2251977 Method and Apparatus For Plasma Processing This invention relates
generally to the-plasma processi ng of sem conductor wafers andzpgyezz
particularlysto nethods and apparatus for plasnma processing sem conductor
wafers in a reactive ion etch node. Integrated circuits (1Cs) are
fabricated on sem conductor wafers by subjecting the 5 wafers to a
preci se sequence of processes. These processes can include, but are not
limted to, epitaxial deposition. lithographic patterning, chem cal vapor
deposition, sputter deposition, ion inplantation and etch processes. There
is a seeningly inexorable trend in the IC industry to produce nore power f ul
Pntegrated circuits by packing ever greater nunbers of active and passive
devi ceg’into each 10 integrated circuit. This is typically acconpl i shed by
bot h r‘ﬁUC|ng the sizes of the devices within an IC and by arranging the
‘devi ces nore cl osely together. ~ As | C devices becone smaller and nore .
densel y packed they al so becone nore suscepti bl e to damage during the
af orementi oned processing s{Qhsqd Eof Jum feature size
(such as a line wdth) of evi-ces of the
integrated circuit may be susceptible to danage if exposed to vol tage
| evel s over [err] 5 volts. Since it is not unusual for conventional
sem conduct or processing equi pnment, such as a reactive ion etch (RIE)
system to devel op consi derabl e voltage |-evels during .operation, steps nust
be taken to prevent danmage to the devices of the integrated circuits. In a
reactive ion etch systema process gas is released into a process chanber

Qrﬁa radi o-frequency (RF) power source is coupied to a cathode |ocated

in the chanber 10 to create a plasma fromthe process gas. A

semi conduct or wafer can be supported by the cathode and positive ions

formed within t %x?hﬁéﬁ@o&?&at@fg&%?ﬁ%ﬁf&h??&ﬂxasur ﬁg&g@%ﬁi@ﬁ&:ﬁﬁf@?m

provide a very anisotropic etc Convent 1 on
systems more particularly to methods and apparatus for plasma processing semiconductor warers in

a reactive ion etch mode.
Integrated circuits (ICs) are fabricated on semiconductor wafers by subjecting the
5 warers to a precise sequence of pro_c:ssés. These pfoc_es_se_s can include, but are not limited
to, epitaxial. deposition, lithographic patterning, chemical vapor deposition, sputter
deposition, ion implantation and etch processes. | |
— | There is a seemingly inexorable trend in the IC industry to produce more powerful
~integrated circuits by packing ever greater numbers of active and passive Idevices into each
10 integrated circuit. This is.typically accomplished by both reducing the sizes of the devices

within an IC and by arranging the _devi_c_es more closely together.



have been operated at a nunber of frequencies including a |ow frequency
range from about 10-400 kilohertz and a high frequency range from about
13-40 nmegahertz. 15 Both ions and el ectrons within a pI asma are
accelerated in _systens operated in the low fre uency range of 10-400
kil ohertz craaiCrdevices becomeosmpliareand norga yt packed  theycalso hegome mpre he
. I'mpact of heavy, high-energy ions-against the surface of the wafer. In high
freque@ﬁsee?m oo ddindge diningl theddforenymiionédr processing seps: dFos exdmplepiwhen ehe

S

sheat h i med near the cathode which typically devel ops a nagnitude of
over 1GQin teaa{re Lsidd (saumial aoﬁn@%m) BPYR'IC ARcKERNEbAUCY michI, QHe |dévices

vol tages o |s magni t ude can be very. danagi ng to hi gh- denS|ty I C

C|rCU|tr. ont.r ted h v
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systens, have sheath volta so low that an auxiliary bias on ihe cat hode .
i § of t ¥alts.c§incedy i BobPB‘H“g’e O FRRYERG yseﬁyﬁ‘?@"@cﬂ equipmeny, - !‘\‘3‘ _-
frequency range choices, .the high frequency range of 13-40 negahetz i's
nost ohs aweaetive awdtchr(RiE}issmmt mwmemsuhgab?awoﬁmge exels during eperatior,c
for an RIE systemoperating frequency is the I SM (industry, scientific,

medi cabgens iti3el BeCakért 4 Pidvent idamdgd o rthe Aevicks of tédheiregient i al | y

damagi ng sheat h voI tages of such systens limts their usef ul ness in
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React or" of Cheng et al. which teaches the use of a rotating magnetic 10
1@rr] tWhereatet aplasmar from Hie ProRESCEASh A iSAGICORARSET (wafer can ibecsuppored At thel |y
parallel to the wafer surface. The magnetic field of Cheng et al. decreases.

t he ca¢dtisalie aid:positive iomgorfiéd Jthire thecpiasma can bemcodlerated’ @6 the strfacendd the it
i ncreases the etch rate by as nuch as 50 percent.

wafer to provide a very anisotropic etch of the wafer’s surface ‘Conventional ‘RIE systems

have been operated at a number of frequencies including a low frequency rang'e from about -
.1'0-400 kilohertz and a hi_gh'_ frequency range from about 13-40 megahertz. |

15 | Both ions and electrons within a plasma are accelerated in systems operated in the
low frequency range of 10-400 kilohertz creating the risk of potential 'dam.age to IC devices '.
caused by the impact of heavy, high-energy ions against the surface of the wafer._ In high
frequency operation’ in the 13-40 megahertz range a steady state cathode sheath is formed
near the cathode which typicaily develops a magnitude of over 1000 volts at 1 kilowatt of

20 | power. As mentioned preViodsiy; voltages of this magnifude' can be very damaging to high-
density IC circuitry. In contrast, Systems operated in the microwave range of about 900

megahertz to 2.5 gigahertz, such as electron cyclotron resonance (ECR) systems, have sheath ¢

01_['

voltages so low that an auxiliary bias on the cathode is often required to provide = .

commercially useful etch rates.



A problemwi th a nmagnetic enhancenent system as di scl osed by Cheng et al.

is that the electric (E) field created within the cathode sheath is
substanti al I y perpendi cul ar to.the 15 waf er surface and is therefore at
substantially perpendicular to the applied magnetic (B) field. The E x B
force created by the interaction of fhese two fields causes_ the well-known

el ectron/ion driQfthedrequency,rangs cheices, the dighsisequency, fange9f 13040 mesaherty ismost
in magnetically enhanced R E systens. The aforenentioned rotation of the
magnet i ¢ fi efienremployed irbplasnia ceschnsystams. nBy fitrcthe anest populan rehbiverfor anBIE system
averaging the effects of the electron/ion drift 20 over the surface of
the wafler. —Apeialing @equeheynis BuoIEMCriRthsuy] Keitdtifics unédiealfuaitentg frdquatioy b6 13.56

that, @ven wth nagnetic confinenent, a cathode sheath voltage at about 700

volts i S sti I L ' g??}a hC i | : :
of 'pr'ocessegﬂégaﬁ#%ﬂg\ogtﬁg'&tﬁ%%hgg e e| e ftngoﬁiflﬂgnﬂa#ﬁ o?gu%igﬁsgééﬁ%gx%?ﬁgheu '
Ex B fqQrce, raising. Bptg'? | awer t he cat hode sheath vol taﬂe w ||, increase 3.,.
the el dct r oPFSHNATS; in DRIGIIURE Fepain, SKASIINR, SiEh DRFSSSES: YuCH a5 polysilicop jpver silicon
system of Cheng et al. cannot reduce the cathode sheath voltage nmuch bel ow
700 vol ts bylioxudet (foxidefstelisi ng the B field strength wthout causing an
unaccept ably high etch non-uniformty over the surface of the wafer. 5

One approach to Theuathudet siteatn tvoltdge e diehredutedadhy the msec of mmdghpti¢ cconfinement

| evel s is disclosed in parent application USSN 07/559,947, filed July 31.

1990. of. Colthrglﬁu&t sith ANthdddt dikdised” W g pafRapcl 842 383 ehiitled t hﬁ%neﬁc Field-

di scl osure o Ich 1s incorporated herein by reference. It is kno t ha

t
ol e i CROTEC iR 2ot Refyint A crfg Bl BfihiplolBE B 68 o ftadity nbfnedc
Lhe. 1800t vasld RGURGHE SUFPh S HaIGE eSBHARIERc THU Dfeh SUbSARCANY, Bfalel o the

RF frequency causes a
wafer surface. The magnetic field of Cheng er al. decreases the cathode sheath voltage 25-30

 percent, i.e.to about 700 volts, while it increases the etch rate by as much as 50 percent.
A problem with a magnetic enhancement system as disciosed by Cheng et al. is that
the electric (E) field created within the cathode sheath is substantially perpendicular to the
15 wafer surface and is therefore at substantially perpendicular to the applied magnetic (B)
field. The E x B force created by the intemcﬁon of these two fields causes the well-known
L/ ~ electron/ion drift effect, which is a major source of etch non-uniformity in magnetically
enhanced RIE systems. The aforementioned rotation of the magnetic field reduces, but
does not eliminate, etch _non-uniformity by averaging the effects of the electron/ion drift
20 over the surface of the wafer. -
~ Another problem encountered with the system of Cheng er al. is that, even with

~ magnetic confinement, a cathode sheath voltage at about 700 volts is still too laige to avoid

LA

damaging IC devices during certain types of processes. Unfortunately, since the electron/ion

drift is caused by the E x B force, raising B to lower the cathode sheath voltage will increase

3



decrease in [err] and a consequent reduction in the cathode sheath voltage.
Collins et al. teach that operating a RIE system at VHF/ UHF frequencies

from about 50 negahertz to 15 about 800 negahertz will result i n 1 ower
cat’hode sheath voltages resulting in a softer, |éss damaging etch
processes. Wiile the systemof Collins et al. perforns very well, it

suf f er shef electroniond rdrifb effct: 31eqrrespondingi amoun. \arqonsequenes; gthersystem of Chenger
supply or multiple frequency R F. sources which, for the required power.
and fr efak eqrinos reduce ther sathadegsheatid voltage sple belove 700\valts b Qurthert ikéasing

i npedance matching network was, to sonme extent, a conprom se over the range
of “opegy wgeidrwlﬁﬁwte&ak&gnﬂu @pably’ High Rt HonluHRFRI S oVe #iai NY.
at any one frequency within the range. 4 I'n consequence, there was .
her et obef.ore fﬁ@ u&g@%i sfied need for an plasma processing systemin whigh
the cathoHe Yndht 'l tage coul d be control |l ed both .inexpensively :and
effectively._ 5 The ,net hod of the presepnt invention couples R
radi o- f r equOReyaRARP3Che @ TgYuGing dhe, cathode sshegths "Hrpgﬁeéﬂsacﬁﬁp@lﬁ lavedevelsols -
forma plasma, devel ops a magnetic field within the plasma and varies the
st r engdisciofedt ire pamegn application| HSSN 035591943, Glednhuly Hdhda90. ofoColiige er Ghand
magnetic field strength and the cathode sheath voltage are inversely =
rel at eghtihé@r "YHFTOHEC t RéhcRie S§tem, thendiscloburkhsf whidhels incoRjopdted®! Herein dy

flux lines of the magnetic field (B) are 10 parallel to'the electric”

ar 1 RS o g, B, B8 Saldo el et 1P et of R Rl e

frequepcy. band of approximately 50-800. megahertz. Wthin this range, the .- 3
rel gt i@;g)ni"g %P&@égﬁpfvﬁ@lﬁc‘éﬁh‘@\éebysﬂ’@a OVg'ra IRJRHODSMPE he rmgneti ¢ 19| el d -

al l ow the cathode sheath voltage to be reduced 75% 15 or nore fromits -
Hhxi num val-ue, whi ch does rot- appeésr FoRoejbossi bl e at | ower operating - .

where R is the resistive component of the plasma - impedance and x is the reactive
‘component - of the plasmi i_m‘ﬁeda.nce. Therefore, an mcrase in RF frequency causes a -
‘decrease in Zp; and a consequent reduction in the cathode sheath voltage. Collins et al.
‘teach that operating a RIE system at VHF/UHF frequencies from about _50 megahertz to
15  about 800 megahertz will result in lower cathode she._ath-._vo,ltages.resulting_ in a softer, less
damaging etch processes. | _ _

While the system of Collins et al. performs very. well, it suffers from the drawback | j
that it requires a variable frequency R.F. power supply pr_-ﬁzulﬁple frequency R.F. sources :
which, for the required power and frequencies, are very large and .very expensive. Also,.

20 | their impedance matching n;atwork was, to some extent, a comp__romise over the range of
operating frequencies, resulting in less than optimal impedance matching at any one

~ frequency within the range.

. -Vl.i .-..
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frequencies for RIE systens. Preferably, an RF frequency is chosen which,

I n the absence of a magnetic field, produces a cathode sheath voltage
greater than or equal to the maxi num val ue of the different sheath voltages
which may be desired to performdifferent processes. Processes requiring

cat hode sheath vyoltages |o t han .t hi XI rrum val can e obt ai ned
by i ncreasing tﬁ@"ﬂ&%ﬂ V\ﬁ; m "sﬂ?éﬂe% ?P{J@B g processing
present invention includes a process chanber a waf er - supportl ng cat hode

di sposed wisystem inhwhichotheseathodenisheath \eolmmnl%hp qagtrofled cbethninexpensivelys and
gas W|th| n the chanber, a RF power supply operating in the 50-800 negahertz
range coupbﬂ'dctiwly he cat hode, and a magnet adapted to devel op a magnetic
field u;ut he chanber 5 which has flux lines substantially perpendicul ar
to the- cat hode surface. Pref erably, a pair of coils coupled to a variable
power supply are used to provide a variable magnetic field within the:
process chanber.. The choi ce of operating frequencies is an inportant aspect
of the present invention. By operating the systemat frequencies within the
range of 50-800 negahertz a strong 10 resonance phenonenon is observed
whi ch .permts the cathode sheath voltage to be varied over a much greater
range than if the systemwas opted at | ower frequencies. An advantage of
this invention is that the cathode sheath voltage can be controlled with a
relatively inexpensive D.C. constant current source instead of the

relatvel y experhe \Retifod - ofothéepresent riaeeritfondcaupless eslibfreqlendy"' YRFY dlergy into a
Al ternatively, replaceable permanent 15 magnet s can be used to vary the

LRSSl R ISR il 8kede %%@'@#W@B‘H?
oL oeL O | b 85 BB beiClned B R B Sl

density and etch rate
magneuc field strength and the cathode sheath voltage are inversely related overra selected

operating range of the system. [Preferably, the flux l_m_es of the magnetic ﬁeld (B) are
10 parallel to the electric field lines (E) of the cathode sheath to eliminate E x B electron/ion
- drift. |

The preferred frequency of operation is in the VHF/UHF radio frequency band of

approximately 50-800 megahertz. Within this range, the relationship between the caihode

N\ sheath voltage and the magnetic field allow the cathode sheath voltage to be reduced 75%
15  or more from its maximum value, which does not appear to be possible at lower operating
frequencies for RIE systems. Preferably, an RF frequency is chosen which, in the absence

- of a magnetic field, produces a cathode sheath voltage greater than or equal to the
maximum value of the different sheath voltages which may be desired to perform different
processes. Processes requiring cathode sheath §oltages lower than this Mimum value can

20 be obtained by increasing the magnetic field strength.



20 These and ot her advantages of the present invention wll
become clear to those skilled in the art upon.a study of the detailed
description of the invention and of the several figures of the draW| ngs. 6
FIGURE 1 is a cross-sectional view of a plasma proceSS| ng apparat us in
accordance with the present invention; FIGURE 2a is a top plan view

ilTustrati ngThE QppaRatust iofnthef predertt! Qﬂdhﬁﬁﬁgﬁﬁludescﬂlﬁr&m chaiber, "af %f&-f
t he plasna processing apparatus of Fig. 1; FI GURE 2b is a front el evational

i ﬁﬁvgzlf.%ﬁﬂ? S %j‘% Hitin 24, f'ﬁ?‘*‘*‘revaﬁﬂonaaﬁ@?&v‘f#@iﬁ& 2
35 of PreGEss gRs LT 'geré@&‘%vzﬁgiéun‘.fp Y prtalls afthe S0 ahere gunge ¢

single vertlcal magnetic field coil configuration as seen along |ine 2

Fi g. 2agoupledurrEt®s rathedeyranshaimagnet adanted) toideveiop a magsets fisld nagpacm%; .
Fig. 1, FIGURE 4 is a diagramillustrating the magnetic flux |ines of the . :
appar at whichfhasi flux lines-substantislly perpeptiivplari kd dse cathodeg subrace.ePréferabiy @ pair: .

bet ween coil current and D.C. i as 15 vol tage on the cathode of the =
appar at 1 f d“?éﬁ f a

pl asma (Ib'lf]cdg{:scé: %aer?céo\?m %aj prese p? r?\%g\#tsia(;gé tpf@‘:d@ 4le 'ﬂﬁ%'{eﬁf:g}s?grr% '
processi %a&gapr at ug a mberaccordance Wi t h t he present i nvent i'on

The chmce of operating frequencxes isan 1mpartant aspect- or the present inveation.
By operaung the system at frequencies within the range of 50-800 megahenz a. strong \J
10 | resonance phenomenon is obsetved ‘which | permxts the mthode shmth voltage to be varied
over a much gmter nmge ‘than if the system was operamd at lower frequenczes
An advantage of this 1_nve'n“uon ‘is that -th_e cathode -sheathi voltage can-be controlled |
with a relatively inexpensive D.C. constant current source instéad of the relatively expensive____, :
R.F. power source as disclosed by Collins er al. 'IAltematively, _replacable permanent |
15 magnets can be used tovary the B field strength within the process chamber,
| By applying a B field which 'is'sﬁbstaniially parallel to the E field of uze__.cathode
| sheath, the effects of electron/ion ~drift aremuumlzedA vertical B field furthermore \J
reduces radial diffusion losses of the free electrons, thereby increasing plastha. density and.-__ |
etch rate. - o | |
20 o ' These and other advantages of the preéent-:inveﬁtion will become clear to those
) skilled in the art upon a study of the 'detailedl deécﬁpﬁon “of the invention and of the several

'ﬁgures of the drawings.




i ncl udes an enclosure 12 defining a processing chanber 14, a cathode 16, a
radi o-frequency (‘R F.) supply syst:em 18 coupled to the cathode 16, and a
magneti ¢ enhancenent system 20.for providing a nmagnetic field within
chanber 14. As will be explained in nore detail subsequently, the plasma
processi ng apparatus 10 typically operates in the well-known reactive ion
etch (R I.E ) node wherein positive ions of a process gas are accel erated
to the surface of a wafer to provide a highly anisotropic etch of the
surface. Enclosure 12 includes sidewalls 22. lid 24 and base 26. An
apertured pl at. cFIGURE/ ik crods-sectiphal  piewoasfss plasmaiprocessing rappamatuse i aceordance
nani fol"d 30 within the enclosure 12 and an insulating ring 29 insulates the

pl ate Z&.-fwﬂﬂm&pre@ahhﬁﬂenﬁ&l; A process gas P is released into an inlet
ni fol'd 32 and 1s di spersed through an apertured plate or showerhead 34

into the proces 14 g - nar, irﬁih'n?tﬁﬁ c%,gﬁ? - o
can be exhaust(ﬁ%@%ﬁgﬁ?ﬁ?p%ﬁ%tﬁe ex aust?’ggrr‘]i_ 8) n‘%ﬁ%:ﬁé ocl?tll
an exhaust condui.t 36 by .neans of 15 a pu 8. /A throttle valve 40 can
be used t @“ﬁeagmaset‘@f?'hﬁ RIFSME PIACESSAS ?‘?@"%‘E’Hg&?‘& tt ough the exhaust

conduit 36. Theljr&orti ons of enclosure 12 which are exposed to the _process
chanber 14 shoFIGURERis arfoentpelexationalc vigynof 1o Brstouestical| magnege feldneoib pair
the sidewalls 22, plate 28 and showerhead 34 are preferably nmade from '
anodi zed gbniiguration Bscsezmaiony limg 84> of Figolat he 20 enclosure 12 is
ensured by a nunber of seals 42 between abutting surfaces of the sidewalls,

l'id, base, etcfrIGURE ' iond! RAnbLeS seforadvi&tice r '
upper surface FA{4 whi ?ﬁhggﬁfr%‘g éel%agggﬁ to thfeag'gr ocesga%l%nglggﬁéli%. ﬁlgfﬁ\/‘ixggpﬁ?

therefore j { ; I t .upper surface 44 of the cathode
16 be mdgbﬁﬁ{#@p%%%&%ﬁg@ﬁ %thg&nﬁltgé??’al, such as the aforenenti oned

anodi,zed al um sem.conduct ot wafer 46 can be,s orted by the er .
suriloe 42 or BNtk B S tont CleyaSotiie Hiew, 0b o Sinale, vertcal migneic HERE coil

configuration as seen along line 2-2 of Fig. 2a;
FIGURE 3 is a graph illustrating the D.C. bias of the apparatus of Fig. 1;
FIGURE4isa diagram' illustxatipg the magnetic flux lines of the apparatus of Fig. 1;
FIGURE § is a graph illustrating the relationship between coil curi'ent and D.C. bias
15 . voltage on the cathode of the apparatus of Fig. 1; and
FIGURE 6 is a flow chart of a method for forming a plasma in accordance with the

present invention.



The R
mat chi
48 to

F. supply system 18 includes an R F. power supply 48 coupled to a
ng 5 network 50 which matches the inpedance of the power supply
the inpedance of the rest of the plasma processing apparatus_ 10,

Typically, a coaxial transnmission line 51 having a characteristic i npedan
substantially the sane as the output inpedance of the power supply 48 is
used to couple the R F. power supply 48 to the matchi ng network 50. The

cat hode 16 cooperates with an insulating sleeve 52 and a conducti ve sl eeve

54 to
mat chi

serve as 10 a coaxial transm ssion line 56 which couples the
ng network to the process chanber 14. The sleeve 54 is electrically

ce

coupl ed to theFigaiea plsmadprotassipl cappaddus 1Adn gcehrdances with the gredeat tinventibh

coupled to the lid 24, showerhead 34, plate 28 and the base 26. When RE

pover

|ificiaB® bl @ntiosure! [aefinife biosssiag schamber R4V ichibode 16; asadiobedies

is ionized to forma plasma due to the acceleration of free eI ectrons whi ch

e oS R shBP It o it o 9@‘%3% %T%Wcat a2 eat foshiinal’

caJ hode, 16 creates an el.ectri,c fj ant| er endi, cu
t @ t he [ORPROVAING, ? rAagnets Aeld, Wit '"‘F e&lg % @‘5’89’(’5 "ﬁ‘kw
the cathode 16, the plasna within process. chanber 14 showerhead 34,

si dewalsubseguentiy, aths PlasmAd PIeSSsNiRg i apparfuse\k) typically operates in thmgmil—kn,own |
enhancenment system 20 preferably includes a pajr of electromagnetic coils

60 and réatta8don et2h(R.DEVEmode (wheyeif ppositiveviohs obs pnb&ssjga.edrei accgieratd rto the

det ai |

P

subsequently, the coils 60 and 62 devel op a nmagnetic field within

procesgy, @ﬂgﬂa \Mre{'% ifie'% HIBH dnidfrodlcS BlchosPhRbAMMmcehe cat hode 16

t her eby reducing the

of thi

conpri
Cross-

WPdt h

2e"138€viﬂﬁﬁe=63?°d'%@@%@6%@%%&%%%%@%

secti onal dlnen5|ons of -about 1.5.in S t ang 1 in
she PEocesh hambee (14 fenm (3, exhayst W@ﬁ n%d i 11 80e Pq%efé] y‘;!ede%n;

Preferably, the coils are covered with a magnetic

insulating ring 29 insulates the plate 28 from the cathode 16. A process gas Pis released

mto an inlet manifold 32 and is dlspersed through an apenured plate or showerhead 34 into

ar .
g

I as voltage on the cathode. The coils 60 and 62\3_

9

h.

_the process chamber 14. Gasses, mns, pamculates and other matter can be exhausted from

15

the chamber 14 through the exhaust manifold 30 an out an' exhaust ‘conduit 36 by means of

a pump 38. A throttle valve 40 can be used to regulate the ﬂow rate of the exhaust through -

the exhaust condmt 36

The portions of enclosure 12 which are exposed to the process chamber 14 shouid

'be made from process-compatible materials. For example, the sidewalls 22, plate 28 and

20

showerhead 34 are preferably made from anodized aluminum. The vacuum integrity of the -
enclosure 12 is ensured bya number of seals 42 between abutting surfaces of the sidewalls,

lid, base, etc. . ’ -

The cathode 16 is an elongated, conductive member having an upper surface 44

which can be exposed to the process chamber 14. It is therefore 1mportant that at least the

8
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shield 66 made froma high nagnetic perneability material such as soft iron
or carbon steel 5 to mnimze-magnetic coupling and interference with
near by equi prrent and to shield the process chanber from external magnetic

i nfl uences. When the coils 60 and 62 are covered with the shield 66, the

i nduct ance of each coil drops to about 14 mllihenrys. The D.C. power

suppl y 64 .uppesrsurface ¥ of the, cathods 86 be made from agurpeass gompptible maesisl,csush as the
supplying currents in the range of 0 to about 20 anperes. A suitable D.C
power ‘ suppaforérfientioned asodizedc ahimigumy aAl sentieonkiuctor t wafeSciGecancbe Sopgoated bF the
Chi cago, Illinois as- product DCS 40-25. In can be controlled by an input 65
whi ch can Pehep JHRABEI44 GTHE dattode 214 R SuBSeqlerti Bftitkssipput from a control
devi ce{guch "as a conputer. A preferred nethod for operating the nagnetic

enhancerrent sys ' ' e i , .
3. Im the top SRCor Speby S I8 RGes"d R-E PR Vibph? 48 clpied o it
restipng on upper _surface 44 of cathode 16 an be seen through the inner

ci rcuhf eremod@séf‘”‘ﬁgi magehes the 1@, ce sgfﬁEFiPQH’efG“ Y148 othgimpedange Of the
D.C. power supply 64 by power lines 70. In this preferred enbodi nent, the
magnet i ¢ fiest oithe eplasmap processing-appar@os ok Typically, 2 qoaxialt transmissien line 51 having
dissimlar nmagnetic poles of the two coils face each other. This can be

seen in Figchathctehistice inpedames t Subsahsallyf theishmé Gasf the esunpte impedancs obfethe§ power
coil 62 20 t hereby devel oping a magnetic field B which is substantia

| Iy

di-cuyakivt 21 & f - f | ' -
DD e (BBl % 5 s R B ME R ES fOuek "\oph 08 e bl BEGERE 50 The
To-Tt “en el oft, Binkeates, WHTER Tayhulte SR 47 Fnd B Ghaliclydl Siebit” 56 %, 108 2
10 can be reversed, i.e, the B field can be painting upwardly in Fig.
2b, @ t hodcaasial ieasmissions ies 56 whithecouplescibie maschipg MeHWOrK 19, thecprocesscehiambher

62 are arranged in a Hel mholtz configuration where the di stance D between

t he coil s lds Ehepsiesviend4 isl eleatrically canpladeto thei base R6cindctheiplate 28cTheisidewalls 22

are electrically coupled to the lid 24, showerhead 34, plate 28 and the base 26. When R.F.
power is applied to cathode 16 the process gas P within process chamber 14 is ionized to
form a plasma due to the acceleration of free electrons which undergo collisions. with the
15 gas molecules ‘to create positive ions of the gas molecules and more free electrons. The
| cathode sheath S above the cathode 16 creates an electric field E which is substantiaily
o perpendicular to the cathode surface.. A current flows along a current path S8 comprising
the cathode 16, the plasma within process chamber 14, showerhead .34, sidewalls 22, plate
28 and conductive sleeve 5_4.
20 Magnetic enhancement "system 20 preferably includes a pair of electromagnetic coils
60 and 62 and a D.C. power supply 64. As will be discussed in greater detail subsequently,
* the coils 60 and 62 develop a magnetic field within process chamber 14 to confine more free
- electrons above the cathode 16 thereby reducing the D.C. bias voltage on the cathode. The

coils 60 and 62 of this preferred embodiment are approximately 17 inches in diameter and

9



5 The Hel mholtz configuration results in a region X between the two
coils where the magnetic flux lines f of the B field are substantially
parallel to each other and substantially normal to the planes of the two -
coils. It is inmportant that the B field be uniformin the proximty of the
wafer 46 to provide etch uniformty over the surface of the wafer. An

al t er nafPmMprist: 180 tums, of #d2asquage tmagnehgwirei formingaactonoid: having ccrossosectional g.
110 - isillustrated in Fig. 2c. In this -enbodinent, the nagnetic-fields
pr oducedinissnsions | of bBuaicS Mchespindigitaand bidohrin width ahd annonshiid $Sduetankie
two coils face each other. This creates a magnetic mrror within the

pr 0Ces Sof f5HFoAmalP 1920 thiflihntys (eath, 4 PrefWiiible the ©oil8 A€ tbbertll Wiith . rilagneric

advant ageous in that it enhancés the concentration of - energetic e

near thg.:suyr 7 _ it increasingly suffers.fromthe g

el ect ro%?iagnééz'rﬁ?‘qet ?'gﬁ %?@a%ﬂ* Wﬁgﬁﬁ'@%t %*Lcﬁs PRI PEFarban s
description . of a method aﬁg. apgqac{]at us, for the magnetic enhancement of a .
plasma 1Ot BHIRGZES FBRCHG SOPRIINg and, INeIGRERes Wit neardby equipmenspiand oi shielddhe al
No. 07/349,010, filed 05/08/89, of Hanley et al. entitled "Mgnetically -
Enhanc gprogdsa chambern from eSegmab mdgnetiGdnflusnces) c WiienPtheceoilsi 6Qjarida 62 are: oovaeged

and assigned to the assignee of this application, the disclosure of which

i s her abiyh kiiec stiigldr 66,atle lindancd Yof2éich cﬁﬁ&&pﬁ%%oﬁﬂquhﬁﬂli{iéﬁr%nat ive

met hod for operating a nagnetic enhancenent system for a plash -pr-o-cessi'hg

LS S OB o0 AT P, SO bl s
°0 0 38 LA of ol B el Bk sl

substantially parallel and perpendicular to the wafer * surface 72
P t heiswommergiallyravailable, ftomy they $erensenGpmpary (of £hicagge Minpis as productuBIOSs s
Dis much greater than d, e.g. at least four tinmes as |large, and unless the
anode 40+25ada das heecontrolledeby an tiiput G5t whith dahcbe 4 meanal iisput fsbil a Rfob or a
insufficiently uniformto provide good 5 uniformty. Therefore, the

si ngl esighall inpen Fopy wadonerol @evice Guctds ascomperadapt ed for st and-

A preferred method for operating the magnetic enhancement system 20 will be |
 discussed with reference to Figs. 1,2a and 2b. In the top plan view of Fig 2a, the top of
15 wafer 46 (which is resting on upper surface 44 of cathode 16) can be seen through the inner
‘circumference 68 of coil 60. Current is supplied to coils 60 and 62 by the D.C. power supply
64 by power lines 70. In this preferred embodimehg the magnetic fields developed by coils <

|60 and 62 aid each other, i.c. dissimilar magnetic poles of the two coils face each other.

This can be seen in Fig. 2b_ where the north pole of-coii 60 faces the south pole of coil 62
20 thereby - developing a..magnetic?. field B which is substantially perpendicular to the upper K

surface 72 of the wafer 46. In this preferred embodiment, the coils 60 and 62 share a

iy

common magnetic axis A which coincides with an axis of symmetry A of both the wafer 46

T wef

and the cathode 16. It should be noted that the magnetic polarities of the coils 60and 62

10



al one single wafer etch systens where the size of the coil 60 is |ess

I mportant than in nulti- chanber etch systenms. As can be seen above, there
are a great nunber of ways that the variabl e magnetic enhancenent system of
the present invention can be inplenmented. For exanple, on plasma 10 etch
system chanbers which are not cylindrical the coils can be nmade to fol |l ow
t he ext er cah beoreversed, oe. theeBdieldiivan .beSpeinting rupwanilycin Fig. &bi, avithoRt qoticeable
Etch 5000 has octagonal chanber shapes, el ectromagnetic coils can be nmade
in a mat clifes 6f e phiessshape to cl osel y engage the outer surface of the
chanber. \Wen placing such coils in a Helnmholtz configuration, the

di st ance. bet'\'l\legs;efgp% i ol g%ﬁ% 1 RO oA

as the {ghil radils R q‘%‘ésci’lgﬁpgﬂ?‘ﬁﬁ?% e not g{dkﬁey? I't idgﬂgggglﬁg\?ewﬁ%g the
repl aceone. or re of the electromagnetic coil.s, of the.magnetic .
oo hanceneAwase B Henves ineBRReBRely gpaiciet g i & BF e o ghe enits.
magnetic coils 60 and 62 of Fig.. 2b can be replaced or aided with one or
nor e ¥per ndne delmhgite configuration mesults, in  segipm Xehetweem the {wQ egjls wherp the magaetic
di scl osure of which has heen incorporated by reference. The strength of the
magneti c flueliies f of eherBfield arecsabstartialiyd paraiiels too tachhether emdnsubsandiily aormah
be changed by physically changi ng the permanent magnets in the apparatus 10

as part ofg thePpIBRASSE Hiet two @ilsS R Winfporiaft HARY B Bifiefd be Gd?ﬁrﬂe{m%exﬁbximity
magnet 246 wt ent

I'n cat hode 216 could be replaced w th another pernman

Eﬁﬁﬁi i Q?Xi @'?S%Et‘*fg?"ém%hé%.%%W%&Shiﬁﬁ@h% @%'Pﬁg?fgﬁ? o8 "on ar gea
[ [ 32, A .1
or event i he pr SBUSTRYE pmelHafh BF GRFAGHE 16 mAsaete, sHbmIceRnt xysiat 20t Fig. 1

for form ng windows in silicon dioxide |ayers can use weak pernanent
magr@t s tis ilusteates dn Kig;i2cs Hadhis emhadimentwithe anagnptio dields produced bytcoilis 6§ and

pol ysilicon can have strong pernanent nagnets to create a | ow sheath
vol t age. @peppose ceach other, i.e. the north poles of the two coils face each other. This creates a
| | maghetic mirror within the process chamber proximate the wafer 46. While tﬁe magnetic
tilirfof is advantageous in that it enhances the concentration of energetic electrons near the
sﬁrface 72 of the wafer, it increasingly suffers from the electron/ion drift effect away from
15 the center of the wafer. A description of a method and apparatus for the magnetic
enhancement of a plasma etching system is fdund in co-pending U.S. patent application
\~  Serial No. 07/349,010; filed 05/08/89, of Hanley et dl. entitled *Magnetically Enhanced
| Plasmé Reactor System for Semiconductor Processing (as amended)" and assigned to the
assighee of this application, the disclosure of which is hereby incorporated herein by

20 reference. | |

. o Another alternative method for ‘operating a magnetic enhancement system for a
| '.pla'sma .pro'cessing systém is illustrated - in Fig. 2d wherein -only a single coil 60 lying in a
plane P of the wafer 46 is used to create the magnetic field B. If the coil 60 diameter D is

" lérge compared to the wafer diameter d a magnetic field B is created proximate the center

11



processes in accordance with the present invention will be discussed in .
greater detail subsequently. In Fig. 3 is a graph illustrating the various
D.C. potentials within chanber 14 of apparatus 10 with no magneti.c field,
i.e. with O anperes applied to the coils 60 and 62. At 10 t he irner
surface of showerhead 34, which serves here as an anode, the voltage is
zero. Waoftdoil 60baving! flunfline$ € whichsare swbsthntiallyhpadatiel ard tperpendicuber B tf iwlfr
is typically in the range of +20 to +40 volts. The sheath- Iayer near t he

surf ace sptfa6d t7RQstethe Gvafer 36 AN akawbaEKE i tHR, sifdit 20il Uttaniginedt s p is

sheat h vol tage of 500 volts. The difference between thé pl. asma poten Ia

Cheat n VoRTogSser (B3 1 o e ol (E3E ?L%‘é%?s%‘%? Aol sigha vy
e g el ok R "z%‘)” i SRS ol phwide, good

the magnetic enhancenent of the present_i nvent | on reduces the cat hode o
sh@at h usiformiy. clhareforei, thensingiasenilieonsiguration of Figh2dids best: adapted rfodetanao _
Figure 4 illustrates the magnetic field B devel oped by the magnetic .
enhanceniont single avaféOeroh sfitems whefth theediz@of thef cdil60 I¥aEReimporiane| al® in %uﬂe-

- cause free electrons e to spiral along the flux lines f of the B field. The

el ectroeﬁa,ﬁb?a&cﬁ wel | nove up or down the flux lines but are
constrained fromcrossing the flux lines f: The much heavier positive ions-

I, however, e ar o r Ss_cha er 14 a.nd

to cross t heils ﬁgﬁ%géma}lﬂo&g’s&‘%& #:eeg? rfun ﬂgﬁ& &ag ﬁ

si dewal 22 of the a ratus while the electrons e are constrai ned to .

i mpact i ?Fé“ﬂ%ﬂeq‘héyﬁig\ﬁgﬁ%ﬂﬁm igyentigar @n besimplemeated o Eonexample.con plasma

energetic. As noted previously, the cathode sheath voltage décreases with

dt@r easttoly spstém chambers mhmlearemonfcyhnmmal thereoilsl danvbnsmaﬂe orfollew thélekwhm

cat hode sheath voltage is inversely
contours of the chamber.: Since an Applied Materials Precision Etch 5000 has octagonal

‘chamber shapes, electromagnenc -coils can be _mad_e in a matching octagqnal _shape to closely
engage the outer surface of the chamber. When placing such cmls in a Héﬁnﬁoltz
configuration, the distance between opposite faces of the octagonaily _s_hapéd coiis are _used
15 as the coil radius R. | o
‘It should further be noted that it is 'possible. to féplace one or more of the |
electromagnetic coils of the magnetic enhancement . system with permanent mag_ne__t#,_ ‘For \J
" example, one or both of the magneﬁc. coils 60 and 62 of Fig. 2b can be replaced or aide’d. "
with one or more permanent magnets as:taught in-. the Hanley et al. patent, 5upfa, the
20 disclosure of which has been incorporated by réference.l The strength of the magnetic field

in permanent magnet embodiments of the present invention can be changed by physically -

B\t 4

changing the permanent magnets in the apparatus 10 as part of a process kit. For example,
in Hanley et al., the permanent magnet 246 within cathode 216 could be replaced with -~

another permanent magnet having greater or lesser -magnetic field '_strength. Another

12 o



related to the strength of the magnetic field B wthin an operating range
to be discussed subsequently. This is because R F. inpedance [err] of a
plasma_ is inversely related ta the strength of the B field within the
operating range. Briefly, [err] is directly related to the density of the
el ectrons and the ions thin the 10 | as S|r1 t he el ectrons are
const r ai né??‘?@aﬂd(?@ %ﬁm%e%"? W m%m&amfﬂd g2,
| ost to the sidewalls 22, creating a greater den5|ty of electrons in the

pl asma, Wiwvhere ithe: niagnet wouldnbe pesitioneds 5q/as pokstor prevent, the protdsg fgas Rifromi flgwing
el ectrons will also produce a higher density of ions due to nore frequent

el ectran/ ga el ehawber col.| Asprocess Kinforofosmingewhiowsstia sllidonedidxideclagésan use
el ect ro and ion den5|ty in the pl asma, which 15 decr eases [err] vvhi ch,

|nturn Q@&F t vﬁ%ﬁfa? ohi
magnet ic fie 3 re%ucesnfag nor e th£l<'31r}1ﬂ%l Ens%net I C ?I e {:)hmg
vmth-the av e radius of the spiralin electrons and w t.h the an free
pat h betw@@ B @RAavE; STAng W\'Exaﬂ?’ﬁs Engi§lo, IRl 2 gf) H& €. o pecific
el ectron around a magnetic flux line is g| ven, in neters by the Lanor

radi us  RLPrqegsse} imnaecprdance with thespresentt inveatior: t with be ndif¢usses Ancgreater sdataik
initial velocity in neters/second, q is the charge of the electron in

coul onbs, subsdquently. t he nagni t ude of_ the magnetic flux density in tesla. In
consequence, the average radius of the electrons spiraling along the

magnetic flux hmes 4ita g:ameriﬂ@dmaua%/FP) Ofe’ ¥dr8| DI, pdiéneialy ORfhin Sanlbe? B of

field. If the nmean free 12 path ( bet ween particles |s much greater

t t he

LR, oot o IR ebesh RNt £ Sl 0Bl IRER, koSl B0/t

fe el ectrons wil bek ff of the|r5|raII|n ths al ong the
mONSt | ¢ e iREE udars, o ShoRERead, 14, HiCH Srvet Beartah WRAF the HEHEE% o7ere

increase in B field strength will 5 i ncrease the electron and ion

densi ty wWMithim the dody of the enlmmaewmn ¢hambes Hether plasmacpatentiah is typically in the
" range of +20 to +40 volts The sheath layer near the surface of cathode 16 is strongly

negative, often obtaining a cathcde sheath voltage of 500 volts. The dlffetence between the
plasma potential and the u_thode sheath voltage (i.e. plasma potential minus the cathode
15 sheath voltage) is the D.C. bias wi_thin the process chamber 13. As can he seen, in RIE
systems the cathode sheath voltage ie very _neafly the same as the D.C. bias. As will be
N\ discussed subsequently with reference to Fig. 4, the magnetic enhancement of the present
‘invention reduces the cathcde sheath voltage level and, in consenuence, the D.C. bias on
the cathode. | | .- |
20 Figure 4 illustrates the magnetic .ﬁeld B developed by the magnetic enhancement
system 20 of Fig. 1. The effect of the magnetxc field B is to cause free electrons e to spiral
along the flux hnes f of the B field. The electrons e can equally well move up or down the
3 flux lines but are constrained from crossing the flux lines f. The much heavier positive ions

i, however, are essentially free to move around the process chamber 14 and to cross the flux

13



of [err] and el ectrode sheath voltage. If the Lanor radius RL > > MFP
commercially practical B fields will have little or no effect on electron
confinement due to frequent collisions between the el ectrons and ot her
particles within the plasma. The present invention, therefore, preferably
operates in the 10 relatively low RIE pressure ranges of ‘| ess t hat 500
mllitorr_and_ nopst preferably in the tens of. mllitorr_or below - Figure 5

i | | ust r atdaesthheTheions bramthsreforedmmagtepan the sidewalisR2 afhe rappamtusa whilkcthe
16 versus the coil current through the.coils 60 and 62 of the apparatus of
Fig. 1 whslectronsi & arp eonstrainedt tdl idipdctingt aponf the. showerhead . 3 ahd reafet Y6\€ thed are
illustrates the relationship at 20 15 mllitorr and the second curve 76
LT ustr atRgfidienly ehabedlship at 30 millitorr. It can be seen that withi pean
operating range O that the D.C. bias voltage is inversely related to ther :

coil current C e e .agn

field B producedq@?edi ﬁagergi&%l%, mt’eheremriés %‘%‘ﬁea%’“aér’?v % X}t’{ﬁ alm e
bet ween t.he C. cathod i as_and the strenth of the magnetic field vvrthrn'_--

t he “oper a(“Pﬁé’PS g g@’" It was also piqted, that ‘B‘ﬂ@ﬁ’ﬁnég@m oraltage issiayersely

operating the apparat us 10 of the present |nvent|on in the VHF/ UHF range of
about 50-reiaEdmia)sive: strengthsofstienmagneric gfielg, Bavithin o dpesatiisg crange doibe discussed

curves 74 and 76 when approximately 7-14 anperes are applied to the coils

- 60 and 63ubsequemtlybel Thigds bedaate . ithpedaficd i,@.lmaplaamhel%ciﬂmynhm%b
bet ween the magnetic field and the oscillating electrons. This dip is :

pronouncggeﬂ t&ﬁm&fﬂ?;&@%m%éme g&? '\?é rg_ggg anges from 50-800 negahertz

but is not evident guenci es ut 40 megahertz Thi s resonance - .

i's |rrportant e nven n th der abl.y.extends . th _

range of avai F‘félﬁtd& 525 ﬁl’%&%’@%‘l ?%l’lé ?‘Fteth m"ﬁl aé‘ﬂo%? %\f""m%’e
g bi as can be adJ usted from about - 600 voI tsto. about 150 volts,. a 75% .
Act i oRlasmy. \Jince the eleatrens; rrectmsmeq!r@nmgveﬁlaegésetrnamsgtﬂmnmérfe\ser

Currents outside of the operating
| electrons will be lost to the sidewalls 22, cr&tmg a greater densrty of electrons in the

plasma. Wlnle the jons are not sxmxlarly constrarned the higher denszty of electrons will |
_ also produce a lugher densrty of 1ons due to more frequent electron/gas molecule collrstons
In consequence, the B ﬁeld increases electron and “ion densrty in the plasma which
15 ' decreases Z,u, whtch in tum, decreases the mthode sheath voltage | ”
The reason whya stronger magnettc ﬁeld reduces Z,u, more than a weaker magnetxc |
field has to do wrth the average radms of the sprralmg electrons and thh the mean freeu
path between parttcles within the plasma. The radms of gyratron of an electron around a
magnetic flux lrne is gtven in meters, by the Lamor radius R;:
20 | (mv)/qB
where m is the mass.of the electron in krlograms vis its mxtlal velocity in meters/second, = :
q is the charge of the electron xn coulombs, and Bis  the magmtude of the’ magnenc ﬂux . .
denstty in tesia. In consequence, the average radtus of the electrons spxralmg along tlte

magnetic flux hnes fis mversely proporttonal to the strength of the B field. If the mean free

14



range O can be used for magnetic confinenent, but D.C. bias starts _
I ncreasing wth i-ncreasi ng current- above about 11 anperes. The apparatus 10
of the present invention is applicable to a great nunber of processes due
to the ability to control the D.C. bias of the cathode by varying the

magnetic 10 fieI d withi n the process chanber. It can also be used to
practice th twiten jRiridlés RaRbchCgreaten thanSthe Jadiug R, Nherd Wifl 60 .féw Coilisions
filed July 31, 1990 of Collins et al., entitled "VHF/ UHI} Pl asma Process

I/\gn[ e%e itnh.egtg'{g‘es@Iblostf?{éﬁg?@\/‘\3‘?1‘11111?1,B ere?ﬂé%m?gg%gwgﬁwéeﬁce. . y mean
eonpl dry oHabIrRer Biedrat e kadeBBH HIE it i, ARG s, BGHE B ragmeic fux

i nventi:en are given bel ow. Process Exanple No. 1 - Contact Wndows A

rel ativel y hnesriorbedostisuch antacthe w&a@b%waﬂs d éBeretage.a increasg indB fisld strangth will
w ndows through a silicon dioxide [err] layer to an underlying polysilicon

| ayer . 5 Suchingreasephe elpotror sand jon glensityc withirt thespihsmd iand tresuin in thei désjregoreduction
vertical ansiotropy for the w ndow 20 sidewal I s. Typical process

paraneters gf g agnd Qldcftdde Relth Bolwe. => 1 kilowatt R F. frequency > 90
megahertz Process gas > [err] @50 sccm and Ar @120 sccm Chanber Pressure

amperes. o set L vy o> SUFR orieRlly, ok BURTAC bl aavg fge or
o ook o e e, e ok it B oo 0 ARt e
wi{l, have greater selectivity but may result in increased damage to the
polysi | i corparugles witkin3he plasma; y Tihe pre®nbrineentionh thestiore, bpraserablyc operales imthe
Applied Materials Precision 5000 Etch _
10 relatively low RIE pressure ranges of less that 500 millitorr and most preferably in the tens
of millitorr or below.
Figure 5 illustrates the relationship ‘between the D.C. bias voltage on the cathode 16
versus the coil current through the coils 60 and 62 of the apparatus of Fig. | when it is
operated at 1 kilowatt of R.F. power. A first curve 74 illustrates the relationship at 20
15 millitorr and the second curve 76 illustrates the relationship at 30 millitorr. It can be seen
that within an operating range O that the D.C.bias voltage is inversely related to the coil
_k/' current. Since the coil current is directly related to the magnetic field B produced by the
coils, there is a clear inverse relationship between the D.C. cathode bias and the strength
of the magneﬁc field within the operating range O.
20 An impbrtémt phenomenon “occurs when operating the apparatus 10 of the present-
* invention in the VHF/UHF range of about 50-800 megahertz. As seen in Fig. 5, a large dip |
78 occurs in the curves 74 and 76-when approximately 7-14 amperes are applied to the coils
60 and 62. It is believed that th?e' dip 78 is due to a resonance phenomenon between the

magnetic field and the oscillating electrons. This dip is pronounced in the frequency

15



chanber, the process paraneters set out above will result in an etch rate
of 6000 - 7000 A/ mnute. Process Exanple No. 2 - Via Holes A nore
intermediate D.C. bias on cathode 16 is desired when fornmng vias in
silicon 10 di oxi de to connect to an underlying netal |ayer such’as _
alum num This is because alumnumis very easily sputtered when bonbarded

by -'h'i"-gtopemingymngas-fmmmmmegaMr bolkejsortot t évidene rat t frequencied Betow dbone40S

and on the wafer surface. is therefore desirable to keep the cathode

D.C. biﬁégah&@b%szﬁgodhﬁbé SIs riaff ¥ Brisep! Boeddtin® 1A n I &Q&Mde

to alumnum Typi cal process pa arreters ar e:

RF. p oF > a'R?H e S =>

%8”] I |Eg%gss'(|:'ﬁm o grr I ]s)cém ?é?u%%)n@g éﬁﬁéﬁ&ﬁ@g‘&@ﬁh _
mllitorr e oi |l currept is set to ou - a eres to setg ghe

D.C. biPias ¢an be,adiugied  fram spoup 600 volis fo aboyp 138 ‘t"i‘sﬁa @5 tiog,; by Sr

6 inch wafer being etched in an Applied Materials PreC|S|on ‘5000 Etch -

cHarbethe coik curneat feom 4t amperes stosahoud k]l amperes.wi Clirrents uoutsiide, afithet opferatinige -
of 5000 - 6000 A/ minute. Process Exanple No. 3 - Polysilicon Etch“17 = A

rel ati ygige (0o\wak be MSf&nnﬁgﬁéﬂdeoﬁﬁnexﬁaﬂesmeqb O Yias® s@ifis Sndredsiip 'Miﬁ’“

over silicon dioxide. nment 1 oned preV|oust polysilicon'is sensitive to
A'so. Heroking) il gﬁ’d R e ot bl y et ch at | ow i on ener g 66
Typt ol pr odBesSaFiL 4 tof.fhe” Brckent Jniinpions i apRliRbien e @ gieat humber of
| - processes due to the abzhty to control the D.C. bias of the _cathode by varyin'g the rﬁagnetic U
10~ field within the process chamber. It can. also be used to pmcuce the proc&sss of parent_' o
applxcauon U.S. Serial No. 07/560 530, filed July 31 11990, of Collms et al enutled.i_ :
"VHF/UHF Plasma . Process for Use -in -Form_u_:g_ ;qtenggted _;C_xrc_:uxt _Structum on |
Semiconductor Wafers", the.?.discquure of which is hereby iﬁqo_rporated by reference, by
providing a variable or multiple frequency R.F._supply-4'8:; _Sevé,:al exemplary examples of

15 processes in accordance with the present invention are given below.

. “
- A relatively high D.C. bias on cathode 16 is desired when__etching contact windows'_ -
through a silicon dioxide (SiO,) layer to an underlymg polysxhcon layer Such a step
- requires a high etch rate selecuvxty and fairly good vemcal ansiotropy for the window
20 sidewalls. Typical process parameters are as follows: -
R.F. power => 1 kilowatt .
R.F. frequency = > 90 megahertz

Process gas => CHF; @ 50 sccm and Ar @ 120 sccm
Chamber Pressure => 30 mllhtorr :

16



R F. frequency => 90 negahertz Process gas => [err] @80 sccm He @ 100
sccm and [err] @0-4 sccm Chanber Pressure = > 30 mllitorr 10 The coil
current is adjusted to approximately 10-11 anperes to develop a D.C. bias
of 50-75 volts D.C. on the cathode, which will result in an etch rate of
3500- 4500 TherDr(Citoeil carrenhiissep dinhe tapge iof O-Fecamperes e setthe I9G. biss ancthelvathiode
| ow energy ions and radicals. A nethod for formng a plasnma in accordance

With a prghdetwént 5O IolE M. Cohnd 1350 WoRS DIC. | Thee aétusl) dekired [T Clibias iz degendent
reference to Fig. 6. In a first step 80 a proceSS| ng 15 gas, such as one

chanbent - 108 ek sﬁﬁﬁﬁ%?“ﬁ%@ béing cthed® For ShinBlep 26T D.C.bias
Cothouc” il 3R BBt e bl o B PR o ?%Méo%ﬁ%waysﬁdon

in a Step 86 the strength of t he magnetlc field is varied to_vary th
pot edt i al abftypieal o526 Anchpweafer, being etehed iman; Applied, Materigls Brecision éémpegté'rh
t han about 20 500 millitorr, and the frequency of the R F. power is in

t he rangechimbdrpthe Podead pmgﬁéterst zet duteabowg nwill resdit éh danc ench bratep 06 068 ¢ 10
per mmnent magnets or el ectromagnets. It is inportant to note that the
process sgqﬁ,ﬁ, e not necessarily performed in the order shown in Fig. 6.

For exanpl e, e step 84 of devel oping the magnetic field can precede the
step 82 of coupllng R F. energy into the gas.. As such, the order of the
steps 18 - 19 - taught in the above process exanples are by way of

exanpl e only and are not to b% consE rued---aﬁI I | m t At ! OES .on the scope of the
priesent invention. 5 10 X =V |
A more intermediate D.C.bias on cathode 16 is desired when forming vias in silicon
10 dioxide to connect to an underlying metal layer such as aluminum. This is because
aluminum is very easily sputtered when bombarded by high energy ions which can cause
redeposition on ihe via hole sidewalls and on the wafer surface. It is therefore desirable to
keep the cathode D.C. bias to about 200 volts when forming via holes through silicon
dioxide to aluminum. Typical process parameters are:
15 " R.F. power => 1 kilowatt’
' R.F. frequency => 90 megahertz
- Processgas => CHF; @ 25 sccm, CF, @ 25 sccm, and Ar @ 120 sccm
N o Chamber Pressure => 30 millitorr
The D.C. coil current is set to about 8 - 9 amperes to set the D.C. bias of the cathode to
20 about -200 volts D.C. On at typical 5 or 6 inch wafer being etched in an Applied Materials

Precision 5000 Etch chamber, the process parameters set out above will resuit in an etch

- rate of 5000 - 6000 A/minute.

17



15 20 25 30 35 CLAI M5 1. A method for formng a plasma conpri sing:
providing a gas; 5 coupling radio frequency energy into said gas
through a cathode to forma plasnma having a substantially eIectrlcaIIy
neutral body portion conprising positive |ons sai d gas and free el ectrons,

said plasma further havin n el ectrop-deplefed sheat}) tLon proxinmate to
said 10 cathdgiatively H’%%e&t h‘aﬁcﬂ“t °€ﬁi M pelysiticon over
devel oping a magnetic field within said pl asta wherein the cat hod has a

sur f ace silivonsdiogidet | PAs anentioked epmmﬂpb!c@ulysxhcmhes sensitive pgor bombardiment e by
pl asma, 15 and wherein flux lines of the magnetic field proximate to the

sur f ace efiérgetie 68 HK ehaeors, Ubséf&gfdoakd 14 desiratsiedi Alsd Aindecsilidon didkideadoes not
portion of the surface of the cat hode; and varying the strength of sai d-

magnet i ﬂeﬁiag a CvE9t Sdidl e
said Zogpﬁe ec M%&aﬁpgen‘?ﬁ% I'S |érslve§?e‘fy rg'{cat edéam! S"&%ﬁ? a'{H t.‘ léé“{f ®
magnetlcfleld,yylthlnadeswed ggeratlng range. -

energies TOCESS paramet _

'R.F. power => .4 kilowart
R.F. frequency => 90 megahertz
Process gas => Cl, @ 80 sccm, He @ 100 sccm, and O, @ 0-4 scenn
Chamber Pressure =3> 30 millitorr -
10 The coil current is adjusted to approximately 10-11 amperes to develop a D.C. bias of 50-75 o
voits D.C. on the cathode, . which_-_ willresul_t in_an. etch rate of 3500-4500 A/minute. At this U

power level, the.etch mechanism includes ‘both low energy ions and radicals.

A method for forming a plasma m accofdang_e_ with a preferred embodlment .of the .

_present in_ve_htion' will be discussed with reference to Fig. 6. .In ; first step 80 a processmg )
15 gas, such as one: of the processing gasses descnbed _above,_ is p;ovided_ into a process
chamber. In a second step 82, R.F. power is coupled into the gas with a.cathe&e. to form '_ .
a plasma from the proeess gasand a sheath near 'thé"ut_ljode.. In a step 84,2 magnetic field |
is created within the plasma, and in a step 86 the strength of the magnetit: field is varied to
vary the potential of the sheath. Preferably, the gas is provided at pressures less than about
- 20 .500 millitorr, and the frequency of the R.F. power is in the range of about 50-800

megahertz. The magnetic fieid can be produced by permanent magnets or electromagnets.

It is important to note that the process steps are not necessarily performed in the ¢
order shown in F;g 6. For example, the step 84 of developing the magnetic ﬁeld am t
precede the step 82 of coupling R.F. energy into the gas - As such, the order of the steps



2. A nethod of formng a plasma as recited in claim1, wherein said radio
frequency energy-.-has a 25 frequency in the range of 50 megahertz to 800
megahertz. 3.- A nethod for developing a range of cathode sheath voltages
in a plasma process nmachine conprising: detgigriding a cathode sheath

vol tage upper limt for 30 a plasma processing nmachine; releasing a
process gas proxi mate a cathode of said plasma processing nachine, said

cat hode bei ng Prt%\ﬁbﬁ%d i %@MJ@%M@%& 18P RiFe WW re@nd havi ng
an axis which is substanti.all normal to at Ieast % gor{lon 3 of sald

surface; applyi fF? rRdEo oy PrSoMAt @ @F limitatiops,

pl asma {rom sai dng&hearsd:dp@ dﬁvm;&eadwdmﬁm.pr oxi mate said surface
of sai ¢“cat hode, where said radio- frequency is chosen such that cathode
sheat h™ b tage is no higher than said upper limt; 5 devel oping a
nagnetic fi &l d within said pl asma having fl ux lines which are substant i ally
parallel to said axis of said cathode proximate to said surface of said

cat hode; and varying the strength of said magnetic field to vary 10 sai d
cat hode sheath voltage froma maxinmum no greater than said upper lLimt when
said magnetic field stregnth is at a
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mnimumto a cathode sheath voltage lower |limt when said magnetic field
strength is at a maxi num 15 4. A nmet hod _as_recited in-—ectaim 3,
wherein said radio-frequency is a fixed frequency within the range . 50
megahertz to 800 nmegahertz. 5. A nethod as recited I “lmmuﬂﬂﬂi‘]a n
sard 20 upper limt is about 500 vol rtggand said |lo ik t 50

volts. 6. A nethod for plasna processing a wafer within a chanber
conprising: 25 di sposing a wafer proximate to a cathode within a
processi ng chanberSI#M3asi ng a process gas into said chanmber; applying

radi o frequency power having a frequency. in.the range from about 50 _
megahertz to about_ 800 i.ci.ent. to crease

a plasma within satd ckgen’gggﬁéééfgg ﬁg%ﬁﬁ'ﬁ%lg ggtﬁrﬁl’ﬁggcﬁgﬁ? J'5‘_rq'o'_><i mat o]
said cathode; devepopvidingnaggasic field within said chamber having fihdix
wefors 2ha varyi nOHeL0d HIORECPFERhEHLT ehbrdy infe"Yaidesd °21 ),
desired cat Hwoudieaa cathedgetpeformi a plagnachaving assyhstentdakleti t ed
inclaim6 RIS S/ Ty neutral body portion comprising positive ions
said gas and free electrons, said plasma further having an
electron~depleted sheath portion proximate to said

10 cathode, said sheath portion having an electrical

potential; | | _
developing a magnetic field within said plasta, : _-;‘)
wherein the cathod has a surface for supporting a '
workpiece adjacent to the sheath portion of the plasma,

15 and wherein flux lines of the magnetic field proximate to
the surface of the cathode are substantially perpendicular
to at least a portibn of the surface of the cathode; and '

varying the strength of said magnetic field to vary
the electric potential of said sheath portion, where said

20 electric potential is inversely related to said strength
of said magnetic field within a desired operating range;

2. A method of forming a plasma as recited in
claim 1, wherein said radio frequency energy has a .
25 frequency in the range of 50 megahertz to 800 megahertz. o/

3. A method for developing a range of cathode
sheath voltages in a plasma process machine comprising:
determining a cathode sheath voltage upper limit for
30 a plasma processing machine;
releaéing a process gas proximate a cathode of said
plasma processing machine, said cathode being provided |

R

with a surface adapted to support a wafer and having anﬂ'm.al.dw?.

axis which is substantially normal to at least a portion

35 of said surface; _
applying radio~frequency power to said cathode to.



processi ng gas
millitorr. 8.
megnetic field

Is an etchant gas at a pressure less than 5 about 500

A nmethod as recited in claim6é or clai m7lllmmnlm“u
i s devel oped by. el ectromagnetic coil neans d

as recited in claim8, wherein said el ectrogagnetic coil man§ ihcl'idés &
pair of coils having a conmmon nmagnetic axis. 15 10. A nethod as

recited in clai

m 9, wherein said pair of electronagnetic coils devel op

magnetic fiel dstgbincl plasmé epPRSsaddPEhar ahticeto dévelopethedthodeccited
in claim9, wherein

elde of ine oraPRGRpBrartpee sasd aSFERRBACRooPSE: ERRTPASAy SR FALE: o

to 11, wmherein

confi gprati.on.

sai d stT™ength o

sadilopfirequéncyi is ahesenr anghdthatachitheilel sheath voltage
13. ecLtgd. | ny:;ot.clains 8 to 12, wherein
%é né‘ﬁ%éQQQ Eﬁa@ighgﬁigbéeé.iéﬁgt,

sard netic ari éd by varying an electric

Current supplied to sdewedoping| acragnagict Féeddi wikhinssaid pAag@hod as

recited in clai
| east in part,

%?@iﬁ& £hakM {ne¥hGheLA Efbdsﬁﬁgﬁﬁk%ﬁa?h9|ﬁaE§IQQﬁeE%p%Qddﬁt

. pefr manent nagnet neans. 35 1 nethod as recited in

clai m 14, wher e2%iSsp§ said cathode proximate to said surface of said
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cathode; and _ _

varying the strength of said magnetic field to vary
said cathode sheath voltage from a maximum no greater than
said upper limit when said magnetic field stregnth is at a
minimum to a cathode sheath voltage lower limit when said
magnetic field strength is at a maximum.

4. A method as recited in claim 3, wherein said
radio-frequency is a fixed frequency within the range of
50 megahertz to 800 megahertz.

5. A method as recited in claim 4, wherein said
upper limit is about 500 volts and said lower limit is
about 50 volts.

6. A method for plasma processing a wafer within a
chamber comprising: . _

disposing a wafer proximate to a cathode within a
processing chamber; '

‘releasing a process gas into said chamber;

applying radio frequency power having a frequency in
the range from about 50 megahertz to about 800 megahertz
to said cathode sufficient to crease a plasma within said
chamber and to develop a cathode sheath proximate to said
cathode; _

developing a magnetic field within said chamber
having flux lines which are substantially perpendicular to
a surface of said wafer; and

varying the strength of said magnetic field until a



23 at least a portion of said permanent nmagnet neans
order to vary said strength of said nagnetic field.

‘“T;*repkaeeabLe_\-
apparatus for plasma processing conprising: a chanber ’"MHM’MMHWSM

wi thin said chanber having a mafer_supp05£ surface;

process gas into said chanber;

radi o- frequency power sup y

nmeans coupled to said cat hode; sald r adi o- frequency power supply neans

euahor 7. RALrAhEh et EnbREl TPk sbR S5 R TERIRSL. Lot ea 1o

nmegahert z

provide a nagnetic field within said chanber, said magnetic field having a

magnetic axis subs;antlﬁlk¥t 8&”3% &80?258 @gfg&aaﬁp%gakfh apparad”;md ﬁeans

for varying the strengt

ard - magnetic fiel

recited i n pxocessingcgasanisady eadhentrgq&entyap@ﬂ@$5ﬁ;&u%€$ﬂﬂthﬁnwhgk

18. An apparatus as recited In claim16 wherein the frequency of said

set at a pl WdutYs86 higovesetes within said frequency range. 25 . ‘e s

radi o-frequency power is set at a single fixed frequency within said
frequency range. g, A method as recited in claim 6 or claim 7,
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. wherein seid:magnetic field is developed, at least in

wherein sald megnetic field is developed by
electromagnetlc coil means. -

9. A method as recited in claim 8, wherein said
electromagnetic coil means includes a pair of coils having Q)-.

a common magnetic axis.

10. A method as recited in claim 9, wherein said

- pair of electromagnetic coils develop magnetlc fields

which are of opposing polarities.

11. A method as recited in claim 9, wherein said
pair of electromagetic coils develop magnetic fields of
the aiding polarities. '

12. A method as recited in any of claims 9 to 11,
wherein said pair of coils are arranged in a Helmholtz

configuration.

13. A method as recited in any of claims 8 to 12,

. wherein said strength of said magnetic field is varied by
' varylng an electric current supplled to said

electromagnetlc ‘coil means.

14. A method as recited in claim 6 or claim 7,

@

part, by permanent magnet means.

15. A method as recited in claim 14, wherein said



19. An apparatus as reC|ted in claim18 further 30 conprising power

transm ssion means coupling said radio-frequency power nmeans to said

cat hode where said power transm ssion neans provides inp

bet ween sai d radio-frequency power supply means and the TMNEIMHMWI
said cathode. 35 20. An apparatus as recitegdiim any of claing 16 tvo s
wherein said magnet means includes at |east one el ectromagnetic coil and
further conpr|5|ng power pply, neans CQ led to said coil to deve] op said
magnetic field gt’ least azpor% permansnte hagnel HEAR) tHerein

sai d power: supplnepmm& an/afna&ﬁ Q:chy s stRaeth Wersshid t he

strength of -sai et fi.eJd nmay be varied by varying the current
suppl i gdi.to Salgagggﬁ %1ef§ 22. An apparatus as recited in claim2l

wherei mSaid coil is one or a pair of coils havi ng a conmpbn magnetic axis.
23.  An apparatus as itg lLaj I

pr oduce mag%et ic fi eI %C ‘ﬁn %g%ﬁé?ﬁw;ﬁ]l% % ere %éé?‘leatl ngplcféiég
cusp-type magnetic" nlﬁeramhﬁm:n sai d pl asna. 24. An apparatus as recited

in claim23 wherein 2@ ca%?dd&eoﬁlrs%d%fedcc)ﬁﬂt%ﬂ QALCE IR Onaf\iﬁ{éisa whi ch
ai d each ot her.

wafer-support surface;
, means for releasing a process gas into said chamber;
10 radio~frequency power supply means coupled to said
cathode; said radio~frequency power supply means having a
\_/ frequency within the frequency range of 50 megahertz to
800 megahertz;
magnet means associated with said chamber and
15 adapted to provide a magnetic field within said chamber,
said magnetic field having a magnetic axis substantially
normal to said wafer-support surface;
and means for varying the strength of said magnetic
field.
- 20
17. An apparatus as recited in claim 16 whereun
said radio-frequency power is variable can be set at a
plurality of frequencies within said frequency range.

25 18. An apparatus as recited in claim 16 wherein the
frequency of said radio-frequency power is set at a single
fixed frequency within said frequency range.

19. An apparatus as recited in claim 18 further
. 30  comprising power transmission means coupling said
4 radio-frequency power means to said cathode where said
' | power transmission means provides impedance matching
1 between said radio-frequency power supply means and the

impedance load at said cathode.
35
20. An apparatus as recited in any of claims 16 to



25. An apparatus as recited in claim24 wherein said pairs of coils.

I n
a Helmholtz configuration. 25 26. An apparatus for pfaSﬁﬁ”ﬁFBEEEETﬁEﬂLﬁ _

substantially as described with reference to and as i R r“ﬁ
acconpanyi ng draw ngs. 30 27. A method of fo ‘ ““ﬂl‘ '
* [ L M § *

substantially as herein before described4 35
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19, wherein said magnet means includes at least one

-electromagﬁétic coil and further comprising power supply

means coupled to said coil to develop said magnetic field,,

21. An apparatus as recited in claim 20 wheréin;
said power supply means is a variable power supply means,

whereby the strength of said magnetic field may be varied

by varying the current supplied to said coil.
22. BAn apparatus as recited in claim 21 wherein
said coil is one or a pair of coils having a common

magnetic axis.

23. An apparatus as recited in claim 22 wherein

'said'pairs of coils.produce'magnetic fields which oppose

each other, thereby creating a cusp-type magnetic mirror
within said plasma. o

24. An apparatus as recited in claim 23 wherein
said pairs of coils produce magnetic fields which aid each

"other.

25. An apparatus as recited in claim 24 wherein
said pairs of coils are in a Helmholtz configuration.

26. An apparatus for plasma processing
substantially as described with reference to and as
illustrated in. the accompanying drawings.

27. A method of forming a plasma substantially as
herein before described.




