum chamber 50 having a
flat disk insulating ceiling 32, a grounded conductive
cylindrical side wall 54, a gas supply inlet 56 and a wafer
pedestal 58. A vacuum pump 60 pumps gas out of the vacuum
chamber. The coil antenna 30 cf FIG. 3A rests cn the
ceiling 52. An RF power source 64 applies power through the
capacitor 62 to the outer winding ends 32, 34, 36 while the
common terminal 38 is grounded. A bias RF power source 66,
68 1s connected to the wafer pedestal 58 to control ion
kinetic energy.

Inta preferred implementatioh of the embodiment of FIG.
5, the«circular windings become straight radial arms
terminafinq in the apex terminal 38, the arms extending
along a radius r (FIG. 5) of about 2.5 cm. The ocutermost
cne of the windings 32, 34, 36 has a radius R (FIG. 5) of
about 35 cm in those cases in which the wafer diameter d
{FIG. 5) is about 20 c¢cm. The height h (FIG. 5) of the coil
antenna above the wafer is preferably about 5.0 cm to 7.5
cm. Preferably, each one of the coil windings 32, 34, 36
makes 1.5 turns. The number of windings per length of



FIG 15 is a perspective view of a variation of the enbodinment.of FIG 14

I ncluding a cylindrical w nding. FIG 16 is a perspective
vi ew of an enbodi nent of the invention having a shall ow done-shaped ceiling
with a chanfered corner along its circunference. FIG 17 is a
perspéctive view of a variation of the enbodiment of FIG 16 including a
cylindrical w nding. FI G 18 contains superinposed graphs of ion
current 11 .

radius, which in the embodiment of FIG. 5 is 1.5/26 cm™,

may be changed so as to desirably adjust the plasma density
distribution across the wafer surface.

FIG. 6 illustrates a cylindrical version 60 of the coil
antenna 30 of FIG. 3A, which also has plural concentric
spiral windings 32', 34', 36' each wrapped around an '
insulating portion of the cylindrical side wall 54 of the )
reactor of FIG. 5. The plural concentric windings 32', 34°',
36! have respective inner ends 32a', 34!', 36a!' terminatihg
in a common apex terminal 38a, as well as outer ends 32b',
34b', 36b' terminating equidistantly from each other at
locations about the lower sidewall of the reactor chamber.
FIG. 7 illustrates another version of the cylindrical
antenna 60, in which inner ends 32a', 34a', 36a' of the
antenna 60 continue in spiral fashion across the top of the
reactor ig'a form much as in FIG. 5 to the common apex
terminal 38b, thus forming a continuous single cylindrical
coil antenna 70 extending not only over portions of the
cylindrical wall 54 but also over the ceiling 52 of the
reactor. Preferably, each'winding 32!, 34', 386' makas =z
smooth transition at the corner between the ceiling and the
cyiindrical sidewall, in the manner illustrated in the
drawing. FIG. 8 1llustrates a dome-shaped version 80 of the
coil antenna 30 of FIG. 3A for use with a‘version of the
reactér*pf FIG. 5 in which the ceiling 52 is dome-shaped.
FIG. 9:illustrates how the dome-shaped coil antenna 80 may
be integrated with the cylindrical shaped coil antenna 60 to
form a é;ngle antenna 90 covering both the dome-shaped
ceiling and cylindrical side wall of the reactor of the
embodiment of FIG. 8. The windings make a smooth transition
from the dome-shaped ceiling to the cylindrical sidewall in
the manner illustrated in the drawing. FIG. 10 illustrates
a modification of the coil 80 of FIG. 8 in which the dome-
shaped ceiling is truncated so as to have a flattened apex.



measured at the wafer surface as a function of radial position fromthe
waf er -center for various types of reactors of the prior art and
correspondi ng graphs for a reactor incorporating the present invention.
FIG 19 contains superinposed graphs of ion current nmeasured at the wafer
surface as a function of reactor chanber pressure for different reactors of

the prior art. FIG 20 contains Hperinposed graphs of ion current
neasured at the wafer surface as a funcfion of reactor chanber pressure for

different TEAEL ofs O Jde IO didastiLaE9bRCRROREE bl AT o shpact or

i ncorporating the present 1nvention. ] contai ns superinposed
graphs of ivnicurtentdonsrsihanedicaildngafisr tsunraked 80 A hictiaye &

reactor phag@gfﬁgﬁégﬁgﬁékjor different roactors of the prior art.
FIG 22 is a schematic diagramillustrating a concentric nultiple spiral
coil having its inner ends

The windings 32, 34, 36 are spaced from one another by
a sufficient spacing to prevent arcing therebetween. 1In
order to provide an azimuthal symmetrical RF power feeding d
and minimum potential difference between adjacent winding
along the entire lengths thereof, all windings 32, 34, 36
preferably are of the same length. In the illustrated
embodiments, the spacings between Windinqs are equal and are
uniform throughout the antenna coil. However, the invention
may be modified by varying the winding-to-winding spacings
so as to be different at different locations or to differ as
between different pairs of windings.

While the invention has been described with reference
to preferrad embodiments having three concentric spiral
windings 32, 34, 36, other embodiments of the invention may
be made with any desired numkter of windings, provided the
requisite winding-to-winding spacing is maintained to avoid
arcing. A greater number of spiral windings provides a more
uniform RF field and in some cases more uniform plasma ion
density across the wafer surface.

FIG. 12 illustrates a variation of the embodiment of
FIG. lo_gn which the ceiling 52 has a central flat region
52a suf%ounded by an annular chamfer 52b which provides a
smooth transition from the horizontal flat region 52a to the
vertical side wall 54. This in turn helps the windings 32,
33, 34, 35, 36 make a smooth transition as well. An annular
portion ¢f the coil antenna overlies and conforms with the
corner chamfer. Furthermore; the embodiment of FIG. 12 has
five concentric windings 32, 33, 34, 35, 36 with outer ends
32b, 33b, 34b, 35b, 36. FIG. 13 illustrates a variation of



cohheqted radially outwardly to a conductor bus. FIG 23 is a side
vi ew of a donme shaped concentric nmultiple spiral coil having an upward w ck

toward an apex term nation. 7
FIG 24 illustrates a done shaped nultiple spiral concentric coil powered
at its inner apex termnal. FIG 25 illustrates a dome shaped

mul tiple spiral concentric coil powered at its inner apex termnal, in
whi ch 13

the embodiment of FIG. 12 in which concentric windings 32°7,
33', 34', 35', 36! make a smooth transition at the corner
chamfer from the flat portion of the ceiling 52 to the
cylindrical side wall, each of these windings including a
first portion overlying the flattened central part 52a of
the ceiling 52, a second portion overlying the corner
chamfer 52b of the ceiling 52 and a third portion wrapped
around the cylindrical side wall 54. The winding outer ends
32b', 33b', 34b', 35b', 36b' defining the bottom of the coil
antenna are disposed at about the same height as the top of
the wafer pedestal 58 and are connected to the output
terminal of the RF source through the capacitor 62.

FIG. 14 illustrates a variation of the embodiment of
FIG. 12 having flattened dome-shaped ceiling,'whose are
subtends an angle substantially less than 180 degrees, for
example about 90 degrees. In contrast, for.example, the
dome-shaped ceiling of FIG. 10 subtends approximately 180
degrees of arc. FIG. 15 illustrates a variation of the
embodiment of FIG. 13 also having flattened dome-shaped
celling, whose arc subtends an angle substantially less than
180 degrees, for example about 90 degrees.

FIG. 16 illustrates an embodiment combining a flattened
central dome S52a' like that of FIG. 14 with an outer corner
chamfer S2b' like that of FIG. 12. FIG. 17 illustrates a
variation of the embodiment of FIG. 16 in which the windings
make a smooth transition at the corner chamfer 52b from the
ceilingssz to the cylindrical side wall 54. The embodiments
of FIGS. 12-17 are illustrated as having 5 concentric .
windings each, in contrast with the 3 concentric windings of
the embodiments of FIGS. 3-11. The invention can be
implemented with any suitable number of concentric windings.



t.he coil extends downwardly along the chanber cylindrical side wall.

FIG .26 illustrates a cylindrical shaped nmultiple spiral coil whose inner
ends are connected radially outwardly to a conmon connector bus.

Rl-G 27 illustrates an enbodi nent corresponding to FIG 26 and having in
addi tion an overhead nultiple spiral concentric coil. FIG 28

Il lustrates an enbodi nent corresponding to FIG 26 having a truncated done
shape. FIG 29 illustrates an er$odi ment corresponding to FIG 27
having a truncated done shape ) FIG 30 illustrates a concentric

mul tipl e spkks tages @i sHixarate inner and outer nmultiple spiral
coils Independe@hbypa&amalbavﬁﬁﬂfér@érecF&Fr ROMEH1BAYNESS32, 34, 36 of

the coil antenna 30 of FIG. 3A reduces the potential across
each winding, as compared to, for example, using only one
winding, and therefore reduces the capacitive coupling (as
explained above with reference to FIG. 2). In addition, the
coll antenna of FIG. 3A provides uniform plasma density over !
the wafer, as compared previous techniques for example, as
there ars no discontinuities of the type discussed above
with reference to FIG. 2. Further, as compared to FIG. 1,
not only is the potential across each winding reduced, but
alsc the current flowing in the parallel windings of the
invention is spatially distributed over the reaction volume
in a much more uniform fashion.

Preferably, each of the windings 32, 34, 36 have the

. same length and their outar ends 32b, 34b, 36b terminate at

' points equidistant from each other about a circularly
symmetric reaction chamber, further enhancing uniformity.
Preferably, the winding inner ends 32a, 34a, 36a terminate
at the geometric center of the coll antenna because the apex
is located at the geometric center of the coil, which
preferably has geometric circular symmetry. Preferably
also, this geometric antenna center is made to coincide with
the axis of symmetry of a circularly symmetric reactor
chamber. Also, the winding inner-.ends 32, 34a, 36a are
spaced,e&uidistantly away from each other for a limited
radial’ﬁistance as they approach the apex terminal 38a.
Further } the windings are spaced from each other as
uniforml? as possible at least in flat configurations of the -
invention such as the embodiment of FIG. 3A; while in non-
flat configurations such as the embodiment of FIG. 8,
smoother variations and spacings with radius from the
geometrical center may be made to compensate for chamber
geometry.



FIG 31 illustrates an enbodi ment corresponding to FIG 30 in which the

inner and outer coils are overhead and side coils respectively. Fl G
32.illustrates a cylindrical concentric multiple spiral coil nonconformnal
wi th a done shaped ceiling and devoi d of any conductors over the ceiling.
FIG 33 illustrates an enbodi nent corresponding to FIG

8 32 in which the radially inner endslgf each w ndi ng

As a result, the RF power applied to the coil antenna
of FIG. 3A need not be limited as in the case of the c¢oil
antenna of FIG. 1. 1Indeed, the coil antenna of FIG. 3A can
operate with 3000 Watts of RF power at 13.56 MHz, while the
coil antenna of FIG. 1 must be limited to about 300 watts to
prevent failures due to the non-uniform field coverage. The
increase in RF power afforded by the ¢oil antenna of FIG. 3A
provides higher etch rates in a plasma etch reactor, higher
deposition rates in a chemical vapor deposition reactor, and
so forth. Thus, the invention not only provides greater

.processing uniformity across the wafer surface but also
provides greater throughput or productivity. '

The invention provides a greater uniformity of ion
density across the wafer surface, a significant advantage.
This is illustrated in the superimposed graphs of FIG. 18.
The curves in FICG. 18 labelled Al, A2, A3 and A4 represent
neasurements of ilon current ac the wafer surface in
milliAmperes per square centimeter as a function of distance
from the wafer center in centimeters for a reactor employing
the coil antenna of the invention depicted in FIG. 3A with a
reactor chamber supplied with chlorine gas at an applied RF
power level of 2000 Watts on the antenna coil, no RF bilas
power applied and the chamber maintained at a pressure of 2
milliTorr, 6.2 milliTorr, 10 milliTorr and 4 milliTorr,
respedﬁiyely. The smallest deviation in ion density, namely
2% in thé curve labelled Al, is obtained at 2 milliTorr. '
The uni%ormity percentage represents the change in current
densityggvertical axis) across the wafer divided by two
times the average current density in that range. In
contrast, a reactor sold by manufacturer #1, whose
performance is depicted by the curve labelled B in FIG. 18,
had a deviation in plasma ion density of 4.5% across the
wafer surface at the same applied RF power level and no RF
bias power applied and a mixture of 50 parts of chlorine and



tefﬁinate in a central apex termnation. FIG 34 illustrates an
enbodi nent corresponding to FIG 33 and having in addition a cylindrical

concentric multiple spiral coil. FIG 35 illustrates an enbodi nent
in which RF power is applied to an internmedi ate point along each of the
concentric spiral windings of the coil. FIG 36 is a schematic

di agram corresponding to FIG 35. FIG 37 is a schematic diagram

corresponding to FIG 36 in which the pélarity is reversed so that the
internmedi ate points are grounded and RF power is applied to the ends of
each wi ndi 3g.parts helHum. 38 iyqagharased dahYembodtaeherénvihg Whosa tiradi us

dome ceilipgrPbifafcs OIS CMEidilldy Rhe SRkl 188kh1ed ¢ in FIG. 18,
had a deviation in plasma ion density of 9% under similar
conditions. A reactor sold by manufacturer #3, whose
performance is depicted by the curve labelled D in FIG. 18
had a deviation of 11% in plasma ion density across the
wafer surface. A reactor sold by manufacturer #4, whose
performance is depicted by the curve labelled E in FIG. 18,
had a deviation in plasma ion density across the wafer
surface of 26% at an applied power level of 900 Watts on the
antenna coil. The foregoing data is summarized in the
following table:



conformal with the ceiling and having a central opening or hole to

all eviate concentration of plasnma ion density at the chanber center.

FIG 39 illustrates an inplenmentation of the enbodinent of FIG 39 in which
the inner ends of the multiple spiral conductors are connected radially
outwardly to an annul ar ring common connector having a dianeter at | east
nearly as great as or greater than the qptside di aneter of the ceiling.

FIG 40 illustrates an inplenentation df' the embodi nent of FIG 39 in which

the inner ends of the nultiple spiral conductors are connected radially
outwardly and upwardty

TABLE I

Plasma Reactor Ion Current Applied Power Pressure Gas Ion

Density

(ma/cm?) (Watts) {(mTorr)
Deviation i
Invention 12.8 2000 2 Ccl
2%
nig'y 21 17 2000 1.2 50Cl/20He
4 - 5%
mfg'r #2 11.4 2000 2 Cl
mfg'y %3 7:6° 1450 2 c1
11%
nfg'r 24 11.5 900 5 cl
26%

4
»

The'invention provides a greater stability of ion
densitjnover a large range of chamber pressures, a
significﬁpt advantage. The performance of two plasma
reactors of the prior art sold by manufacturers #2 and $3
‘are depicted by the superimpesed curves labelled-c and D,
respectively, in FIG. 19. The vertical axis is a normalized
measured ion current at the wafer surface while the
horizontal axis is the chamber pressure in milliTorr. The
manufacturer #2 reactor {curve C) has a deviation of 23% in



9 -away fromthe ceiling to an annular ring conmon conductor having a

di aneter less than the outside dianeter of the ceiling. DETAI LED
DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS In an inductively coupl ed

pl dsma reactor having an RF antenna coil adjacent the reactor chanber, it
is a goal of the invention to reduce the voltage on the coil. One possible
approach to reduce coil voltage is to reduce the anount of inductance in
the winding of the coil antenna. This wd® d reduce the potential V across
each winding (since V=L di/dt, where L is the winding inductance and i is
t he mnnd|ng36H¥F@ﬁrfnttHv§rr§d9€?$§ﬁF?rF%ﬂ%ﬁnﬁrQ@ BoF@nglﬁﬂliéEBEan

capacitive QQiHD'maﬂﬁsz@thhérpE&Sﬁ@acfdﬁ(&ﬁdd st hales @BQivRYoRf of 40%
acconpllshljggthls ué connectlng?all of the coil windings, 10, 12, 14 in
paral | el acrgssTh&ERESHEWEY 250 SaE> pl"c‘?%ﬁufec(’fr?ﬂ’@&or? $0, 22. One end

10a, 12a, l4mxformmuienicifdihg usvenmmmmnxniadrdﬁaanm@nduchoﬁzzo 2Ai kadt he
other end 100k Jdftr oS apanBEaLed-L % *bge@%cg-.fa G LhG! Aipe21miBELR" OP! Em
is that the gap tween e conduct or's i'ves Tl 0 a
di sconti nui tgrdphs o WIG. 20. The curves labelled Al, A2, A3 and A4
depict the ion current measured at the wafer surface in the !
reactor of the invention at distances of 0 cm, 2.9 ¢cm, 5.9
cm and 8.8 c¢m, respectively, from the wafer center. These
curves show that the deviation in ion density using a
reactor of the invention is no more than 10% across the same
pressure range. The reactor sold by manufacturer #1, whose
performance is depicted by the curve labelled B in FIG. 20,
had a deviation of 22% across a much narrower pressure
range. A reactor sold by manufacturar 25, whosa performance
is depictad by the curve labelled F in FIG, 20, had a

deviation in ion density of 135 across a similar pressure

U

range (2-3 milliTorr). The reactor sold by manufacturer #4,
whose performance is depicted by the curve labelled E in
FIG. 21, had a deviaticn in ion density of 25% across the
narrower pressure range of .5 to 2.0 milliTorr. The
foregoing experimental measurements relating to stability of
ion density over change in chamber pressure are summarized
in the following table:

n

*

TABLE II

-

Plasma FReactor Ion Current Applied Power Pressure Gas Ion

Density

(ma/cm?) (Watts) (mTorr)
Deviation
Invention 10 2000 2=-10 Cl

10%



fi'eld over the wafer. Thus, for exanple, in a plasma etch reactor enpl oying
the coiled antenna of FIG 2, the discontinuity of the coil can often cause
azj mut hal asymmetry in the plasna density across thd wafer surface.
Accordingly, the coil antenna of FIG 2 does not provide a uniform plasna
density and therefore does not fulfill the need. Referring to FIGS
3A and 4, a coil antenna 30 overlies the ceiling of a reactor chanber 31,
the coil antenna 30 having plural concengric spiral w ndings 32, 34, 36
connected in parallel across a capacitor 62 and an RF source 64. The

wi ndi ngs 3mfgB4 #36 have i nnell7ends 32a20C¢%a, 36a nga2 theSOCéVmeHeof t he
spiral s andyqputer ends 32b, 34b, 36b

mfgtr #2 11.4 2500 2-5 Ccl
23% '
mfgtr #3 7.6 1000 2~5 cl )
40%°
mfg'r #4 11.5 300 W {source) 2-10 Ccl
25%
30 W (bias)
mfg'r #5 15 - 1000 2-5 N
45%

The foregoing experimental data show that the invention
provides a stability in ion density over changes in pressure
over twice that of the best reactors of the prior art and at

least four times that of other reactors of the prior art.

ﬁeﬁgrring to FIG. 22, the multiple spiral coil of FIG.
3A is modified so that the interior winding ends 32a, 34a,
36a are connected radially outwardly to a common bus 105,
thus el}mlnatlng the apex terminal 38. While the RF power
source 64 and matching element 62 can be connected to the
outer winding ends 32b, 34b, 36b as shown in FIG. 3A, in
accordance with another modification illustrated in FIG. 22,
the power source 64 and matching element 62 can be
connected, instead, to the interior winding ends 32a, 34a,
36a, the exterior winding ends 32b, 34b, 36b being grounded



10°-"at the peripheries of the spirals. The inner ends 32a, 34a, 36a are
connected together at a conmopn apex termnal 38. In the preferred

enpodi ment, the common apex terminal 38 is connected to ground while the
outer wi nding ends 32b, 34b, 36b are connected to the RF source 64. As
shown in FIG 4, the straight central inner arnms of the wi ndings 32, 34, 36
preferably wick vertically upwardly away fromthe reactor top to the apex
termnal 38 by a vertical distance v olhgabout 2 cm FIG 3B illustrates a
5-wi ndi ng version of the coil antenna of FIG 3A, including concentric

wi ndi ngs 32y 33nnddtedbto 36n Wit hedmmier dirigs 32a, 33a, 34, 35a, 36a and
outer endi ngs 32b, 33b, 34b, 35b, 36b. FIG 5 illustrates an

i nductively coupl ed plasna reactor including a cylindrical vacuum chanber
50 having a flatrrdgsk2inand az4 npl bestddatge Fw ahgr verdddatdpduptave

cylindrical ,side wall s S R ' . d er ,pe 58.
A vacuun1pJﬁﬁﬁ&@qpﬁﬁpgﬁéaég%u %ﬁﬁfﬁgngg%S#fgﬁéﬁgﬁga’?ﬁé’c8?Igﬁ%%%%na 30
of FIG 3A titestapegntersiveal| 3higprvioslir dessrikssuvishorefppenes bover

through theAP3CiLar n2cbRlAéa Wi MRS LRI T2ildfg dRgwhile the
multiple spiral coil conformal therewith. Referring to FIG.
5, the upward wicking enhances the central opening of radius
r in the multiple spiral coil formed by the radial arms
radiating from the apex terminal 38. Such an opening
provides a way of adjusting the radial distribution of
plasma density across the surface Of the wafer 1s6.
Specifically, an overhead coil configuration without such a
central opening tends to produce a nonuniform radial
distribution of plasma density across the wafer surface
having a pronounced peak over the wafer center. The
presence of the cpening of radius r advantageously rsduces
or eliminates that peak, depending upon the radius r and
upon the magnitude of the RF plasma source power applied to
the overhead ccil windings 32, 34, 36. The RF plasma source
power may be applied to the outer winding ends (as discussed
previously with reference to FIG. 4) or to the apex terminal
38 as illustrated in FIGS. 23 and 24.

FIG. 25 illustrates an embodiment corresponding to FIG.
24 in which the overhead multispifal windings 32, 34, 36
continug as cylindrical side windings 32', 34', 36' down the
cylindrifal side wall 54 of the chamber.

FIG. 26 illustrates an embodiment of the invention
having no overhead conductors (i.e., no conductors overlying
the c€iling 52) whatsoever, and having only the cylindrical
multispiral side windings 32', 34', 36'. In the embodiment
of FIG. 26, the apex terminal has been eliminated and
instead the top ends 32a', 34a', 36a! of the windings 32',



common termnal 38 is grounded. A bias RF power source 66, 68 is connected
to the wafer pedestal 58 to control ion kinetic energy. In a
preferred i npl ementation of the enbodinent of FIG 5, the circular w ndings
beconme straight radial arns termnating in the apex termnal 38, the arns
extending along a radius r (FIG 5) of about 2.5 cm The outernost one of
the wi ndings 32, 34, 36 has a radius R (FIG 5) of about 35 cmin those
cases in which the wafer dianeter d (FI@L 5) is about’ 20 cm The height h
(FIG 5) of the coil antenpna above the wafer is preferably about 5.0 cmto
7.5 cm PreBéfabP§ dBRh bpEtead: ovEAated saddgd 1320utwardby nekes 1.5

turns. The pephen BhsWiodli ngshes 4raNdHdp @nds 32a', 34a', 36a‘ may be
grounded and RF power applied to the bottom ends 32b', 34b!,
36b! (as in FIG. 6), FIG. 26 illustrates how the RF power
may be applied, instead, to the top ends 32a', 34a', 36a!'
while the bottom ends 32b',.34b', 36b! are grounded. Since
in FIG. 26 there are no overhead conductors (i.e.,
conductors overlying the ceiling 52), the ceiling 52 may be
of any sultable shape without affecting the multispiral
coil, including the flat shape illustrated in FIG. 26 as
well as dome shaped or truncated conical and so forth.

FIG. 27 illustrates an embodiment corresponding to that
of FIG. 9 but having, instead, a flat ceiling and the
portion of the multiple spiral coil overlying the ceiling
conforming with the ceiling shape.

FIG. 28 illustrates an embodiment corresponding to FIG.
24 but having a truncated or flat center portion in its dome
ceiling. FIG. 29 illustrates an embodiment corresponding to
that of FIG. 25 but having a truncated or flat center
portion in its dome ceiling. In either one of the
embodiments of FIGS. 28 and 29, the top or center ends of
the windings 32, 34, 36 may be connected radially inwardly
to the apex terminal 38 (as illustrated in FIG. 28) or
radially'outwardly to the bus 105°'(as illustrated in FIG.
29). In.either one of the embodiments of FIGS. 28 and 29,
the apé& 38 or bus 105 may be grounded or {as illustrated in
FIGS. 283§nd 29) may be connected to the RF power source.

FIG. 30 illustrates how a multiple spiral coil
overlying the ceiling 52 can be divided radially into two
multiple spiral coils, namely a radially inner multiple
spiral coil 110 and a radially outward multiple spiral coil
115. The RF power applied to each one of the two multiple



radius, which in the enbodinent of FIG 5 is 1.5/26 cnferr], nmay be changed
so as to desirably adjust the plasma density distribution across the wafer
sur.f ace. FIG 6 illustrates a cylindrical version 60 of the coi
antenna 30 of FIG 3A, which also has plural concentric spiral w ndings
32", 34', 36' each wapped around an insulating portion of the cylindrical
side wall 54 of the reactor of FIG 5. The plural concentric w ndings 32",
34', 36' have respective inner ends 322 , 34', 36a' termnating in a comon
apex termnal 38a,, as well as outer ends 32b', 34b', 36b' term nating

equi di st afP15AY repd Bk O HekS kS |quitddedapsderendenblisrseitdidtal | of the
reactor ca@ﬁbefenflﬁr gowdt UVl L M @pplgegl ea ehet Bfo codixgri cal

antenna 6 @gICh ne ds_32a' 6a t he antenna 60 continue
in spiral 9?‘3 'Ffbgs ‘iq‘ﬁaenn? tWAEr 52\‘5%0? A aEuF‘Brﬁ?mtT‘F as in FIG 5
to the cognaatapexohérninar éﬁﬁnstﬁnﬁtfdﬁWﬁh@g*&d&GhtdeDnSbﬁtimﬁEDf
cylindric L a ly o o] he
cylindric So over e cel r
J1ind gh agfta, dgﬁég{?? f r%gwameqr @Izif%%ey SSBechit égi‘it fod
Pr ef er abl gxaspih, wkhei ngd 321 dBatrilgsiomiass pela§n¥§otlhnt ﬁansxtyon at the
corner beLweelst BReCBULERGe PE M€ wafer 16 is maximum near the ’

center and minimum near the edge, then the RF power applied

to the inner coll 110 can be reduced relative to that

applied to the outer coil 115 in order to reduce the

nonuniformity between plasma density at the center relative

to the edge, thereby rendering the radial distribution of

plasma ion density more uniform.

In the embodiment cf FIG. 30, each one of the multiple
spiral coils (the inner coil 110 and the oyter coil 115)
censists of three concentric spiral conductor windings as
follows: the inner multiple spiral coil has concentric
gspiral windings 111, 112, 113 with radially inner
terminations 1ila, 112a, 1ll3a and radially outer
terminations 111b, 112b, 113b; the outer multiple spiral
coil 115 has concentric spiral windings 116, 117, 118 with
radially inner terminations 116a, 117a, 118a and radially
cuter terminations 116b, 117b, 118b. In the case of each
winding, one of its inner and outer terminations is grounded
while fhg other is connected to one of two independently
adjusta?le RF power sources 120, 125. The power source 120
drives the inner coil 110 while the power source 125 drives
the oute& coil 115. For example, if all the outer
terminations of the inner and outer coils 110, 118 are to be
grounded, then the inner ends 1l1lla, 112a, 113a are connected
to the power source 120 while the inner ends 116a, 1ll7a,
118a are connected to the power source 125, as illustrated
in FIG. 30.



cylindrical sidewall, in the manner illustrated in the drawing. FIG 8
illustrates a done-shaped version 80 of the coil antenna 30 of FIG 3A for
use with a version of the reactorof FIG 5 in which the ceiling 52 is
donme-shaped. FIG 9 illustrates how t he dome-shaped coil antenna 80 may be
integrated with the cylindrical shaped coil antenna 60 to forma single
antenna 90 covering both the done-shaped ceiling and cylindrical side wall
of the reactor of the enbodinent of FI& 8. The wi ndings nake a snooth
transition fromthe done-shaped ceiling to the cylindrical sidewall in the
manner il ustr ¥ i H tHe WEERtRS. hevE 1Bltiplatsnirad S£Xiddigovestingn of

the coil 8fu@th & cSilihg\hingh stibe dame- oshepedididdM&drs Ha Wisaled so as
to have a fl attened a 12 FIG 11

Tl Ust T at ebME0 AR {SSRRTANE SPklfe BBPRLY; 2R evexhead multiple spiral

coll 130 covering the chamber ceiling and a side multiple
gpiral coil 135 covering the chamber side wall. Each coil
130, 135 is separately driven by RF power sources 120, 12S.
Like the embodiment of FIG. 30, the two separate coils
affect plasma density in different radial zones over the
wafer 18, the overhead coil 130 predominéntly affecting
plasma density over the center and the side coil 135
predominantly affecting plaswma density over the
circumferential edge of the wafer 18. Thus, driving the two
coils 130, 135 independently provides a way of adjusting or
optimizing the radial distribution of the plasma density
across the wafer surface, with the advantages discussed
apove relative to the embodiment of FIG. 30.

While many implementations of the concept illustrated
in FIG. 31 are possible, in the implementation depicted in
the drawing, the overhead coll 130 has three concentric
spiral conductors 131, 132, 133 (generally horizontally
offset from one another) having radially inner terminations
131a, 132a, 133a and radially outer terminations 131b, 132b,
133b, while the side coil 135 has three concentric spiral
conductors (vertically offset from one another) 136, 137,
138 with inner terminations 136a, .137a, 138a and outer
terminagions 136b, 137b, 138b. For each individual spiral
conducﬁ%r, if one of its inner and cuter terminations is to
be grounhéd, then the other is connected to the
corresponﬁing one of the two RF pewer sources 120, 125. For
example, 1if all the outer terminations are to be grounded,
then the RF power source 120 is connected to the inner
terminations 131la, 132a, 133a while the power source 125 is
connected to the inner terminations 136a, 137a, 138a, as
illustrated in the drawing. '



whi.ch t he dome-shaped ceiling is truncated so as to have a flattened apex.
The wi ndings 32, 34, 36 are spaced fromone another by a sufficient spacing
to prevent arcing therebetween. In order to provide an azi nut hal

symetrical RF power feeding and m ni mum potential difference between

adj acent winding along the entire |lengths thereof, all w ndings 32, 34, 36
preferably are of the same length. In the illustrated enbodi ments, the
spaci ngs between wi ndi ngs are equal and?4r e unlforn1throughout the antenna

coil. However, the _invention ma q% dified by varylng h
wi ndi ng-t o- mﬁndﬁﬁ& §p§@?n§§b§81§§nF% LS FFF SRovat T8 ﬁFéV%nPOIBE§§rons or
to differ nyegth dixf ﬁ:elrenaeaaﬁse@fwmmdréma‘a‘rence to mbitipléhe

i nvention has en d sCri. referen erre od| nts having
three conceﬁﬂlﬁa@ lﬁ‘ﬁ %ﬁd ﬁﬁ”age@ge%%raggy mé'ﬁ‘ﬁog‘iorrgﬁ f‘he
I nvention nn@'ﬁharumﬁanhyuhganyambsrredlhum®emrcﬁldn mﬁﬂﬂgssuphOV|ded t he

o cat o1 nunie A A pRRRE SRR P R ALk B Pefe Ve egy 1

some cases sradimamte mbltieminventdensrentempbate mvd tidfler spirpice.

concentric coils with shapes nonconformal relative to the
shape of the underlying chamber surface (ceiling or
sidewall). Referring to FIGS. 32 and 33, a generally
cylindrically shaped multiple spiral coil 140, consisting of
three concentric spiral windings 141, 142, 143, is
juxtapcsed adjacent a dome shaped ceiling. In FIG. 32, the
inner terminationé l4la, 1422, 143a of the windings 141,
142, 143 are connected radially outwardly to a common bus
105 which in turn is connected to the RF power supply 164.
The outser terminations 141b, 142b, 143b ara grounded,
although the polarity may be reversed with the inner

f

terminaticns grounded and the outar termination connected to
the RF power supply 164. One advantageous feature of FIG.
32 is that the radially ocutward connections of the winding
inner terminations to the bus 105 eliminates all conductors
that otherwise would overlie the chamber ceiling. The
embodiment of FIG. 33 differs in this respect in that the
winding inner termination are connected radially inwardly to
the apex termination 38, so that some conductor paths
overlie~the chamber ceiling. '

FIG. 34 illustrates an embodiment corresponding to that
of FIG.{33 but further including an overhead multiple spiral
coil 150‘directly overlying the ceiling. The overhead
multiple spiral coil 150 may be flat and overlie a dome
shaped ceiling (as illustrated in the drawing) or itself may
be dome shaped or another suitable shape. The cylindrical
shaped side coil 140 and the overhead coil 150 may be
electrically connected together to the same RF power source



FIG 12 illustrates a variation of the embodiment of FIG 10 in which the
ceiling 52 has a central flat region 52a surrounded by an annul ar chanf er
52pb.which provides a snooth transition fromthe horizontal flat region 52a
to the wvertical side wall 54. This in turn helps the w ndings 32, 33, 34,
35, 36 make a snooth transition as well. An annular portion of the coi
antenna overlies and conforns with the corner chanfer. Furthernore, the
enbodi nrent of FIG 12 has five concent3®%c wi ndings 32, 33, 34, 35, 36 with
outer ends 32b, 33b, 34b, 35pb, 36. FIG 13 illustrates a variation of

13 the enBEdiA¥nPeorleFErisally sppavra o eeky iandidmdivegs 32',

independently by different RF power sources as in the
embodiment of FIG. 31. Furthermore, each one of the
nonconformal multiple spiral coils of FIGS. 32-34 itself may

be divided into separately driven inner and outer coils, as
in the embodiment of FIG. 30.

While the embodiments described above with reference to
FIGS. 3A through 34 have RF power applied to either one of
the two extreme ends of each winding, RF power may in fact
be applied to a suitable intermediate point between the two
ends, as illustrated in FIG. 35. The embodiment of FIG. 35
corresponds to that of FIG. 9, except that both terminations
of each winding are grounded and RF power is applied at
intermediate points 160, 1635, 170 along each of the three
concentric spiral windings 32, 34, 36. The locatiocn of each
intermediate point 160, 163, 170 can be selacted to achieve
a desired RF tuning or RF matching effect, as disclosed in
U.S. patent application Serial Nec. 08/ ’ filed
by Hiroji Hanawa et al. entitled " ", FIG. 36 is
a schematic diagram correspending to the embodiment of FIG.
35 in which RF power is applisd to intermediate points 160,
165, 170 along the windings 32, 34, 36, with both ends of
each winding being grounded. The schematic diagram of FIG.
36 is not limited to any particular shape ‘for the multiple
spiral cpil, and such a coil may be flat, dome shaped,
conica% or cylindrical.

FId{ 37 illustrates how these connections can be
reversed so that the intermediate points 160, 165, 170 along
the windings are grounded and RF power is applied to both
ends of each winding 32, 34, 36. The intermediate poinﬁs
160, 165, 170 connected to ground divide the multiple spiral
coil of FIG. 37 into radially inner and outer sections 80a,
80b, as in earlier embodiments described above. In FIG. 37,
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33',°34'", 35, 36" nmke a snooth transition at the corner chanfer fromthe
flat portion of the ceiling 52 to the cylindrical side wall, each of these
wi ndi-ngs including a first portion overlying the flattened central part 52a
of the ceiling 52, a second portion overlying the corner chanfer 52b of the
ceiling 52 and a third portion wapped around the cylindrical side wall 54.
The wi ndi ng outer ends 32b', 33b', 34b', 35b', 36b' defining the bottom of
the coil antenna are disposed at about tdw sane height as the top of the
waf er pedestal 58 and are connected to the output term nal of the RF source
t hrough t he tbepaset of €20 differeﬁt(bomgriSdppﬂM%ﬁéQOa tagi fiacbhivdtese

enbodi nent ol cEbGand2a haubagr {1 a0t ogec AP ShARS G Lha0zauleey ar

subt ends an angle su stant rees, about 90
degrees. |nizsstrasg, °P§¢re§% %@nst¢@eﬁkﬁmﬁ%ﬁbpe$hd§|Pengl§$ FIG. 10

subt ends ap&ﬁ%’&bﬁﬁbﬁhYcﬁSQ deﬂi@@ﬁl&ﬁ &f ctn.fleédlﬂaﬁ. 'cl'l%‘é%&f:éﬁfénaofa“ ation
of the enbodi nent of al so havin ene one- shaped cei i ng,
whose arc s@PShas 1R QﬁﬁFétgu%§¥%ﬂ?l%ﬁ y“?@%% %QE£?°f80aae6EE%§ss?6r

exanpl e abowbho¥@.degr ees. FIG 16 illustrates an enbodi nent
conbining a flattened
The chamber ceiling 52 is typically quartz or other .

suitable material, particularly in those embodiments having
an overhead coil overlying the ceiling through which an RF
inductive field must couple. However, for those embodiments
having no overhead coil, power need not couple through the
ceiling, and so the ceiling may be a conductor such as
aluminum. The advantage of a conductive ceiling is that
such a ceiling can provide a uniform slectrical potential
over the entire surface of the wafer 18. If the ceiling is,
instead, a semiccnductor, then it can bothhcouple an
inductive field from an overhead coil and provide a. |
controlled electric potential over the surface of the wafer.
Thus, in those embodiments having overhead concentric
multiple spiral coils overlying the ceiling (i.e., the
embodiments of FIGS. 3A, 3B, 4, 5, 7-17, 22-25, 27-31 and
34-37, the ceiling can be a semiconductor such as silicon
acting as a window for the inductive field as well as an
electrode. Such a feature is discleosed in U.S. patent
application Serial No. 08/597,577  filed February 2, 1996 by
Kenneth_é. Collins and entitled "PARALLEL PLATE ELECTRODE
PLESMA*REACTOR HAVING AN INDUCTIVE ANTENNA COUPLING POWER
THROUGH&% PARALLEL PLATE ELECTRODE".

Referring to FIG. 38, a wmultiple concentric spiral coil
32, 34, 36 conforms with a flattened or multi-radius dome-
shaped ceiling 52 of a plasma reactor chamber, like the
ceilings of FIGS. 14~17. The coill has a central opening 300
over the center of the ceiling to alleviate a concentration



central dome 52a' like that of FIG 14 with an outer corner chanfer 52b
like that of FIG 12, FIG 17 illustrates a variation of the enbodi nent of
FIG.16 in which the wi ndings make a snooth transition at the corner
chanfer 52b fromthe ceiling 52 to the cylindrical side wall 54. The
enbodi nents of FIGS. 12-17 are illustrated as having 5 concentric w ndi ngs
each, in contrast with the 3 concentric w ndings of the enbodi nents of
FIGS. 3-11. The invention can be inplenghted with any suitable nunber of
concentric w ndi ngs. 14 Advant ages
of the | nverft pdasma ilonTHenpirwul &bl the reenfement Iof Rlide BOndthgsiBler34, 36

of e ool Lopptenss 30aaf JFhG 134, 18NSR LP PRI LLACAISB0ECES

wi ndi ng, as conpared . anpl e, using
reduces t h&opmessed Fédéé&&hﬁ ﬁljt'(lagdiy and sllghtly upwardly away from

the ceiling to a large diameter annular or ring-shaped
common conductor 310, so as to avoid any of the conductors
of the coil antenna being near the center of the ceiling S52.
The large diameter of the common conductor 310 is on the
order of the diameter of the ceiling 52. In FIG. 40, the
common conductor 310 has a smaller diameter and is therefore
radially nearer the opening 300, but to compensate for this
the common conductor 310 is at a greater height above the
chamber ceiling 52 (than in FIG. 39) to reduce the
interaction of the conductors connected thereto with the
plasma near the chamber center.

While the invention has heen described in detail by
specific reference to preferred embcdiments, it is
understocd that variatichs and modifications may be made
without departing from the true spirit and scope of the
invention.



expl ai ned above with reference to FIG 2). In addition, the coil antenna of
FI G 3A provides uniform plasma density over the wafer, as conpared

previ ous techniques for exanple, as there are no discontinuities of the
type di scussed above with reference to FIG 2. Further, as conpared to FIG
1, not only is the potential across each w nding reduced, but also the
current flowing in the parallel mﬁndingg of the invention is spatially
distributed over the reaction volune in*8 much more uniform fashion.
Preferably, eac t, i_ndi ngs .32, 34, 36 have the sane length and their
outer ends 32b,%%§f g%ﬁ”%@ﬁﬁ?héf@ at points equidistant from each ot her
about a circularly symretric reaction chanber, further enhancing

uni formi ty. Preferably o lgndulidie,] 10er p28dasdea, 24%nitihdRignate at
the geonetric center of, the coil antenna because the apeX 1s |ocated at the
geometric cenfey, FORMELLIAII:, which preferably has geonetric circul ar
symmetry. Preferably ala@uddichgemwtric antenna center is made to
coincide with the axis of symmetry of a circularly symretric reactor
chanber. Al so, the wiffthHy 59me™ c3ipg §4§F°§8ésé¥% WaddFe @R stant 1y
away from eagbuohheiadisra |imted radial distance as they approach the

apex termnal 38a. Further,. the, Wndings 218,303¢89 LLO& LA UL &5
wafer inside said vacuum chanber;
an RF power sourcs;
a coll antenna near said vacuum chamber, said coil
antenna comprising:
plural concentric spiral c¢onductive windings,
each of said windings having a radially inward end and a
radially outer end, and

v

first commen conductor connectad to said
radially inward =2nds of said clural ccnceniric spiral
windings, a seccnd commen conductor connectad to said
radially outsr ends of said plural concentric spiral
windings, said RF power source keing connected to one of

said first and second commen conductors.

2. The plasma reactor of Claim 1 wherein said RF
power source comprises two terminals, one of said two
terminals being an RF power terminal and the other of said
two terminals being an RF return terminal connected to RF
ground,géaid one common conductor being connected to said RF
power ferminal and the other of said first and second common
conductqrs being connected to ground.

3. The plasma reactor of Claim 2 wherein said cne
common conductor is said first common conductor and said
other common conductor is said second common conductor
whereby RF power is applied to said inner ends and said

outer ends are connected to RF ground.
-
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uniformy as possible at least in flat configurations of the invention such
as the enbodinent of FIG 3A; while in non- flat configurations such as the
enbodi mrent of FIG 8, snoother variations and spacings with radius fromthe
geonetrical center may be made to conpensate for chanber geonetry.

15 - As a result, the RF power applied to the coil antenna of FIG 3A
need not be limted as in the case of e coil antenna of FIG 1. Indeed,
the coil antenna of FIG 3A can operat&”wi th 3000 Watts of RF power at

13.56 MHz, whil th i e f. Fl TUS imted t o .about 300
watts to pr eventg'f aie'lt.iﬁér')egslal i3 {yc%%tc%grng?- E%#%r%n?ﬁee%%méo%%réag%n.ae The

i ncrease i soRmopodendutter ded sgyidt secood canmennacofuFt@ JAl prdvd des

hi gher et chyehat-esohiloR PbRRIRESRL Gl <236 Hirshi 9B8kon conductor,

whereby RF power is applied to said cuter ends and said
inner ends are connected to ground.

5. The plasma reactor of Claim 1 wherein said second
common conductor is adjacent a periphery of said coil
antenna and saild ocuter ends are connected radially outwardly
to said second common conductor.

6. The plasma reactor of Claim 1 wherein said first
common conductor is disposed near a periphery of said
windings and said inner ends are ccnnected radially
outwardly to said first common conductor.

7. The plasma reactor ¢ 1 whersin said first

Q
iy
(9]
fort
3
g
b

common conductor comprises a taerminal disposad radially
inwardly relative to said antsnna coil and said inner ends

are connected radially inwardly thereto.

8. The plasma reactor of Claim 1 wherein said second
common conductor is disposed radially inwardly relative to
said antenna coil and said outer ends ara connected radially
inwardly thereto.

9t_t The plasma reactor of Claim 1 wherein:

*  said second common conductor is adjacent a
periphedy of said coil antenna and said outer ends are
connected radially outwardly to said second common
conductor; and

said first common conductor - -is disposed near a
periphery of said windings and said inner ends are connected

radially outwardly to said first common conductor.
_—
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deposition rates in a chem cal vapor deposition reactor, and so forth.
Thus, the invention not only provides greater processing uniformty across
the wafer surface but al so provides greater throughput or productivity.

The invention provides a greater uniformty of ion density across the wafer
surface, a significant advantage. This is illustrated in the superinposed
graphs of FIG 18. The curves in FIG 18 |labelled A, A2, A3 and A4
represent neasurenents of ion current aBCthe wafer surface in mlliAnperes
per square centineter as a function of distance fromthe wafer center in
centimeters for ®redBtdrelamifoyicd§tokecéortadnt envacvein eaidvatitli on

depi ct ed 'naﬁﬁ&né’*AisWé&h;@eﬁn&@c'frﬁﬁthcEagﬁﬁﬁeskl@pkhegd%é&'@@@ffﬂ?e95'9§ at an
applied RF poywer |evel of 2000 Watts on the antenna Coil, no RF bias power
appl i ed andsFﬁg Eh2PRY - nai ntained at a pressure of 2 nilliTorr, 6.2
mlliTorr, 10 mlliTorr and 4 mlliTorr, respectively. The small est
deviation in ion density, na 2%.1n the curve_labelled Al,.is t ai ned
at 2 mlliTorr. JI’gé u#%o?%%%;lg )é'e‘era(?e‘:ﬁtraﬁg Fgﬁl"@sgnf’ efﬁéncﬁ%jrfbec? current
density (vermhkeahaakssjorconfumndie widher dhepdedfbpnt adjécens shefaver age

current dengist k. b8 Lhatp&ange. In contrast, a reactor sold by manufacturer
#1, whose pgffgﬁgancgéés gepicted by the curve labelled Bin FIG 18,

12. The plasma reactor of Claim 11 wherein said
chamber comprises a ceiling having a three-dimensional shape
and said coil antenna surrounds said ceiling and has a
three-dimensional shaped deviating upwardly away from said
ceiling.

13. The plasma reactor of Cla
chamber ceiling has a dome shape an

. c o ) : .
cylindrical shape and surrcunds said

14. The plasma rsacter cf Claim 13 whersin sald inner
ends are connected radially outwardly to said first common
conductor so that there are nc conductors of said coil
antenna overlying said ceiling.

15. The plasma resactor of Claim 1 wherein said reactor
chamber comprises a planar ceiling and said antenna coil has
a planar disk shape and lies on an exterior surface of said
ceilinq:ﬁ

161 The plasma reactor of Claim 1 wherein said reactor
chamber éomprises a cylindrical side wall and sald antenna
coil has a c¢ylindrical shape and is lies on a portion of
said cylindrical wall. '

17. The plasma reactor of Claim 1 wherein said reactor
comprises a dome-shaped ceiling and said antenna coil has a

/— -_— -
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had a deviation in plasma ion density of 4.5% across the wafer surface at
the sanme applied RF power |evel and no RF bias power applied and a m xture
of 50 parts of chlorine and 16 20

parts helium A reactor sold by manufacturer #2, whose performance is
depicted by the curve labelled Cin FIG 18, had a deviation in plasma ion
density of 9% under simlar conditions.}c reactor sold by manufacturer #3,
whose performance is depicted by the curve labelled Din FIG 18 had a

devi ati on 1%..,0.P (Lon,densit. %ﬁ§ e. er.S e, A reactor
sold by rra%fﬁpécté}}r%gﬁ égé%égeogeﬁ%r%aﬁ%{e? seglt(él'pi"fctf(raxdggylljt5 ggc%rve

| abel | ed Epoatiion ofg sajdddangeshapedredid flgasma i on density across the
waf er surface of 26% at an applied power |evel of 900 Watts on the

18. The plasma reactor of Claim 17 wherein said first
common conductor comprises an apex terminal over a center
axis of said dome shaped ceiling, and wherein said aﬁex
terminal is displaced vertically upwardly from an apex of
said dome shaped ceiling, said inner ends of said concentric
spiral windings being connected radially inwardly and
upwardly away from said deme ceiling to said apex terminal
to define a central region of said dome surrounding the apex
of zaid dome devoid of conductors of said coil antenna.

19. The plasma reactor of Claim 17 wherein said dome
shape of said ceiling 1is truncatsd whereby a center region
of said dome shaped ceiling is planar.

2

<

. The plasma reactcr 2f Claim 1 wherein said reactor
chameer comprises a ceiling znd a cylindrical side wall and
one portion of said antenna ccil overlies said ceiling while
ancther portion of said antenna coil-is cylindrical and lies
on at least a porticn of said cylindrical side wall.

21. The plasma resactor cof Claim 2 wherein said inner
ends are circumferentially svaced frem one ancther at equal
intervals and wherein said cuter ends are circumferentially
spacedmgrom one another at squal intervals.

-

221 The plasma reactor of Claim 1 wherein said chamber
compriseé a sidewall and a ceiling overlying said sidewall,
a first portion of said coil antenna conformally overlying
said sidewall and a second portion of said antenna
conformally overlying said ceiling, there being a smooth
transition between said first and second portions of said
antenna.

\
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antenna coil. The foregoing data is summarized in the follow ng table:

17 : TABLE | Pl asma Reactor 1on Current
Applied Power Pressure Gas lon Density (mVcnferr])
(Wit ts) (mlorr) Deviation | nventi on 12.8 2000
2 - Cl 2%

32

23. The plasma reactor of Claim 2 wherein said reactor
comprises a dome shaped ceiling underlying said coil
antenna, said inner ends of said windings are spaced
radially outwardly from an axis of symmetry of said ceiling
and are connected to said first common conductor by
respective straight line symmetrically spaced conductors.

24. The plasma reactor of Claim 23 whersin said first
common conductor is displaced vertically above a plane of
said inner ends of said windings and said straight line
conductors wick upwardly away from said inner ends toward
said common terminal.

25. The plasma reactor of Claim 1 wherein said coil
antenna comprises a radially inner c<oil antenna, said
reactor further comprising.a radially outer coil antenna
concentric with said radially inner coil ahtenna, said
radially inner and outer coll antsnnas being electrically
separats from one ancther, said plasma reactor comprising
independent RF power socurces individually connected to
respective ones of said inner and outer coil antennas
whereby RF power delivered to each coil antenna is
separately controllable.

26, The plasma reactor of Claim 25 wherein said
reactor chamber comprises a celling and said radially inner
and ogtér coil antennas surround said ceiling.

b

2%. The plasma reacter of Claim 26 wherein said
reactof‘chamber comprises a ceilling and a cylindrical side
wall, and wherein said radially inner coil antenna overlies
said ceiling and said radially outer coil antenna surrounds
sald cylindrical side wall.’

28. The plasma reactor of Claim 27 wherein said inner

\\

Sheet Hag Been Replace,
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nfg'r #1 17 2000 1.2 50C/20He 4.5% nfg'r #2
11.4 - 2000 2 Cl 9% nfg'r #3 7,6 1450
2 Cl 11% nfg'r #4 11.5 900 5 Cl 26%
The i nvention provides a greater stability of ion density over a | arge

range of chanber pressures, a significant advantage. The perfornmance of two
pl asma 13

coil antenna conforms in shape to said ceiling and said
outer coil antenna conforms in shape to said side wall.

29. The plasma reactor of Claim 27 wherein said
radially inner and outer coil antennas are nonconfermal in
shape with said ceiling.

30. The plasma reactor of Claim 29 wherein said
ceiling has a three~-dimensional shape and said radially
inner and outer c¢oil antennas have respective three-
dimensional shapes which ares nonconformal with the three
dimensional shape of said ceiling.

31. The plasma reactor of Claim 30 wherein said
ceiling is dome shaped and said inner and outer coil

antannas are, respectively, planar and cylindrical.

sactor for processing a semiconductor
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ucing a processing gas into said
vacuum chamber;
a wafer pedestal for supporting said semiconductor
wafer inside said vacuum chamber;
a first RF power source:
a coil antenna near said vacuum chamber, said coil
antennaméomprising:
= plural concentric spiral conductive windings,
each of §aid windings having a radially inward end and a
radially outer end, and
a first common conductor connected to said
radially inward ends of said plural concentric spiral
windings, a second common conductor connected to said

radially outer ends of said plural concentric spiral

windings, and a third common conductor éiiﬁff%%%ﬁé&gEEEEZEJ
THIS SHE -
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reactors of the prior art sold by manufacturers #2 and #3 are depicted by
t he superinposed curves |abelled C and D, respectively, in FIG 19. The
vertical axis is a nornalized neasured ion current at the wafer surface
while the horizontal axis is the chanber pressure in mlliTorr. The

manuf acturer #2 reactor (curve C) has a deviation of 23%in

18 ion current over a pressure range fron12 to 5 mlliTorr. The
manuf act urer #3 reactor (curve D) has d%eviation of 40%in ion current

over the s T erf C
accordanceq%§32&5§%?£§ nd d?ingﬁﬁl gﬁlor% %%Rgéé§§0;§¥$€$%é$h% ed in the
superlnpos@@lgrapngroﬁnﬁlqytﬁb emdfe thenees | sBdR| §drak, RAZpowadrand A4

depi ¢t the JR3cRUBEERY BBASMEES: Alcide Walier (BULHAEEhAnt B8na6acber Of the
i nvention at distanceS of 0 cm 5.9

. 9.CMm
and at least one of said first and sscond common conductors.

34. The plasma reactor of Claim 33 wherein said first
RF power source is connected between RF ground and said
third common conductor and said first and second common
conductors are RF grounded.

35. The plasma reactor of Claim 33 wherein said first
RF power source is connected across at least one of said
first and seccnd common conductsrs and RF ground and said
third commen conductor is connected to RF ground.

36. The plasma reacter of Claim 35 further comprising
a second RF pcwer source connected acress ihe other of said
first and second common conducters and RF greund, said first
and seccnd RF cewer scurces kel

p-

[al
.

B

indegendently
contrcllable, whersby saild coil antenna is divided into
inner and cuter ccil antenna sections by said intermediate

points connected to said third common conductor.

37. A coil antenna for radiating power from a power
source into a vacuum chamber of a plasma resactor which
processas a semiconductor wafer in said vacuum chamber, said
reactor ﬁaving a gas supply inlet for supplying processing
gases fhto said vacuum chamber, said ccil antenna
comprlsggq:

a first group of plural concentric spiral
conductive windings, each of said windings of said first
group having an interior end and an outer end, each said
winding spiraling radially outward from said intericr end to

said outer end. /////////
- aced
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cmand 8.8 cm respectively, fromthe wafer center. These curves show t hat
the deviation in ion density using a reactor of the invention is no nore
than.10% across the same pressure range. The reactor sold by manufacturer
#1, whose performance is depicted by the curve labelled Bin FIG 20, had a
deV|at|on of 22% across a nmuch narrower pressure range. A reactor sold by
manuf acturer #5, whose performance is depscted by the curve |abelled F in
FIG 20, had a deviation in ion density of 45 across a simlar pressure
range (2-5 milli Tov) TheTkeileaptenngobl OYaimanmif atnther #dmpnboieg:

performance i s depicted hy t.he ggﬁgeokagf&%gg Sl Ge gé%rggd g deV|at|on

in ion density of 25% across t e narr pressure rang
mlliTorr. 1¢Qﬂ¢%ﬁ¥kﬁﬁlﬁ}n§%§6ﬁlﬁﬁﬁﬁéﬁlnﬁaEDr%@ﬁnﬁéﬁﬁ(ﬂkﬂﬁﬁngrPBPsPﬁblI|ty of

i on density §Wﬁ%a£*EHKEédﬂ}r%héﬁﬁﬁélp68§§ﬁ 1@éew§ﬂHEHH§ zgdchnNokhgafigl | owi ng
t abl e: E T Pl asma eactor | on Current
Appl i ed PomeV1$¢%EﬁﬁuQ§(§%%dI%SﬁoﬁéngFpr having an interiogngpd pepf] ¢

(Vatts) ci{rd@fifdrential periphery of said first group and an outer
end, each said winding spiraling radially outward from saigd
interior end to said outer end, said first and second groups
of windings being electrically separate and independently
controllable.

39. A plasma reactor for processing a semiconductor

wafer, comprising:

a vacuum chamber having a three-dimensionally
shaped ceiling:;

a process gas inlst into sald vacuum chamber;

a wafer pedestal for supporting said semiconductor
wafar inside said vacuum chanmbker: |

an RF poecwer scurce

a cecll antenna receiving power from aid RF power
source and overlying said ceiling, said ccil antenna
comprising:

plural concentric spiral conductive windings,
each of said windings having a radially inward end and a
radially outer end, and- )

a first common conductor connectad to said
radial@f inward ends of said plural concentric spiral
windinéé, a second common conductor connected to said
radiall¥ outer ends of said plural concentric spiral
windings,

wherein said first common conductor comprises
a center terminal near a center of said plural concentric
spiral conductive windings, said center terminal being
located at a height above a center portion of said ceiling,
said inner ends being connected radially inwardly and
X_
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Devi ati on | nventi on 10 2000 2-10 ad 10%

19 nfg'r #1 17 2000 .7-2 50C1/20He 22% nfg r
#H2 11. 4 2500 2-5 ad 23%

36

upwardly to said center terminal, whereby to leave a center

portion of sald ceiling spaced from conductors of said coil
antenna.

40. The plasma reactor of Claim 39 wherein said coil
antenna is generally conformal in shape with said ceiling
except near said center portion.

41, The plasma reactor of Claim 39 wherein said RF
power source is coupled to at least cne of said first and
second common conductors.

42. The plasma reactcr of Claim 41 wherein said RF
power source is coupled acrosy said fivst and sacond commen
conducters.

43. The plasma rsactor of Claim 41 wherain said RF
power source is coupled acrsss one of said first and sacond
common cenductsys and a peint intermediate said inner and
outer ends of each winding.

44, The plasma reactor of Claim 43 further comprising
a second power source connectsd across said intermediate

péint and the other one of said first and second common
caonductors.,

45.! An inductively coupled plasma reactor with a
radialI§ symmetrical three-dimensionally shaped array of
parallelgépiral concentric windings having an opening at a
radial center region therect

46, The reactor of Claim 45 wherein said array of
windings is in a dome shape.

47. The reactor of Claim 46 whereinsaid dome shape is

_—
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nfg'r #3 7.6 1000 2-5 G 40% nfg'r #4
11.5 = 300 W{(source) 2-10 a 25% 30 W

(bi as) nfg'r #5 15 1000 2-5 N 45%
The foregoi ng experinental data show that the invention provides a

stability in ion density over changes in pressure over tw ce that of the
best reactors of the prior art and at |least four tinmes that of other
reactors of the prior art. 37

a multi~-radius dome shape.

48. A plasma reactor for processing a semiconductor
wafer, comprising:

a vacuum chamber having a multi-radius dome-shaped
celling;

a process gas inlet into said vacuum chamber;

a wafer pedestal for supporting said semiconductor
wafer inside said vacuum chamber;

an RF power source;

a coil antenna receiving power from said RF power
source and overlying and being at least generally conformal
in shape with said multi-radius dome-shaped ceiling, said
¢coil antenna comprising plural concantric spiral conductive
windings, each of sald windings having a radially inward end
and a radially cuter end, said radially inward ends being

dispesed such that said coil anz

aa

i ol
[{M]

rnna has a central opening
with no conducters therain,

49. The raactor of Clain 13 further comprising a
commeon conductor te which said radially inward ends are
connected.

50. The rzactor of Claim 49 whersin said common
conductor comprises an annular conductor having a diameter
greater than that of said opening, whereby said radially
inward_éhds are connected radially outwardly thereto.

51y The reactor of Claim 50 wherein sald common
conductéf has a diameter on the order of said ceiling.

52. The reactor of Claim S1 wherein said common
conductor is disposed verticélly upwardly away from said
ceiling, whereby said radially inward ends are connected

radially outwardly and vertically upwardly to said common

O




Referring to FIG 22, the nultiple spiral coil of FIG 3Ais nodified so
that the interior winding ends 32a, 34a, 36a are connected radially
outwardly to a common bus 105, thus elimnating the apex term nal 38. Wile
the RF power source 64 and matching el ement 62 can be connected to the
outer w nding ends 32b, 34b, 36b as shown in FIG 3A, in accordance with

anot her

modi fication illustrated in Fl Gyg22, the power source 64 and

mat chi ng el enent 62 can be connected, instead, to the interior w nding ends
32a, 34a, Iesndddwrexterior wi nding ends 32b, 34b, 36b being grounded
20 or connected to an RF comon return.

53. The reactor of Claim 48 wherein said connections
of said radially inward ends to said common conductor

proceed along vertically upward paths and thereafter along
radially outward paths.

54. The reactor of Claim 32 whersin said common
conductor has a diameter on the order of said ceiling.

55. The reactor of Clam 33 wherein said common
conductor has a diameter less than that of said ceiling.

56. The reactor of Claim 48 wherein said commen
conductor comprises an apex tarminal to which said radially
inward ends are ccnnectad radially inwardly.,

\
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FIGS. 23 and 24 illustrate how the vertically upward w cking of the inner
arns of the windings 32, 34, 36 toward the apex term nal 38 previously
described with reference to FIG 4 can be conbined with a donme shaped
ceiling and nultiple spiral coil conformal therewith. Referring to FIG 5,

t he upward w cki ng enhances the central opening of radius r in the multiple
spiral coil formed by the radial arnms raglgating fromthe apex term nal 38.
Such an opening provides a way of adjusting the radial distribution of

pl asma density across ghpuestvece efuiii® Wehaial@raSpesi freal |y, an

over head coil configurat poaueriheAl Bl 1&ICeRirdpr.ePenrig tends to produce
a nonuni formradial distribgAvome of @i dersryNagr 0SS the wafer surface
havi ng a pronounced peak over the wafer center. The presence of the opening
of radius r advantageoUst reﬂmn@acmroelTntnaISSstwREpeak dependi ng upon

the radius r anduﬂp gﬂgﬁgpl u%gﬁgééége#ﬁFaEépb?gyﬁggégﬁ omer appl i ed
e r

to the overhead coil I NgSs é'power may be
applied to t¥ediaking vﬁﬁlmmrempﬂasddbsc&ssﬁﬁ prendousito W thaaueier ence

to FIG 4) Qindifhdhe ARgX wd@ewel BCBaB% gugigé&&gqééhfﬁmﬁa“d 24.

FIG 25 illustrates an enbodi nent corres ich the
over head nu|@¢%$ﬁ$§gs\@,ﬁﬁwﬁﬁpquctgg wgfsr in the vacuum chamber, the

reactor having a gas supply inlet for supplying processing
gases into the vacuum chamber, the coil antenna including
plural concentric spiral conductive windings, each of the
windings having an intericr end near an apex of a spiral of
the winding and an outer end at a periphery of the spiral of
the winding, and a commen tsarminal connected to the interior
ends of the plural concentric spiral windings, the RF power
source being connected across the tarminal and the outer end
of each cne of the windings. 1In one embcdiment, the inner
ends of the concentric spiral windings are connected

y cutwardly o a commen conductor rather than

v te an apex terminal. In another embodiment, the
concentric spiral windings are each powered at a point
intermediate the radially inner and outer ends. In yet

g b

inwar

another embodiment, there ars plural radially separate
groups of concentric spiral windings, each connected to a
separataly controlled RF power scurce to enable adjustment
of radial distribution of the plasma ion density. In a
further embodiment, the spiral concentric windings are not
conforgal with the shape of the chamber ceiling, and can
extend above the ceiling.

I, U
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continue as cylindrical side windings 32", 34', 36' down the cylindrical
side wall 54 of the chanber. FIG 26 illustrates an enbodi nent of
the. invention having no overhead conductors (i.e., no conductors overlying
thé ceiling 52) whatsoever, and having only the cylindrical nultispiral
side windings 32', 34', 36'. In the enbodiment of FIG 26, the apex

term nal has been elimnated and ind¥&hd the top ends 32a', 34a', 36a' of
t he wi ndi ngs 32', 21 34', 36' are,

i nstead, connected radially outwardly to a common bus 105. Wiile the top

ends 32a', 34af;nSG§[TﬁﬁV‘Bﬁ gr ounded angs F power applied to the bottom
ends 32b', 34b' =3 (as in FIG 6), %bﬂL P6 il lustrates how the RF power
ja
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may "be applied, instead, to the top ends 32a', 34a', 36a' while the bottom
ends 32b', 34b', 36b' are grounded. Since in FIG 26 there are no overhead
conductors (i.e., conductors overlying the ceiling 52), the ceiling 52 may

be of any suitable shape without affecting the multispiral coil, including
the flat shape illustrated in FIG 26 as well as dome shaped or truncated
conical and so forth. FIG 27 ild/d8trates an enbodi nent

corresponding to that of FIG 9 but having, instead, a flat ceiling and the
portion of the nmultiple spiral coil overlying the ceiling conformng with

t he ceiling shape. FIG 28 illustrates an enbodi nsht correspondi ng
to FIG 24 but having a truncated or flat center portloﬁq nFFRs done
ceiling. FIG 29 illustrates an enbodi nent correspo a thHat of FIG 25
but having a truncated or flat center portion in it i lfing. In

ei ther one of the enbodinents of FIGS. 28 and 29, the top ﬁ enter ends of

, , io he apex
terminal 38 (as illustrated in FIG 28) @ radially]out y fo the bus
105(as illustrated in FIG 29) I n eithef’@ne~anLh rerft s of FI GS.

28 and 29, M ‘:h
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368
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the apex 38 or bus 105 may be grounded or (as illustrated in FIGS. 28 and
29) may be connected to the RF power source. FIG 30 illustrates
howa multiple spiral coil overlying the ceiling 52 can be divided radially
into two nultiple spiral coils, nanely a radially inner multiple spiral

coil 110 and a radially outward nultiple spiral coil 115. The RF power
applied to each one of the two nultiple

22 spiral coils 110, 115 is control | &3 ndependently so that different RF
power |evels can be applied to the two coils 110, 115. The advantage is
that such a feature permts greater control or adjustnent of the radial
distribution of plasma density over the wafer surface. Specifically, for

L




exanple, the radial distribution of plasma ion density across the surface
of the wafer 16 is nmaxi num near the center and m ni num near the edge, then
the-RF power applied to the inner coil 110 can be reduced relative to that
applied to the outer coil 115 in order to reduce the nonuniformty between
pl asma density at the center relative to the edge, thereby rendering the
radial distribution of plasnma ion density nore uniform In the
embodi nent of FIG 30, each one of the mubgiple spiral coils (the inner
coil 110 and the outer coil 115) consists of three concentric spiral
conductor wi ndings as follows: the inner nultiple spiral coil has
concentric spiral windings 111, 112, 113 with radially inner term nations
11l1a, 112a, 113a and radially outer termnations 111b, 112b, 113b; the
outer nultiple spiral coil 115 has concentric spiral w ndings 116, 117, 118
with radially inner termnations 116a, 117a, 118a and radially outer
termnations 116b, 117b, 118b. In the case of each wi nding, one of its

i nner and outer termnations is grounded while the other is connected to

one of two independently adjustable RF po urces 120, 125. The power
source 120 drives the inner coil 110 whil t@g power source 125 drives the
outer coil 115. For exanple, if all the o EgmL
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termnations of the inner and outer coils 110, 115 are to be grounded, then
the inner ends 11la, 112a, 113a are connected to the power source 120 while
t he .i.nner ends 116a, 117a, 118a are connected to the power source 125, as
illustrated in FIG 30. FIG 31 illustrates how a nmultiple
spiral coil covering both the ceiling gph side wall of the chamber can be
divided into two separate coils, nanely an overhead nultiple spiral coi
130 covering the chanbex? ceiling and a side nultiple spiral coil 135
covering the chanber si wal I . Each coil 130, 135 is sepgjatepy driven by
RF power sources 120, 12 Liee the enbodifent of FIG 30fotheytwo separate
coils affect plasma dengt i:g di fferent r%i al zones overi th
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waf-er 18, the overhead coil 130 predomi nantly affecting plasma density over
the center and the side coil 135 predominantly affecting plasnma density
over the circunferential edge of the wafer 18. Thus, driving the two coils
130, 135 independently provides a way of adjusting or optimzing the radi al
di stribution of the plasnma density across the wafer surface, with the
advant ages di scussed above rel ative tgmhe enbodi nent of FIG 30.

Wil e many inplenmentations of the concept illustrated ieNFIG 31 are

possi ble, in the inplenengﬁtion depicted in the drawi ng®the overhead coi
130 has three concentric SRiral conductors 131, 132, 133 (g 1y,

hori zontally of fset from on® anot herjy—traving et ' lnons
131a, 132a, 133a and radiallY} outer jtermnatio : ile
the side coil 135 has three concentrjic spirg |1y of fset
from one anot her) 136, 13 N SNR O /a, 138a

’ ‘» SR \\\\\‘K\\\\\:\\‘;St\:\'\‘ ! .
D> XN GO 7 spi ral
be grounded,

two. RF power

and outer ternina]'Pns
conductor, if pnej '
then the other}i

sources 120, 1 to be
grounded, then e ijnner
&
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‘\-355!
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ter-mi nations 131a, 132a, 133a while the power source 125 is connected to
the inner term nations 136a, 137a, 138a, as illustrated in the draw ng.

24 Wil e the enbodi ments di scussed above relative to FIGS. 3A through
31 were described with reference to nultiple spiral coils with shapes
generally conform ng to the shape of the underlying chanber ceiling or side
wal |, such confornmity is not necessarf{4? required, and in fact various
enbodi ments of the invention contenplate nmultiple spiral concegiric coils
wi th shapes nonconfornmal@rel ative to the&@shape of the undé}l yi @y chanber

surface (ceiling or sid 11). Referringito FIGS. 32 and , a
cylindrically shaped nmult Nol e spiral

concentric spiral w ndings

=h

i
i

FIG.
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FIG.




j uxt aposed adj acent a done shaped ceiling. In FIG 32, the inner
termnations 141a, 142a, 143a of the w ndings 141, 142, 143 are connected
radially outwardly to a conmon bus 105 which.in turn is connected to the RF
power supply 164. The outer term nations 141b, 142b, 143b are grounded,

al t hough the polarity may be reversed with the inner term naticns grounded
and the outer term nation connected tg,56he RF power supply 164. One

advant ageous feature of FIG 32 is that the radially outggrd connections of
the wi nding inner ternmnat&ns to the bus 105 elini nates%ul| conductors

t hat ot herwi se woul d overl | haygstacei ling. The e odi of FIG 33

differs in this respect int atgiggﬁggega hpcted

radially inwardly to the apex 38] so&t hat |some ¢ tor' pat hs
0d;]

overlie the chanber ceiling. FIG 34 i Lﬁgrat

corresponding to that of FI ' an overlhe mul tiple
spiral coil 150 directly { N\ NQg- o] head |jmul ti pl e
spiral coil 150 b f I 0 spaped ceN i nd (as
illustrated in the draw | hape r gnot her
sui t abl e shape. The cyl NCa a S\ ' and e Oveiﬂﬁfd Coi
150 may be el ect rycall d thefr ovler ce
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25. or may be electrically separate coils and driven independently by
different RF power sources as in the enbodiment of FIG 31. Furthernore,
each one of the nonconformal nultiple spiral coils of FIGS. 32-34 itself
may be divided into separately driven inner and outer coils, as in the
enbodi nent of FIG 30. Wil e the enbodi nents descri bed above with
reference to FIGS. 3A through 34 haw@3RF power applied to either one of the
two extrenme ends of eachey ndi ng, RF power may in fact e applied to a
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i nt'er medi at e poi nt between the two ends,
enbodi nent of FIG 35 corresponds to that of FIG 9,

as illustrate

term nati ons of each wi nding are grounded and RF power
i nternedi ate points 160, 165, 170 al ong each of the t hree concentric

spiral w ndi ngs

32, 34,

din FIG 35. The

except that both

is applied at is

36.
160, 165, 170 can be selected to achleve

The | ocation

gsired RF tuning or

each internedi ate point

RF mat chi ng

effect, as

di scl osed in

U S. patent ap

6?|cat|on Ser i

| No. 08/389, 888

filed by Hroji

Hanawa et @l .

entitled " AUTOVATI C FRE

NCY TUNI NG OF A RF

POAER SOURCCE OF AN | NDUCTRVELY
schemati ¢ di agram corresponyin

SQEEEED PLASNA REACTOR

power is applied to interned a e MINM3DL60,) 160y 170 al
32, 34, 36, with both ends ofSeach w ndi ng gro
dlagran1of FIG 36 is not |ipg ticlfar shape fof t mul tiple
spiral coil, and such a coi e coni cpl or
cylindrical. FIG 37 ill h conhecti o can{ be reversed so
that the internedi a f poi 0 the wi ings are grounded
and RF power is j led f 32,84,
I nternmedi ate points 160, \ copn di yilde the t|pIe
spiral coil of FlI 37 | i@ afd outer Yectlibnp 80av_§0b as
in rearlier errbod‘inrre S [ FI G 31},
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26° the use of two different power supplies 120, 125 facilitates
differential control of RF power applied to the radially inner and outer

sections of the coil. This permts adjustnment or optimzation of the radial
di stribution of plasma ion density across the wafer surface, as discussed
above. The chanber ceiling 52 is typically quartz or other suitable

material, particularly in those enbodinents having an over head coi
overlying the ceiling through which at/RE i nductive field nust coupl e.
However, for those enbodi ments having no overhead coil, power need not
coupl e through the ceiling, and so the ceiling may be a conductor such as
al um num The advantage of a conductive ceiling is that

18

FIG.

A3= 10mt (D)
15

10

POSITION (em)

—-15

ION CURRENT DENSITY
(mA/cm?)



such a ceiling can provide a uniformelectrical potential over the entire
surface of the wafer 18. If the ceiling is, instead, a sem conductor, then
it can both couple an inductive field from an overhead coil and provi de a.
control led el ectric potential over the surface of the wafer. Thus, in those
enbodi nents havi ng over head concentric nultiple spiral coils overlying the
ceiling (i.e., the enbodinments of FIGS. %@ 3B, 4, 5, 7-17, 22-25, 27-31
and 34-37, the ceiling can be a sem corfdét or such as silicon acting as a
wi ndow for the |ndug&% field as well as an electrode. Such a feature is

di sclosed in U, rTal NO. U8/ 597,577 11Ted Febrjuary
2, 1996 by Ke..eth S. ( e LLEL PLATE ELECTRODE |PLASNVA
REACTOR HAVI N& AN | N 'TI VE A PARALLEY PLATE
ELECTRCDE" . ﬁ? drring to , [ ic spiral}l coi
32, 34, 36 comp@ins w tih a flattene [ [ haped ceill i ng
52 of a plasné> aqh chanber, Ii il coi |
has a central ni ? 00 over the center a
concentrationg = ]
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27 of plasma ion density at the center. In FIG 39, the inner conductor
ends 32a, 34a, 36a of the nultiple spiral coil are connected radrally
outwardly and slightly upwardly away fromthe ceiling to a | arge dianeter
annul ar or ring-shaped conmon conductor 310, so as to avoid any of the
conductors of the coil antenna being near the center -of the ceiling 52. The
| arge di aneter of the conmmon conductor 310 is on the order of the dianeter
of the ceiling 52. In FIG 40, thgmggmon conductor 310 has a smaller
dianeter and is therefore radially nearer the opening 300, but to
conpensate for this the comon conductor 310 is at a greater hei ght above
the chanber ceiling 52 (than in FIG 39) to reduce the interaction of the
conductors connected thereto with the plasma near the chanber center.
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VWhi-l e the invention has been described in detail by specific reference to
preferred enbodinents, it is understood that, variations and nodifications

may be nade without departing fromthe true spirit and scope of the

i nventi on. 28 What is clained is:
A plasma reactor for processing a sem conductor wafer, conprising:
vacuum chanber having a ceiling; 1443 i nl et for introducing a
processi ng gas intqsbaid vacuum chanber ;
1{?5
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a waf er pedestal for supporting said sem -canductor wafer inside said

vacuum chanber ; an RF power source; a coil antenna near said
vacuum chanber, said coil antenna conpri sing: pl ural concentric
spiral conductive wi ndings, each of said windings having a radially inward
end and a radially outer end, and 16/23 a first common conduct or
connected to said radially inward ends of said plural concentric spiral
wi ndi ngs, locateg atgsa hei ght g@bove said ceiling; a second common

conduct or connet ed
spiral w ndi ngs,\ say#
and second comgehi-e

said RF power

o said rakh ally outer ends of said plural concentric
émne_ct ed to one of said first
ma rea@or of Claim1 wherein
SN t® m nAl s, ongepf said two ternjnals
- ert '- et +npl an RF

27

FIG.
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return term nal connected to RF ground, said one conmmopn conductor being
conneécted to said RF power termnal and the other of said first and second
comon conductors bei ng connected to ground.

29 - 3. The plasma reactor of Claim2 wherein said one common conductor is
said first common conductor and said other comon conductor is said second
common conduct or whereby RF power is %W@ led to said inner ends and said
outer ends are connected co RF ground. 4 The pl asma reactor of Claim2

wherein said one common conductor is said secon@ddcommpn conductor and said
ot her common codrductor is sai @first common condactor, whereby RF power is

applied to sai dBouter ends an&’s\gﬂi nner ends_afe. connected “l
|1




to ground. 5. The plasma reactor of Claim1 wherein said second common
conductor is adjacent a periphery of said coil antenna and said outer ends
are connected radially outwardly to said second common conductor. 6.

The plasma reactor of Aaim1 wherein said first common conductor is

di sposed near a periphery of said mﬁndhggg and said inner ends are

connected radially outwardly to said fir n conductor. 7. The
pl asma reactor of Claim 1l wherein said f|i rst, gpjmon conductor conprises a
term nal disposed radially inwardly rel at.i p said antenna coil and
said inner ends are connected radially; y thereto. 8. The plasm
reactor of Claim1l wherein sqbd second onngggf nductor i §,di spos

' a a Sl ter en ar

radially inwardly relative t d antenn e
.connected radially inwardly ?ﬁz?:?bxaUQ. a é?actor of aim1l
wher ei n: sai d second conmmon conductor ii$ adj #engy a peri phery of
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said coil antenna and said outer ends are connected radially outwardly to

said second common conductor; and 30

sajd first common conductor is disposed near a periphery of said w ndings

and said inner ends are connected radially outwardly to said first conmon

conductor. 10. The plasnma reactor of Claim9 wherein said coil antenna is
conformal with a shape of an adj acent §y§§ace of said chanber. 11. The

pl asma reactor of C aim &wherein sai&'00|l antenna i s nonconformal with a

shape of an adjacent surf@ce or~swid chanber. 12. The plasma reactor of
Claim1l1l wherein said ceiling
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conprises a three-dinensional shape and said coil antenna is disposed near
said ceiling and has a three-di nensional shape deviating upwardly away from
said ceiling. 13. The plasma reactor of “Claim 12 wherein said chanber
ceiling has a done shape and said coil antenna has a cylindrical shape and

i s disposed near said ceiling. 14. Thg,phkasma reactor of Caim 13 wherein
said inner ends are connected radially outwardly to said first conmon
conductor so that there are no conduct®ls of said coil antenna overlying
said ceiling. 15. The plasma reactor of Claim1l wherein said ceiling
conprises a planar ceiling and said anEnna coil has a planar di sk shape

and lies on an exterior surface of sai i i ng fl The pl asna reactor of
Claim1 wherein said reactogschanber c [ yf 1 ndrical side wall and
said antenna coil has a cylindrical o= ijs lies on a portion of said

cylindrical wall. 17. The gEasna reac
conpri ses a done-shaped cei @ng and :
lies on and i s congruent mﬁ{5
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of "sai d done-shaped ceiling. : 31 18.
The plasnma reactor of claim 17 wherein said first common conduct or
conprises an apex term nal over a center axis of said done shaped ceiling,
and wherein said apex termnal is displaced vertically upwardly from an
apex of said donme shaped ceiling, said inner ends of. said concentric spiral
w ndi ngs being connected radially ehxsrdly and upwardly away from said done

ceiling to saigd apex terpginal to defin§6@ central region of said done

di sposed near {{RRE gﬁgﬁégﬁ sai d donme devoiy of fconductors of said coi
NETWORK =T

antenna. 19. a—tepet-or—af—CQ ai Ry 17 whekein | ome shape
# J =R ”
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of "said ceiling is truncated whereby a center region of said done shaped
ceiling is planar. 20. The plasnma reactor of Caim1l1l wherein said
react or chanber conprises a cylindrical side wall and one portion of said
antenna coil overlies said ceiling while another portion of said antenna
coil is cylindrical and lies on at |least a portion aof said cylindrical side
wal | . 21. The plasnma reactor of Caim2 wherein said inner ends are
circunferentially spaced fromone amaypber at equal intervals and wherein
said outer ends are circunferentially spaced from gne another at equal

interval s. 22. The plasma reactor of Claim Am¢qein sai d chanber
conprises a sidewall |with salrd cerrihg Jverlying said sidewall, a
first portion of said cqil~anrtenna onfo..::_ggv overlying said sidewall and
a second portion of s dnt enpa TR R R ig<se5d ol ing, there
bei ng a snooth transi ‘ forti oNy of said
antenna. 23. The pl &sn aid cei\Ang
conprises a done s Fp cdi saiy iQFr
ends of said w ndihgs aje cr)
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»

freom an axis of symmetry of said ceiling and are connected to said first
common conductor by respective straight* line symmetrically spaced
conduct ors. 32 24. The plasm
reactor of Claim 23 wherein said first common conductor is displaced
vertically above a plane of said inner ends of said w ndings and said
straight |line conductors w ck upwardly 3 y fromsaid inner ends
toward said common terminal. 25, The g?asna reactor of Claim 1l wherein
said coil ant enpe=corptt+ses-a-radi-akly-inrer—ecott—antenna—satd-~r eact or
further conprising a radially outer coil antenna concentric with said
radially inner coil antenna, said radially inner and outer coi

28

3}0
RF MATCH
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antennas being electrically separate .fromone another,
conpsi si ng i ndependent RF power sources individually connected to
?6éctiye ones of said inner and outer coil antennas
delivered to each coil antenna is separately controll apl’
of Caim25 wherein said radially inner and
are di sposed near said ceiling. 27. The plasna react
wherein said reactor chanber conprises a cylindrical sifdg wall, and wher
said radially inner coil antenna overlies®said ceilingjand said radially
outer coi

react or

RGeS

pr |off} € &F {28

utfer” coi | antej[a

antenna i s disposed near said cylindrical siide wall...28.

sai d plasma reactor

pl asma rea&tg‘(a{o%e e%g% %a\f@grg%égr%%d prgeranfamdhg% SHARp AU cErl?,FB b?o sai d

shape to sa
si de wal | .diffgrent ‘Rﬁe qﬂ@grrascr*@seﬁora%f ig &hen Zrbodimestn afj EIGr aé‘llal |y

e|I|n sal col ant enna orms I n s

i nner and ®i#t@ereoid, JREENARS ol @hé‘%@@ﬁ%ﬁﬁh |rﬁh15t|1§D@ MitB1 Sedid sc il i ng.

30.
t hr ee- di

The pl asm reactor of Cdaim?29 wherein said é|ln

as a
rlveg 9 nner and

Sonaf- §ﬁ1&ﬁ€e%§upﬁ¥alHeréﬁﬁ¥ﬂepylntq ﬁﬁ%?rﬁ%?ay

outer coils, as in the embodiment of FIG. 30.

While the embodiments described above with reference to FIGS. 3A
through 34 have RF power applied to either one of the two extreme ends
of "each winding, RF power may in fact be applied to a suitable
intermediate point between the two ends, as illustrated in FIG. 35.
The embodiment of FIG. 35 corresponds to that of FIG. %, except that
both terminations of each winding are grounded and RF power is applied
at is intermediate points 160, 165, 170 along each of the three
concentric spiral windings 32, 34, 36. The location of each
intermediate point 160, 165, 170 can be selected to achieve a desired
RF tuning or RF matching effect, as disclosed in U.S. patent
application Serial No. 08/389,888 filed by Hiroji Hanawa et al.
entitled ™ AUTOMATIC FREQUENCY TUNING OF A RF POWER SOURCCE OF AN
INDUCTIVELY COUPLED PLASMA REACTOR “. Fig. 36 is a schematic diagram
corresponding to the embodiment of FIG. 35 in which RF power is
applied to intermediate points 160, 165, 170 along the windings 32,
34, 36, with both ends of each winding being grounded. The schematic
diagram of FIG. 36 is not limited to any particular shape for the
multiple spiral coil, and such a coil may be flat, dome shaped,

conical or cylindrical.

FIG. 37 illustrates how these connections can be reversed so that
the intermediate points 160, 165, 170 along the windings are grounded
and RF power is applied to both ends of each winding 32, 34, 36. The
intermediate points 160, 165, 170 connected to ground divide the
multlple spiral coil of FIG. 37 into radially inner and ocuter sections

80a, 8010 as in ;earlle@ %ﬂb%@ n?ht;ﬁs déscribed above. In FIG. 37,



outer coil antennas have respecti.ve three-di nensi onal shapee whi ch ares i j
nonconfornmal w th the three di mensional shape of said ceill RERLAC t- -

33 ,31. ° The plasma reactor of Caim 30 wherein said | =11y T
shaped and said inner and outer coil antennas are, respe t|v
cylindrical. 32. The pl asma reactor % Claim1 wher
source conprises two term nals, one of shi*d two terninals| bei
termnal and the other of said two termnals being an RF teturn ternyﬂ
connect ed twiRFagteuma, cadiodns otmoshapendacsatd beilhgne ornse )
said two terLRgd scd?ﬁgr%%ﬁlé{r)tsggﬁe qjo sai & Jilqksya@nd second common conductors

bei ng connected to sald two term nal s.

29, The plasma reactor of Claim 27 wherein said radially inner

and cuter coil antennas are nonconformal in shape with said ceiling.

30. The plasma reactor of Claim 29 wherein said ceiling has a
three-dimensional shape and said radially inner and outer coil
antennas have respective three-dimensional shapes which are
nonconformal with the three dimensional shape of said ceiling.

W 31. The plasma reactor of Claim 30 wherein said ceiling is dome
shaped and said inner and outer coil antennas are, respectively,

planar and cylindrical.

32. The plasma reactor of Claim 1 wherein said RF power source
comprises two terminals, one of said two terminals being an RF power
terminal and the other of said two terminals being an RF return
terminal connected to RF ground, said common conductor being connected
to one of said two terminals and the other of said first and second

common conductors being connected to the other of said two terminals.

33. A plasma reactor for processing a semiconductor wafer,
comprising:
N A vacuum chamber;

means for introducing a processing gas into said wvacuum

chamber; - '

a wafer pedestal fof? sjiz@rtlng sald semiconductor wafer

.~ inside saLg, %%

a flrst %F power source;

a coil antenna near said vacuum chamber, said coil antenna

comprising:
plural concentric spiral conductive windings, each of
said_windings having a radially inward end and a

radially outer end, and



33. A plasma reactor for processing: a sem conductor wafer, conprising:

a vacuum chanber; an inlet for introducing a processing._gas-1to
sai d vacuum chanber a wafer pedestal for supporT S

seni conduct or wafer inside said vacuum chanber;

sour ce; a coil antenna near said_,yacuum chanbt

conpri si ng: pl ural concentric sp? al conducti

said windings having a radially inward end and a radiial

a first conmon conductor ¢o ﬁgkegm&%ns@Bﬂﬁkﬁgka&&MwE'L*

plural concentric spiral w ndings, a secon ]
said radially outer ends dihwsrd ¢ngs nfapaid gheet FPrcentyy

and a third comon a second common conductor connected to said radially
outer ends of said plural concentric spiral windings,
and a third common conductor connected to an
intermediate point an each of said windings
intermediate said inner and outer ends thereof, said
first RF power source being connected across said third
common conductor and at least one of said first and

second common conductors.

s 34. The plasma reactor of Claim 33 wherein said first RF power
source is connected between RF ground and said third common conductor

and said first and second common conductors are RF grounded.

35. The plasma reactor of Claim 33 wherein said first RF power
source is connected across at least one of said first and second
common conductors and RF ground and said third common conductor is

connected to RF ground.

36. The plasma reactor of Claim 35 further comprising a second
RF power source connected across the other of said first and second
common conductors and RF ground, said first and second RF power sources
being independently controllable, whereby said intermediate points

S connected to said third common conductor.

37. A coil antenna for radiating power from a power source into
a vacuum chamber of a plasma reactor which processes a semi-conductor
wafer in said vacuum chamber, said reactor having a gas supply inlet

for supplying processihgmgaéé%diqﬁb Eﬁ%ﬁ%v&cuum chamber, said coil
Ll 2 § !y ;

. Yo S % % K

k4

antenna comprising:

a first group of plural concentric spiral conductive
windings, each of said windings of said first group having an interior
end and an outer end, eéchgﬁaidaﬁﬁﬂgﬁgg spiraling radially outward

from said interior end to sé&é'oﬁ%ér endzi&!

: ':_—__-_e:._‘;—-:_':-,; epmeBOTy - PEST @
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conductor connected to an internpedi ate point on each of said w ndings

I nternmedi ate said i nner and outer ends thereof, said first RF power source

bei ng connected across said third common arll east

one of said first and second conmon Conduct ors. 34 ﬁEPLMﬁNTﬁHﬁE? bact or

of Cl.aim 33 wherein said first RF power source is cdnn . e
ngfs

ground and said third common conductor3@nd sai d firs} GO eh @0 n
conductors are RF grounded. 35. OThé pl asna reacto : ‘ainngjmh rein

said first RE INDUCTIVELY COUPLED PLASMA REACTO
SYMMETRICAL PARALLEL MULTIPLE COTLS
HAVING A COMMON RF TERMINAL “—

_ ABSTRACT OF THE DISCLOSURE

The invention is embodied in a coil antenna for
radiating RF power supplied by an RF source into a vacuum
chamber of an inductively coupled plasma reactor which
processas a semiconductor wafer in the vacuum chamber, the
reactor having a gas supply inlet for supplying processing
gasas into the vacuum chamber, the coil antenna including
plliiral concentric spiral conductive windings, each of the
windings having an intericr end near an apex of a spiral of
the winding and an outer end at a periphery of the spiral of
the winding, and a common tarminal connected to the interior
ends of the plural concentric spiral windings, the RF power
source keing connected across che tarminal and the outer end

0

na embeddiment, the inner
ends of the concentric spiral windi

cf sach cne of the windings. 1In

I
o |

gs are connected -
radizlly cutwardly to a commen cenductor rather than
inwardly to an apex terminal. In another embodiment, the
concentric spiral windings are each powered at a point
intermediate the radially inner and outsr-ends. In yet
ancther embodiment, there ars plural radially separate
groups of concentric spiral windings, esach connected to a

=7 separately controlled RF power scurce to enable adjustment
of radial distribution of the plasma ion density. In &
further embodiment, “the spiral concentric windings are not

conformal with the shape of the chamber ceiling, and can
extend above the ceiling.

Fig. 24 + vy c1 f% :
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power source is connected across 'at | east onhe of said first and second
commoh conductors and RF ground and said third common conductor is
connected.to RF ground. 36. The pl asma reactor of C ajm-35—futtrer
conprising a second RF power source connected across the btiEPLACEMENT @HEET
first and second conmon conductors and RF ground, said fifs

power sources being independentlysgpitrollable, whereby sai 31 h | oot
o e BF e ot

is divided into inner and outer coil antenna sections by $ai er [

poi nts connedigd \p&ALd third comon18dqductpr—y 37. p-d0j oF
radi ati ng powey, ¥#‘Ey ROWE 0 e _into { vdcuumlchanb pl 7
react or v htd QRS a sefr conduct oN wake¥ i n"Jai d c —sal

reactor having a CE 0 and} a gas suppPlRylet. for supplying processing
gases into said vagpuum chanbpr, sai g¢rcg QAk-en QIpr i Si ng: a first

group of plural entric spiral gS\ each of said

w ndi ngs of sai ¢ 4t group] g A\ an .outer end, each
said wi ndi ng spi ng radijlly gy :

outer end, each

MNW\A2 end to said

N
4
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of said interior ends of said first group of plural concentric spiral
condugtive w ndings | ocated at a hei ght above said ceiling 38. The coi
antenna of C aim 37 further conprising: pl ur al
confcentric spiral conductive w ndings coax}REP| Pjggg&g@gg§§g first group of
pl iral concentric spiral conductive w ndinps EiM ndi ngs of saig
second grou i pgfan interior en
near a gl rcﬁm‘ erential periphery or safd f rstzarégg @&% hnf out er end,

each said winding spiraling radially out dfromsaid intefior end to said
outer end, ygaid ifd 3% iaRd ggcond groups of mnndlngs beln?ﬁdﬁectrically
separate and I ndependently controll abl e. ? |

1. A plasma reactor for processing a semiconductor wafer,
comprising:

a vacuum chamber having a ceiling;

an inlet for introducing a processing gas into said
vacuum chamber;

a wafer pedestal for supporting said semi-conductor wafer
inside said wvacuum chamber;

an RF power source;

a coll antenna near said vacuum chamber, said coil antenna
comprising:

plural concentric spiral conductive windings, each
of said windings having a radially inward end and a radially
outer end, and

a first common conductor connected to said radially
inward "~ ends of said plural concentric spiral windings,
located at a height above said ceiling;

a second common conductor connected to said radially
outer ends of said plural concentric spiral windings, said RF
power source being connected to one of said first and second
common conductors.,

2. The plasma reactor of Claim 1 wherein said RF power source
comprises two terminals, one of said two terminals being an RF
power terminal and the other of said two terminals being an RF
return terminal connected to RF ground, said one common
conductor being connected to said RF power terminal and the
other of said first and second common conductors being

connected to ground.
I —
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39. A plasma reactor for processing a sem conductor wafer, conprising:

a vacuum chanber having a three-di nensionally shaped ceiling; a
process gas inlet into said vacuum chanber; a wafe r
supporting said sem conductor wafer inside said v ngﬁhﬁﬁﬁﬂﬁﬂ?sﬁﬁs an RF
power source; a coil antenna receiving power | - source

and overlying said ceiling, said coil antenna conpfi
concentric spiral conductive w ndi ngs2%ach-of sai
radially inward end and a radially outer end, and

conduct or sonnegtedoi 8381 degadhal L Iauard £y

concentric’ spi " -4 second comibn ‘ton ' 0 said
radi al |y otReMERIs 16 S@éﬁd bFﬁFaFOQmﬁRxﬁﬂqqq9t§6|P§ ﬁﬁhﬁi?ﬁﬁﬁr common

conductor is said second common conductor whereby RF power is
applied to said inner ends and said outer ends are connected
to RF ground.

| ng? r%%% ﬁ% pliural

cpmmon

4. The plasma reactor of Claim 2 wherein said one common
conductor is said second common conductor and said other common
conductor is said first common conductor, whereby RF power is
applied to said outer ends and said inner ends are connected
to ground.

5. The plasma reactor of Claim 1 wherein said second common
conductor is adjacent a periphery of said coil antenna and
sald outer ends are connected radially outwardly to said
second common conductor.

6. The plasma reactor of Claim 1 wherein said first common
conductor is disposed near a periphery of said windings and
said inner ends are connected radially outwardly to said first
common conductor.

7. The plasma reactor of Claim 1 wherein said first common
conductor comprises a terminal disposed radially inwardly
relative to said antenna c¢oil and said inner ends are

connected radially inwardly thereto.

8. The plasma reactor of Claim 1 wherein said second common
conductor 1is disposed radially inwardly relative to said
antenna c¢oil and said outer ends are connected radially
inwardly thereto.

9. The plasma reactor of Claim 1 wherein:

said second common conductor is adjacent a periphery of
said coil antenna and said outer ends are connected radially
outwardly to said second common conductor; and

I
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wherein said first common conductor conprises a center termnal near a
center of said plural concentric spiral conductive w ndings, said center
term nal being |located at a hei ght above a center porti i}ﬁn
said inner ends being connected radially inwardly and pRﬁPHN¥§h§ﬂC§4

center termnal, whereby to |eave a center portion of sligcerTTng spacec
from conductors of said coil antenna. NEC 1938
36 40. The plasnma reactor of C ai m 3§ wherein said chi gn enna |s“J

generally conformal in shape with said ceiling except ngar—sard center
portion. said first common conductor is disposed negr a perjiphery

of said windings and said inner ends are connected radially
outwardly to said first common conductor.

10. The plasma reactor of Claim 9 wherein said coil antenna is
conformal with a shape of an adjacent surface of said chamber.

11. The plasma reactor of Claim 9 wherein said coil antenna is
nonconformal with a shape of an adjacent surface of said
chamber.

12. The plasma reactor of Claim 1 wherein said ceiling
comprises a three—dimensional shape and said coil antenna is
disposed near said ceiling and has a three—dimensional shape
deviating upwardly away from said ceiling.

13. The plasma reactor of Claim 12 wherein said chamber
ceiling has a dome shape and said c¢oil antenna has a
cylindrical shape and is disposed near said ceiling.

14. The plasma reactor of Claim 13 wherein said inner

ends are connected radially outwardly to said first common
conductor so that there are no conductors of said coil antenna
overlying said ceiling.

15. The plasma reactor of Claim 1 wherein said ceiling
comprises a planar ceiling and said antenna coil has a planar
disk shape and lies on an exterior surface of said ceiling.

'16. The plasma reactor of Claim 1 wherein said reactor
chamber comprises a cylindrical side wall and said antenna
coil has a cylindrical shape and is lies on a portion of said
cylindrical wall.

17. The plasma reactor of Claim 1 wherein said ceiling
comprises a dome—shaped ceiling and said antenna coil has a
dome shape and lies on and is congruent with at least a portion

of said dome—shaped ceiling.
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41. The plasma reactor of Claim 39 wherein said RF power source is
coupled to at |east one of said first and second common conductors. 42.
The plasnma reactor of Claim41l wherein said RF power source is coupled
across said first and second commpn conductors. 43. Hre—1f aﬁf§g¢%§ﬂtor
of Claim4l wherein said RF power source is coupled ac oﬁﬁﬂdﬁgmﬁ rd’
first and second commbn conductors ang a poi nt internedi

outer ends of each wi nding. 44. The blaswa react or "of
conprising a second power source connected across saidli
and the other one of said first and second common cond

i nner : ahd

y rp BECI 1983 her

er nedi at e poi nt

18. The plasma reactor of claim 17 wherein sa
conductor comprises an apex terminal over a center axis of said
dome shaped ceiling, and wherein said apex terminal is
displaced vertically upwardly from an apex of said dome shaped
ceiling, said inner ends of said concentric spiral windings
being connected radially inwardly and upwardly away from said
dome ceiling to said apex terminal to define a central region
of said dome disposed near the apex of said dome devoid of
conductors of said coil antenna.

CONIHO L1

19. The plasma reactor of Claim 17 wherein said dome shape
of said ceiling is truncated whereby a center region of said
dome shaped ceiling is planar.

20. The plasma reactor of Claim 1 wherein said reactor
chamber comprises a c¢ylindrical side wall and one portion of
said antenna coil overlies said ceiling while another portion
of said antenna coil is cylindrical and lies on at least a
portion of said cylindrical side wall.

21. The plasma reactor of Claim 2 wherein said inner ends
are circumferentially spaced from one another at equal
intervals and wherein said outer ends are circumferentially
spaced from one another at equal intervals.

22. The plasma reactor of Claim 1 wherein said chamber
comprises a sidewall with said ceiling overlying said
sidewall, a first portion of said coil antenna conformally
overlying said sidewall and a second portion of said antenna
conformally overlying said ceiling, there being a smooth
transition between said first and second portions of said
antenna. '

23. The plasma reactor of Claim 2 wherein said ceiling
comprises a dome shaped ceiling underlying said coil antenna,
said inner ends of said windings are spaced radially outwardly
from an axis of symmetry of said ceiling and are connected to
said first common conductor by resggggizfﬁ~izfiight line
symmetrically spaced conductors, ——
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45.  An inductively coupled plasnma reactor with a radially symetrical

t hree-di nensional |y shaped array of parallel spiral concentric w ndings
having an opening at a radial center region thereof, each of said parallel
spiral concentric wi ndings naving an inner end | ocate '

saird openi ng. 46. The reactor of C aim45 wherein
Is in a done shape. 47. The reactor %ﬂ Cl aim 46
i s 32 37

24. The plasma reactor of Claim 23 wherein shi
conductor is displaced vertically above a plang of said inner
ends of said windings and said straight line conductors wick

apwardly away from said inner ends toward said common
terminal.
25. The plasma reactor of Claim 1 wherein said coil antenna

comprises a radially inner coil antenna, said reactor further
comprising a radially outer coil antenna concentric with said
radially inner coil antenna, said radially inner and outer coil
antennas being electrically separate from one another, said
plasma reactor comprising independent RF power sources
individually connected to respective ones of said inner and
outer coil antennas whereby RF power delivered to each coil
antenna is separately controllable.

26. The plasma reactor of Claim 25 wherein said radially
inner and outer coil antennas are disposed near said ceiling.

27. The plasma reactor of Claim 26 wherein said reactor
chamber comprises a cylindrical side wall, and wherein said
radially inner coil antenna overlies said ceiling and said
radially outer coil antenna is disposed near said cylindrical
side wall.

28. The plasma reactor of Claim 27 wherein said inner coil
antenna conforms in shape to said ceiling and sald outer coil
antenna conforms in shape to said side wall.

29. The plasma reactor of Claim 27 wherein said radially
inner and outer coil antennas are nonconformal in shape with
said ceiling.

30. The plasma reactor of Claim 29 wherein said ceiling
has a three—dimensional shape and said radially inner and
suter coil antennas have respective three—dimensional shapes

which are nonconformal with the three dimensional shape of said

1R Y 0




a multi-radius done shape. 48. A plasma.reactor for processing a

sem conduct or wafer, conpri sing: a vacuum chanber having a
mul'ti - radi us dome-shaped ceiling; a process gas inlet into said
vacuum chanber ; a waf er pedestal for support] '

sem conduct or wafer inside said vacuum chanber;

sour ce; a coil antenna receiving power fro ogrce

and overlying and being at | east genera@py‘confornal s{gpﬁg@ g sai
nul ti-radius done-shaped ceiling, said coil antenna donprésing plural
concentricsspiral ¢aRdughbiska WeAREBYSoreathifl 363 e M 1 _
radially inward end and a ra |all¥ puter ena, said rafially I nward en
bei ng di spbSed°RicFiERse 1Y ¥t ZRPEhng"HadY eEeﬁP%&kﬁ%&ﬁﬂqﬂfiﬁqﬁrno
conduct or srespeceively, planap arnthewldéadirdcadft cliam 48 further conprising
a comon conductor to which said radially inward ends are connect ed.

32. The plasma reactor of Claim 1 wherein said RF power
source comprises two terminals, one of said two terminals being
an RF power terminal and the other of said two terminals being
an RF return terminal connected to RF ground, said common
conductor being connected to one of said two terminals and the
other of said first and second common conductors being
connected to the other of said two terminals.

33. A plasma reactor for processing -a semiconductor wafer,
comprising:

a vacuum chamber:;

an inlet for introducing a processing gas into said
vacuum chamber;

a wafer pedestal for supporting said semiconductor
wafer inside said vacuum chamber;

a first RF power source;

a coil antenna near said vacuum chamber, said coil
antenna comprising:

_ plural concentric spiral conductive windings, each of
said windings having a radially inward end and a radially
outer end, and

a first common conductor connected to said radially
inward ends of said plural concentric spiral windings, a second
common conductor connected to said radially outer ends of said
plural concentric spiral windings, and a third common
conductor connected to an intermediate point on each of said
windings intermediate said inner and outer ends thereof, said
first RF power source being connected across said third common

I




50. .The reactor of Caim49 wherein said conmmon conductor conprises an

annul ar

conductor having a dianeter greater than that of said opening,

whereby said radially inward ends are connected radially outwardly thereto.
51, The reactor of Caim50 wherein said common conductor has a dianmeter on
the order of said ceiling. 52. The reactor of b rern

sai d common conductor is disposed vertichJy upwar dl
whereby said radially inward en 3
and vertically upwardly to said conmon

cei ling,

38

are connegt

EE m'f-";
o 3deo

conductor and at least one of said first ond common

sonductors.

34, The plasma reactor of Claim 33 wherein said first RF
power source is connected between RF ground and said third
common conductor and said first and second common conductors
are RF grounded.

35, 0The plasma reactor of Claim 33 wherein said first RE
power source is connected across at least one of said first and
second common conductors and RF ground and said third common
conductor is connected to RF ground.

36. The plasma reactor of Claim 35 further comprising a
second RF power source connected across the other of said
first and second common conductors and RF ground, said first
and second RF power sources being independently controllable,
whereby said coil antenna is divided into inner and ocuter coil
antenna sections by said intermediate points connected to said
third common conductor.

37. A coil antenna for radiating power from a power source
into a vacuum chamber of a plasma reactor which processes a
semiconductor wafer in said vacuum chamber, said reactor having
a ceiling and a gas supply inlet for supplying processing gases
into said vacuum chamber, said coil antenna comprising:

a first group of plural concentric spiral conductive
windings, each of said windings of said first group having an
interior end and an outer end, each said winding spiralling
radially outward from said interior end to said outer end, each
of said interior ends of said first group of plural concentric
spiral conductive windings located at a height above said
ceiling.

38. The coil antenna of Claim 37 further comprising:

a second group of plural concentric spiral conductive windings
coaxial with and said first group of plural concentric spiral
conductive windings, each of said windings of said second group

rinaings of saia seco
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conduct or. 53. The reactor of Caim48 wherein said connections of
said radially inward ends to said common conductor proceed along vertically

upward paths and thereafter along radially outward paths. 54. The
reactor of Claim52 wherein said commobn conductor has a dianmeter on the
order of said ceiling. 55. The reactor of Cam 53 wherein said

56.

common conductor has a dianmeter |ess than-that of sgi g, Certrrge..
The reactor of Ol ai m 48 wherein said é8nmon conduct dr fE&npri ses an.@p
termnal to which said radially inward ends are confedt@d radially.

invardly. niying an interior end near a circumferentiafl pe@iphbry beS%i
first group and an outer end, each said] winding spiralin
radially outward from said interior end to id outer end, sai
first and second groups of windings being electrically separa
and independently controllable.

e X

39. A plasma reactor for processing a semiconductor wafer,
comprising:

a vacuum chamber having a three-dimensionally shaped
ceiling;

a process gas inlet into said vacuum chamber;

a wafer pedestal for supporting said semiconductor wafer
inside said vacuum chamber;

an RF power source;

a coil antenna receiving power from said RF power source
and overlying said ceiling, said coil antenna comprising:

plural concentric spiral conductive windings, each of
said windings having a radially inward end and a radially outer
end, and

a first common conductor connected to said radially
inward ends of said plural concentric spiral windings, a
second common conductor connected to said radially outer ends
of said plural concentric spiral windings;

wherein said first common conductor comprises a center
terminal near a center of said plural concentric spiral
conductive windings, said center terminal being located at a
height above a center portion of said ceiling, said inner ends
being connected radially inwardly and upwardly to said center
rerminal, whereby to leave a center portion of said ceiling
spaced from conductors of said coil antenna.

R ———
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40. The plasma reactor of Claim 39 wherein said coil antenna
is generally conformal in shape with said ceiling except near
said center portion.

41. The plasma reactor of Claim 39 wherein said RF power
source is coupled to at least one of said first and second
common conductors.

42. The plasma reactor of Claim 41 wherein said RF power
source is coupled across said first and second common
conductors.

43, The plasma reactor of Claim 41 wherein said RF power
source 1is coupled across one of said first and second common
conductors and a point intermediate said inner and outer ends
of each winding.

44. The plasma reactor of Claim 43 further comprising a second
power source connected across said intermediate point and the
other one of said first and second common conductors.

45, An inductively coupled plasma reactor with a radially
symmetrical three-dimensionally shaped array of parallel spiral
concentric windings having an opening at a radial center region
thereof, each of said parallel spiral concentric windings
naving an inner end located at a height above said opening.

46. The reactor of Claim 45 wherein said array of windings is
in a dome shape.

47. The reactor of Claim 46 wherein said dome shape is

T
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‘conductor and at least one of said first and second common
conductors.

34. The plasma reactor of Claim 33 wherein said first RF power
source is connected between RF ground and said third common
conductor and said first and second common conductors arxe RF
grounded.

35. The plasma reactor of Claim 33 wherein said first RF power
source is connected across at least one of said first and second
common conductors and RF ground and said third common conductor
is connected to RF ground.

36. The plasma reactor of Claim 35 further comprising a second
RF power source connected across the other of said first and
second common conductors and RF ground, said first and second
RE power sources being independently controllable, whereby said
coil antenna is divided into inner and outer coil antenna
sections by said intermediate points connected to said third
common conductor.

37. A coil antenna for radiating power from a power source
into a wacuum chamber of a plasma reactor which processes a
semiconductor wafer in said vacuum chamber, said reactor having
a ceiling and a gas supply inlet for supplying processing gases
into said wvacuum chamber, said coil antenna comprising:

a first group of plural concentric spiral conductive windings,
each of said windings of said first group having an interior
end and an outer end, each said winding spiralling radially
outward from said interior end to said outer end, each of said
interior ends of said first group of plural concentric spiral
conductive windings located at a height above said ceiling.

38. The coil antenna of Claim 37 further comprising:
a second group of plural concentric spiral conductive windings

coaxial with and said first group of plural concentric spiral
conductive windings, each of said windings of said second group

_—
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