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; ?7@\Be3e| t t udwxv| 6N| T| WO 021 31859 PCT/ USOL/ ~2611 STEPPED UPPER ELECTRODE
FOR PLASMA PROCESSI NG UNIFORM TY Field of the Invention 5 The present

i nventi or'WQeH&BaY |y relates to etching with high energy r &TAISIG#R6dDY

pl asma, and nore particularly, to a nethod and apparatus for controlling
the etching rate at the edge of a wafer in an integrated sem conduct or
circuit manufacturing process. Description of the Related Art 10 Since the
m d- 1960s, ”mmmmmmmmem conductor circuits have becone the prinmary
conponent s tronics systens. These miniature el ectronic devices
may contai n t h@geands of the transi stord-and other circuits that make up
the nmenory and | ogi c subsystens of m croconputer central processing units.

The low cost, high reliability, and speed of these conputer chips has |ed
themto 15 becone a ubiquitous feature of nodemdigital electronics. The

fabrication of an.j L GUI I Lcal beqi i a thin,
polished slice OQWW@%Gﬁﬁa@f@ﬁbmm&@mn al
substrate (such as silicon or gerng_g{gﬁylgm d a "wafer. " Each wafer is
subjected to a sequence WD 02/ 31 | . 12611 -2 of physical and
chem c i steps that formthe various circuit structures on the
vvafer.m m‘mmmmgabri cation process, various types of thin filnms may be
deposi ted 9p,the wafer using various techniques such as thermal oxidation
to produce si/]/ WeNq i .cal vapor deposition to produce
silicon, si ﬁ‘%‘;ﬁ&%c&p@ﬁ @Eﬁrﬁgﬁgﬁﬂ)@? nitride films, and sputtering or
other techni gues to produce other nmetal filnms. After depositing a filmon
t he seni conduedd®f theahwentiame uni que el ectrical properties of sem conductors

are produced by substituting selected inpurities into the sem conductor

crystal sl attice UielfffesnPlivetich %@lefﬁ e g etchiig witlp Bithsdnkiggon 10 waf er
may then be uniformly coated with a thin | ayer of photosensitive, or

radiation or plasma, and more particularly, to a method and apparatus for
controlling the etching rate at the edge of a wafer in an integrated semiconductor

circuit manufacturing process.

Description of the Related Art

10 Since the mid-1960s, integrated semiconductor circuits have become the
primary components of most electronics systems. These miniature electronic
devices may contain thousands of the transistors and other circuits that make up
the memory and logic subsystems of microcomputer central processing units. The
low cost, high reliability, and speed of these computer chips has led them to

15 become a ubiquitous feature of modem digital electronics.

The fabrication of an integrated circuit chip typically begins with a thin,
polished slice of high-purity, single-crystal semiconductor material substrate (such

as silicon or germanium) called a "wafer.” Each wafer is subjected to a sequence



radi ation sensitive, material called a "resist) " Small geonetric patterns
defining the electron paths in the circuit nmay then be transferred onto the
resi st uswW@dg2/318?9 ocess known as |ithography. During the | iPCHASOHBIGLE
process, the integrated circuit pattern nmay be drawn on a glass plate
called a "mask" and then optically 15 reduced, projected, and transferred
onto the photosensitive coating covering the resist. The |ithographed
resist pattern is then transferred onto the underlying crystalline surface
of the sem conductor material through a process known as etching.
Traditional etching processes enployed wét chenicals that proved to be WO
02/ 31859 PCT/USOL/-42Gl1 -3 |limted in terns of the size and aspect ratio

.(i.e., the height to width ratio of the resulting notch) of the features

that coul d bgf pigisivafamicichficaddreiessifi@SEprianiorin the ReriusdifsuitGtrueiuraui t s
that coul d be packed onto a single wet-etched wafer, and hence the ultinmate

size of the el act | Crdevi re.lim . [t I 1.cal
etching pr oc%li ghgs‘jf}g%'y ggr%ﬁe gﬁ?‘ﬁft}%‘ ﬁp?é:egsg’t ?%le&llg ﬁeétogﬁﬁﬂﬁmgﬁ% b(§3n
mlling techniques were | ater developed in order to overcone the
linitations ¢eposisderthewalar sregverigusdechniqngs syuab-astheraad pxidgtion fp
particular, allows the vertical etch rate to be made nmuch greater than the

hori zont al epwiducasiicarndiokide filine, cheatitdl ivaporadepesition & pdate titicor Giliwoahed
features can be adequately controlled. In fact, plasnma etching enables very

fine featureg. wi.h, > [ [ ing 1
m cr orre'?jzar i%oﬁd%bﬁﬁryegsig?@??&negﬁ@féggﬁl g@nt%ﬁgé %?1 ilaﬁ%r E&g&g@gs %Pgés%hrm i's
formed above the masked surface of the wafer by adding | arge anmounts of
energy to a g{&grlgpt Yressure. 1 S This is conmonly acconplished by
creating electrical discharges in gases at about 0.001 atnospheres. The

resulting plasma may contain ions, free radicals, and neutral species with
hi gh kinetic energies. By adjusting the electrical potential of the

fgbst (/\?)t ng glgggem@ﬁéepdsﬁﬁgmsﬁ tRAehicdnactbP wal®, fHeaftighe’ il di r ect ed

properties of semiconductors are produced by substituting selected impurities into

the semiconductor crystal lattice using a process called doping. The doped silicon

10 wafer may then be uniformly coated with a thin layer of photosensitive, or

radiation sensitive, material called a "resist.” Small geometric patterns defining

the electron paths in the circuit may then be t-ransferred onto the resist using a

process known as lithography. During the lithographic process, the integrated

circuit pattern may be drawn on a glass plate called a "mask" and then optically

15 reduced, projected, and transferred onto the photosensitive coating covering the

resist.

The lithographed resist pattern is then transferred onto the underlying
crystalline surface of the semiconductor material through a process known as

etching. Traditional etching processes employed wet chemicals that proved to be



-4 PCT/ USOL/ - 42611 i npi nge upon the unmasked regions of the wafer and

t hereby renove atons fromthe substrate. The etching process can often be
made nor WEHd8% ve by using gases that are chemically reBCTUS@E/26th t he
material being etched. So called "reactive ion 5 etching” conbines the
energetic etching effects of the plasma with the chem cal etching effect of
the gas. However, many chem cally active agents have been found to cause
excessive electrode wear. It is desirable to evenly distribute the plasna
over the surface of the wafer in order to obtain uniformetching rates over
the entire surface of the wafer. For |O3xanple, U S. Patent Nos. 4,792,378
and 4,820,371 to Rose et al. disclose a shower head el ectrode for
.distributing gas through a nunber of holes in the el ectrode. These patents

general |y déiafitedlde terngast té sigeand aspedd ko By, i Reiglarto avigginmid obtheaper t ur es
which is tailored to the particular pressure gradients existing within a

reactor cha - [ Vi 1 I S to a
sem conduct g% %jv!:/alrl{gre}}og&ﬁﬁ&ef tfécgi;eg.. I és@p@fgts(?ogw]g% g({(riﬂeéol \rllngfr‘lv&e t%&ggﬁl(?:etnl}lgh as a
selective barrier to counteract gradient pressures below the disk _ and to
provi de a uificrHRbET|Of \GLECHIt, thghcauid be packsd ontosg siaglecvetoriehedgyater, #di but i on
over the entire surface of the wafer. Any discontinuities or irregularities
in the pl asbenct the hhinste sizW\Of @it AdditoRidRieMiddS@kre lid@ed bySraiyidnaln such as
punpi ng ports, may also affect the density of the plasma bei ng generated
bel ow the s Qleéi%]in I e integrated circuit fabrication process is
quite sgnsi F?%igfct 0 ot%bg%?ﬁeg'ul ate and inpurity contam nation, even

ai rborne particulate matter as small 5 as 1 microneter must be prevented
fromcontacting the surface of the wafer during the etching process.
Consequently, it is often desirable to confine the plasma to the area which
is imediately oBsy plasthasetchingl, tehativiecior etchings andiion milting technighes w@zkat a et
al. (U S Patent No.4,610,774) discloses an annular wall around a

sputtering {Asdfiveloped i 8fllef BPerCOmEDE rkdtions hBiatbdl With eRthighl  hose
el ectrons 10 which tend to escape fromthe plasnma during the sputtering

process. Si Q}chﬁ{gl. Y¥Plasma etching, in particular, allows the vertical etch rate to be made

much greater than the horizontal etch rate so that the resulting aspect ratio of the
10 etched features can be adequately controlled. In fact, plasma etching enables very
fine features with high aspect ratios to be formed in films approaching 1

micrometer in thickness.

During the plasma etching process, a plasma is formed above the masked
surface of the wafer by adding large amounts of energy to a gas at low pressure.
15 This is commonly accomplished by creating electrical discharges in gases at about
0.001 atmospheres. The resulting plasma may contain ions, free radicals, and
neutral species with high kinetic energies. By adjusting the electrical potential of

the substrate to be etched, the charged particles in the plasma can be directed to



Ishii et al. (U S. Patent No. 5,571,366) disclose a gas supplying neans for
a plasma processing apparatus having an annul ar projection around the

peri met erWPHEBES? which operates to concentrate a gas to PGd/4EHEA1 surf ace
of the object to be processed. Maydan et al. (U S. Patent No.5, 643, 394)

di scl ose a plasma chanber 1 S lid having an annular reflector designed to
focus an injected gas toward the center of a wafer being processed. Plasma
processing is typically conducted in a parallel plate reactor apparatus
wherein the reactor volune is defined by a pair of closely spaced el ectrode
pl ates. Exanples of parallel plate plassé processing reactors for WO
02131859 PCT/USQO /- @611 -6 processing sem conductor substrates such as

.Silicon wafers are disclosed in U S. Pat. Nos. 4, 960, 488; 5, 074, 456;

=

5, 569, 356; aﬁﬁbiﬁ%&ﬁﬁoﬁz -unﬂﬁﬁkeﬂ&@%i@hs Bt teavafel Al hetd$ rémove Momlftgh pl ate
pl asma reactor, however, can result in a non-uniformplasma density across
the surface E ?ﬁﬁﬁ@ybstrate. Typically, the plasma density in 5 the region
near the edg 8 ‘'substrate is less than that at the center. Thus, using
a conventional parallel plate reactor in a plasnma etching process can
result in reduced etch rates near the edge of the substrate being
processed. Shaped el ectrodes have been disclosed to inprove uniformty in
pl asma processes. Teeching prevessipdreoftdv bedihadd mate effddtiSe biaisitigt gabes that
4,297,162), Kimet 10 al. (U S. Patent No. 5,990,016), Mallon {U S Patent

No. 5, 628, 869 . : , : 0xQ, p in.an (U S
Pai ont No. 5, 7 6ARAHS sEboue wifhchmaléalaf Binbuchlly SRt ecaBeTbt |
comonl y owned . ents, issued to Mundt et _al. (U S Patent No, 5,472,565 and
U. S. Patent § g't qombipes the eaefgetigeicaipg eifects Qf 3 waihrthe chemical,¢

i nvention provides an electrode for use in a plasma reaction chanber. The
el ect r ode hasiching effectaif thegasi ddowenedryoiany chérmically activefaggats bave bedns t hr ough
whi ch process gas can be delivered from an exposed surface of the

el ectrode. Apgh@® tdusk R@s§ide ERcRoReWEfher al portion of the el ectrode and
extends at least partially around the central portion of the el ectrode. The
step can enhance

It is desirable to evenly distribute the plasma over the surface of the wafer
in order to obtain uniform etching rates over the entire surface of the wafer. For
10 example, U.S. Patent Nos. 4,792,378 and 4,820,371 to Rose et al. disclose a
shower head electrode for distributing gas through a number of holes in the
electrode. These patents generally describe a gas dispersion disk having an
arrangement of apertures which is tailored to the particular pressure gradients
existing within a reactor chamber in order to provide a uniform flow of gas vapors
15 to a semiconductor wafer. The gas dispersion disk is intended to function as a
selective barrier to counteract gradient pressures below the disk and to provide a
uniform flow through the shower head electrode for distribution over the entire

surface of the wafer. Any discontinuities or irregularities in the plasma discharge



WO 02/ 31859 PCT/ USQOL/ - Q@611 _7_ the density of the plasma forned adjacent

t he exposed surface of the electrode. The central portion of the el ectrode
can be s¥QOHAAI |y planar. In a preferred enbodi nent, t RETAISAH43641 | ocat ed
inwardly of an outer periphery of the electrode such that the el ectrode
extends beyond the step. The present invention also provides a nethod of
treating a sem conductor substrate in a plasnma chanber. The net hod
conprises: supporting a substrate on a bottom el ectrode; supplying a
process gas to the chanber; formng a plasnma adjacent an exposed surface of
an upper el ectrode; and processing the s@m conductor substrate with the

pl asma. The upper el ectrode has a central 10 portion and a peripheral
»portion which includes a step projecting froman exposed surface thereof
and ext endi ngysiin,|sacis hs pampinglpoyts pimay alfotafifecicie demityrufrthe plasmd beingt ep

provi des a predeterm ned | ocalized plasma density adjacent the exposed

surface of t r electrode can be a showerhead el ectrode
havi ng a ceﬁgﬁtﬁ)%@gﬁh%mﬁ%%ﬁ%ﬁbr nore gas outlets for discharging the
process 15 gas into the chanber. The present invention also provides a

pl asma chanber for use in manufacturing a sem conductor device. The plasma
chanber includes a top electrode and a bottom el ectrode having respective
surfaces faci ng eSinbe titehiategeatell cpaitefdbrgmion proaess snmitersondigve todbodef i ne a
gap therebetween. The bottom el ectrode WO 02/ 31859 PCT/ USQOL/ ~2G1l1 g
conprises a _&1£@hﬁdmg%ﬂ§teonmét%, eVarhifeAte Rﬂﬁbﬁﬁ%ﬁu&%@%hﬁh portion

and a step projecting fr peri pheral portion thereof and extendi ng at

| east partially around the central rtion., The step.aff s the |acalized
donst ty Jof el BRGSHEIer omis hE BiBaref o ESnuactiib e eia ¢ widiE cbife
electrode in the step region. The S chanber can al so include an edge ring
mount ed on tthe eishingoproeessc tGangequemtis it isgeften; degirakie taieenfing thoplasmate on with
the step on the upper electrode to provide a predeterm ned |ocalized plasma

densi ty adj ageateal WEicEIPRERETiSER ReE afd afduad Bhewhfcp d6bsaRtEFREESGRpRTI ON OF
THE DRAW NGS 10 The invention will now be further described with reference

to the fol I oWl et al. (U.S. Patent No.4,610,774) discloses an annular wall around a

sputtering target that can repulse, and return toward the center, those electrons
10 which tend to escape from the plasma during the sputtering process. Similarly,
Ishii et al. (U.S. Patent No. 5,571,366) disclose a gas supplying means for a
plasma processing apparatus having an annular projection around the perimeter
thereof which operates to concentrate a gas to the target surface of the object to be
processed. Maydan et al. (U.S. Patent No.5,643,394) disclose a plasma chamber
15 lid having an annular reflector designed to focus an injected gas toward the center

of a wafer being processed.

Plasma processing is typically conducted in a parallel plate reactor
apparatus wherein the reactor volume is defined by a pair of closely spaced

electrode plates. Examples of parallel plate plasma processing reactors for



-

-

figures: FIGURE | A shows a stepped upper el ectrode according to an

enbodi nent of the present invention wherein the electrode is nounted in a
paral | el WP4#2185] asne apparatus; 15 FI GURE 1B shows a det ZCI/SPVEK1 waf er
edge region of a parallel plate plasna apparatus with an integral step
according to anot her enmbodi nent of the invention; FIGURE 1C shows a detai
of the wafer edge region of a parallel plate plasnma apparatus with a
separate step having an adjustable thiclnmess according to 20 anot her
enbodi nent of the invention; WO 02/318S9 -9 PCT/USA /~2611 FI GURE 2A
shows a detail of the wafer edge region-0f a single wafer parallel plate
pl asma apparatus according to the invention; FIGURE 2B is a graph show ng
the etch rate profile across a wafer for a blanket oxide etch using the

arrangenent mprbocéskingREm2odndudtbr subsates suvhhaslsbiconsyafeysente displesedeindd 1S, ode
conpared to an etch rate profile using a conventional flat upper electrode;

FIGURE 2C i spg. fb@Pdioafamens ovhase! 5965 336 i BY88790 TH%sE bE PlaflgPt N of

et ched contacts Vi'ng ‘an et’ch W dt m cron and® an

appr oxi mat el 9:]aﬁas ect ti.o; 10 FIGURE 2D is a graph.show ng the effect
on the ot ch HSEEo08H Gt b Paralel RIplE RRSHE TOAGOR HOMSYeTs CAR S0It 16,4 TOR-UBKGEM, | ng
surroundi ng the wafer on the | ower electrode; FIGJRE 3A is a graph show ng

t he et ch r atpasmadénsity acrass thessunateof the substtakea nKypicalky, die plastha density in
one-pi ece Si stepped upper el ectrode having an 8.7 inch 15 I D step conpared

to an etsch r@kfedib hedr&he' 8ag00Ahe QEMsRAaid 9M&RS tHanahatt thPESter® Biftls! QR
FIGURE 3B is a graph showing the etch depth of etched contacts i n BPSG

usi ng e ones bl e6ifors palARRSise 1BRTH kRS SoRRERIAaE: b Assipfivent | onal

reduced etch rates near the edge of the substrate being processed.

Shaped electrodes have been disclosed to improve uniformity in plasma
processes. See, for example, Mundt et al. (U.S. Patent No. 4,297,162), Kim et
10 al. (U.S. Patent No. 5,990,016), Mallon (U.S. Patent No.5,628,869), Donohue et
al. (U.S. Patent No. 6,010,636), Salimian (U.S. Patent No.5,716,485), Zajac
(U.S. Patent No. 4,230,515). See also two commonly owned patents issued to

Mundt et al. (U.S. Patent No.5,472,565 and U.S. Patent No. 5,714,031).

SUMMARY OF THE INVENTION

15 The present invention provides an electrode for use in a plasma reaction
chamber. The electrode has a central portion including plurality of gas outlets
through which process gas can be delivered from an exposed surface of the
electrode. A step is located in a peripheral portion of the electrode and extends at

least partially around the central portion of the electrode. The step can enhance



upper el ectrode; WO 02/ 31859 -10 PCT/ USO01/ ~2611 FI GURE 4A shows an

el ectrode arran%ement i ncludi ng an upper Si electrode with a narrow (small
D) Si st¥BOHAPHg an outer periphery spaced inwardly of tP¢E/WG1/d611

peri phery of the electrode; FIGJRE 4B is a graph showi ng the effect of the
i nside dianmeter of the narrow Si step on the etch rate profile using the
arrangenent of FIGURE 4A; FIGURE 4C is a graph showing the effect on etch
rate profile of the material of the hot edge ring (HER) using the
arrangenment of FIGURE 4A; FIGURE S is a ,2r aph showi ng the effect of step
inside dianmeters on the etch rate profil’é& conpared to a flat silicon

el ectrode; 10 FI GQURES 6A-D are m crographs of etched features wherein

+FI GURES 6A and 6B are m crographs showi ng features etched into the edge and
cent er regi othe densitypafché plakma fafmed adifoent the iemposad fshefaceSdf the plectradesct r ode
and FI GURES 6C and 6D are m crographs showi ng features etched into the edge

rand center IeRd Qdhgral Péﬂfbﬁt&f\ﬂ% dedtfod® AR bE subiAmAlY pfelirﬁp.pw a PrefRBE’

el ectrode; and 1 S FIGQURE 7 is a graph show ng the plasma dropout pressure

versus the RE power ratiq usi.ng. siepped. Si. upper el.ectra avi vari ous
step geonet ri® O%thﬂ?’ea&‘fﬁ ’étlo‘%te‘{r'ﬁlg‘géfﬂg PLap PB%@ .peﬁﬁ%ﬂ" é@%ﬂgﬁﬂ TI ON OF
THE | NVENTI ON The invention provides a novel arrangenent for inproving

uni formty 2mchdhat e gleeisods qrtende beyand the st€Pri conduct or substrates such as
silicon wafers, flat WO 021 31859 PCT/ USOL/ ~2611 -11 panel display
substrates, and the like. The inproved plasma processing is achi eved by
nodi fying the plasnma density in a peripheral region of the substrate being

o ocessal LD oSt ka2 oA B T Se MRS
substrate in a plasma chamber. The method comprises: supporting a substrate on a
bottom electrode; supplying a process gas to the chamber; forming a plasma
adjacent an exposed surface of an ubper electrode; and processing the
semiconductor substrate with the plasma. The upper electrode has a central

10 portion and a peripheral portion which includes a step projecting from an exposed
surface thereof and extending at least partially around the central portion. The
step provides a predetermined localized plasma density adjacent the exposed
surface of the electrode. The upper electrode can be a showerhead electrode

having a central portion with one or more gas outlets for discharging the process

15 gas into the chamber.

The present invention also provides a plasma chamber for use in
manufacturing a semiconductor device. The plasma chamber includes a top
electrode and a bottom electrode having respective surfaces facing each other and

spaced apart from one another to define a gap therebetween. The bottom electrode



5 shape and/or powering of a hot edge ring (HER) surrounding the substrate
bei ng processed. The stepped el ectrode according to the present invention
may be appPi0¥diI8d pl asma et ching processes in order to enRETAS/MS1tensity
of a plasma near the edge of a wafer in a parallel plate plasma reaction
chanber so as to produce a nore 10 uniformetch rate across the substrate.
Al t hough the present invention will be described in terns of its advantages
for plasma etching, the present invention is also useful for other
applications that may require plasmas with uniformdensities such as plasna
enhanced chem cal vapor deposition and pgasna cl eani ng. The present

i nvention provides a showerhead el ectrode having a central 15 portion and a
peri pheral portion having a step which can control a localized density of a
pl asma f or neshoipristhe sebstate spport THEhepop iejebtrodd inobrdes acentral lpockeom @id 4 east

one step in a surface of the electrode facing a sem conductor substrate

»such as a i :?ﬁﬁ? ing! Wy by
varyi ng thﬁ%ﬁ%ﬁqggﬁé%??’gggﬁrlﬁl ) gltj)ﬁln&tr e g?’i‘%ﬁ?e ea??c{ﬁ%tﬂ;ga‘?ﬁ%i}{ ng a

step on a to 021 31859, PCT,USO1L1 1-1 L egtrode in. copbi nation
i th an edgelteumiie veuid Toiel  The dp aiec e et derbtai e ing PR, degr ce
of control over the edge etch rate. By using different materials for the
step and eddermédadjaccne tuwesxpesedofurfaoe pf thegop kleowode intbe stepgegion.n Thhe edge
region can be further adjusted. Additionally, various geonetric features 5

of the step ambeHem d1id thchre aﬂ'eﬂgge B TRslinkd Pk e H&@M@ctﬁ)d@?sfﬁe%élﬁét ch
rate profile. In a preferred enbodi nent, the step is |l ocated inwardlly of an

outer periphery of_ the el.ectraode.,s hat..the el ectr ext ends beyond t he
step. In anM@npe}cgfne?(ﬁ]éugfciwggmbr@%&etptcﬁlethggﬁp?ﬂacﬁec&@gﬁ%Rr%vﬁc?e[ %e el ectrode
and/ or the portion of the electrode extendi ng beyond the stef) are

subst ant i al |Breqatermiped logalized plasmacdensity gdineansd thegxposadejuzfage of iea met hod of

treating a sem conductor substrate with a plasma including the steps of
form ng pl adgwtiydeween the substrate and an opposing el ectrode, the
opposi ng el ectrode having a peripheral portion including at |east one step.
The step locally enhances the density of the plasnma adjacent the peripheral
portion of the electrode thus allowi ng for control of 15 the edge etch rate

f the wafer.
of the wal ery e EF DESCRIPTION OF THE DRAWINGS

10 The invention will now be further described with reference to the following
figures:

FIGURE 1A shows a stepped upper electrode according to an embodiment
of the present invention wherein the electrode is mounted in a parallel plate plasma
apparatus;

15 FIGURE 1B shows a detail of the wafer edge region of a parallel plate
plasma apparatus with an integral step according to another embodiment of the
invention;

FIGURE 1C shows a detail of the wafer edge region of a parallel plate
plasma apparatus with a separate step having an adjustable thickness according to

20 another embodiment of the invention;



The stepped el ectrode according to the present invention offers several
advantages. First, it allows for the |ocalized enhancenent, or

i nt ensi f WAP¥}ES of the plasma density near the edge of aPETWHSHVESBE such as
a silicon wafer during plasma processing. The shape, dinensions, and

| ocation of the step by itself or in WO 021 31859 -13 PCT/ US01/ ~2611
cooperation with an edge ring on a |ower el ectrode supporting the substrate
may be optim zed to provide uniformetching for a variety of different
process reginmes. Furthernore, the etch upiformty may be optim zed w thout
significantly affecting other etch charaCteristics such as the etch rate at
the center of the wafer. The S stepped electrode is al so suitable for many
.different electrode nmaterials and process gases. In the present invention,
the etch rate neafIGUREdgshowfs a datailvaf the wadercasige regibm of bysingler wafey t he

| ocal i zed power coupling through the plasma. Nanely, by placing a step or

- proj ection %rémpwﬁrasﬁhﬁﬁéirmgacm%%tﬂehﬁv&ﬂibﬁent is 10 ' coupled
through the ‘plasma in the region near the edge of the wafer. The step on

t he upper electr causes .t he pl asma . sheat h conformto.he profile
of the step whi cﬁﬁﬁbl?%g HELARp Q‘Q‘Pﬁ%ﬁ%ﬁrﬁ“ﬁbﬁﬂﬁ?%" SECTHESA TR r\ﬁ&ﬁife
i ncreasing the energy of the ions in the ed?e regi on. A shower head

el ectrode i dlankst exide ctsh usinggpe drrangamans 66 FIGHRERY with ans@@ inclslRccor di ng
to the present invention. The shower head el ectrode preferably includes a

pl ural ity Ofstq:xgéd Q?_ﬁéﬂléctﬁdé eosipagdhehiveth raR6AR simpd caventiem flatir f aces
of the el ectrode. e gas outlets can be located in a central portion of

the front s di scharging a process gas in an area near the front
surface of t %@ﬁ?le%c?édgde_ A peripheral portion of the front surface of the

shower head el ectrode surrounds the . WO 02/31859 -14 PCT/ USOl/-chblfl
FIGURE 2C is a graph showing the effect of the step on the etch depth o

etched contacts in BPSG having an etch width of 0.2 micron and an approximately
9:1 aspect ratio;

10 FIGURE 2D is a graph showing the effect on the etch rate profile of
changing the amount of bevel on an edge ring surrounding the wafer on the lower
electrode;

FIGURE 3A is a graph showing the etch rate profile across a wafer for a
blanket oxide etch using a one-piece Si stepped upper electrode having an 8.7 inch

15 ID step compared to an etch rate profile using a conventional flat Si upper
electrode;

FIGURE 3B is a graph showing the etch depth of etched contacts in BPSG
using the one-piece Si stepped upper electrode compared to a conventional flat Si

upper electrode;



central portion of the front surface. The step is |located at the peripheral
portion of the el ectrode and extends at |east partially, preferably

conpl et eMQ 04318%thd t he central portion of the el ectrode. FAEUSPERStONtrol s
a localized density of the plasma fornmed adj acent the exposed surface of
the electrode. A preferred plasma S reaction chanber incorporating the

st epped shower head el ectrode is a sem conductor etching apparatus. The top
el ectrode may be formed of any suitable material such as graphite, silicon,
silicon carbide and alum num The step may be an integral part of a

monol i t hi ¢ one- pi ece stepped el ectrode {16-g., machi ned or ot herw se forned
in a 10 single piece of material) or nmay be nmade as a separate piece and
.bonded (e. g . , netallurgically or adhesively) or otherw se secured to the

el ectrode surf acq:lGUl@Ea@@ﬂldmmhﬁeaﬁﬁe abfafperhéit iSMidingRA @ppet! sias t he
el ectrode or froma dlfferent material. As with the electrode, the step

Lo "™ ShafaE IR O GRUEORTS B A QR ERt e oL O

materials such as quartz. In another pref erred enbodi ment of the invention,
the step on mwardiygttheqquéernesipbenyof the elesiede; sur f ace adj acent to the
central portion of the electrode, a bottom surface substantially parall el

to a substantial IBIGURBaB waniripl stowihg die effect bfthe limside didmerndf die out er
surface opposite the inner surface. The inner surface of the WO 02/ 318s9

PCT/USOY/ 2%&0&? @'—(é}?p%'g?esé&%ﬁ pﬁlf%l? Liélfs h{ke&ﬁmgeﬁxé II[& ﬁﬁma gbtuse

angle with respec y pfanar ¢ portion o t he

el ectrode. The st exa trapezoid in transverse
cross-section. r@h@@"éﬁ%%&ﬁ?@%“?ﬁ rf‘“ﬁdgi’% Wtthee of the
step forns an angl e of 120 to 160 degrees with the 5 substantially planar
central por tmaterigifofttheehotogsige Irmgt (HER) wing thh arrangamens of FEGURET4Ahe st ep
forms an angle of 80 to 90 degrees with respect to a plane parallel to the

substantially pl gguRERtisalg rﬁﬂféﬂt Odg)fhetéﬁ%c%ies(ié g Bi8Rle didindEQ1dnGthe Pr € err ed

enbodi ment of the invention,~a ne of treating a sem conductor substrate
D2 LS SRRl el P BACRRo o 19 2 10 substrate on 8
adj acent an exposed surface of an upper el ectrode and processing the
10 FIGURES 6A-D are micrographs of etched features wherein FIGURES 6A
and 6B are micrographs showing features etched into the edge and center regions,
respectively, of a wafer using a flat Si upper electrode and FIGURES 6C and 6D
are micrographs showing features etched into the edge and center regions
respectively of a wafer using a stepped Si upper electrode; and
15 FIGURE 7 is a graph showing the plasma dropout pressure versus the RF

power ratio using stepped Si upper electrodes having various step geometries

versus a flat Si upper electrode.

DETAILED DESCRIPTION OF THE INVENTION
The invention provides a novel arrangement for improving uniformity

20 during plasma processing of semiconductor substrates such as silicon wafers, flat



substrate with the plasma. The el ectrode has a central portion and a

peri pheral portion including a step projecting froman exposed surface

t her eof ¥MAUVBBENdi ng at | east partially around the centrBETHEIVI26H. The
step geonetry can be tailored to 15 provide a predeterm ned | ocalized
density of the plasma forned adjacent the exposed surface of the el ectrode.
I n anot her preferred enbodi nent, the sem conductor substrate conprises a
sem conductor wafer and the processing step conprises etching the

sem conductor wafer with the plasma. The showerhead el ectrode is preferably
el ectrically grounded and the bottomelddtrode is electrically 20 powered
during the processing step. WO 02/318S9 -16 PCT/USOL/-12Gl1 In a further
preferred enbodi nent, the plasma is formed in a gap between the showerhead

el ectrode angna dgsiipsuiRkars Alehamite! e mRpRndd plishhgsros@smgiises the steps

of transferring the 'sem conductor substrate out of the plasma chanber and

A e R T e e s

invention, a plasma chanber for use in manufacturing a sem conductor device
i ncl udes a tusingprocessedic lnppved paifosineranche ahicvad iirayeh Bigfa stopPedur f aces

facing each other and spaced apart from one another to define a gap. The

bot t om el ectelenti®de o Rurihereinprosemeiits airebs oppimed by Thelifidng the mdtedal; ode
conprises a central portion and a step |located at a peripheral portion of

the topcele Cﬁ‘&]dlg fﬁ%%f"l%! t i s al
porti onsof fshéﬁ%j%p e @% ode. ‘Z‘ eél ggﬁgo(ﬁﬁﬁ Is?rgx?%ggl I zé%plg%tg?i@ftdg of the
pl asma for med ad%égent t he exposed surface of the top el ectrode. |In another
preferred eBefiS¥¥t of the plasma chanber, the top electrode 15 is
grounded and the bottom el-ectrode is powered during processing. However,
both el ectrodes, may be powered or the bottom el ectrode can be grounded and
the top el ectrode can be powered.
The stepped electrode according to the present invention may be applied to
plasma etching processes in order to enhance the density of a plasma near the edge
of a wafer in a parallel plate plasma reaction chamber so as to produce a more
10 uniform etch rate across the substrate. Although the present invention will be
described in terms of its advantages for plasma etching, the present invention is

also useful for other applications that may require plasmas with uniform densities

such as plasma enhanced chemical vapor deposition and plasma cleaning.

The present invention provides a showerhead electrode having a central
15 portion and a peripheral portion having a step which can control a localized
density of a plasma formed by the electrode. The peripheral portion includes at
least one step in a surface of the electrode facing a semiconductor substrate such as
a wafer. The step can be shaped to change the plasma density by varying the

localized power coupling from the bottom electrode. Using a step on a top



WO 02/ 318S9 PCT/ USQOL/ ~2Gl1 -17 In another preferred enbodi nent, the bottom
el ectrode further includes a sacrificial edge ring surroundi ng an

el ect r ostV@ P¥3BRUck (ESC) . The edge ring is a repl aceabl @CEaIspu#siht whi ch
tends to becone hot during processing of a substrate and thus is referred
to as a hot edge ring (HER). The edge ring nmay be nade 5 from conductive
el ectrode materials such as SiC and silicon or fromdielectric materials
such as quartz. By changing the edge ring material, the degree of coupling
t hrough the plasma can be tailored to provide a desired |ocalized "edge"
etch rate at the outer portion of a subsiZxate being processed. SiC, having
a | ower capacitive inpedance, will generally produce a faster edge etch
.rate than silicon. 10 Quartz and other dielectrics will have a | esser

effect on thgeQFR iRIcEMbImALBn WiVl &lge Hng! diftheNGweNQsctfidR AP 8 doRa oW show
graphs of etch rate uniformty using stepped and conventional flat upper

- el ectrode arran RE SS- se t| aonal ew of a

paral |l el pl % gn%r ?’Fae%??a&{t °§8‘ée6%3'/?$ﬁ‘§€ e&c Véﬁt‘t qt‘# SR upper

el ectrode 10 has a step 11 in a 15 peri pheral ortl on thereof. The step has
an insi de dimaierials for the stepdandredgaingd dhedlegrast efrcoppiing theougihibe plasmadn waf er

15 is nounted on a substrate support 19 incorporating an electrostatic

chuck 16 themeielige fdpforseHsie Rirhes adjiaed. Atlamonm)t uRedus BeGflgeic fedigred 7 and a
coupling rlng 18 The step | | includes an incl imed i nner surface facing

pcr/ Uouy) - 2atitle 18P SATsPUE R SR bt lodified i n Bl befidare 10’ 00 7

surface being |l ocated inwardly from an outer peri hery of the el ectrode 10.
FI GURE 1B sH¥wdlea e prefergad empbodipents ’fsée%‘?tio wwagdly of apjoBferp| at e

pl asma apparatus according to a further enbodi nent of the present

i nventi on. Tperipherypqlethe eleetrbdesirhtbatithe elecinadepsxtersis bepaid theistepellact r ode
with an integral step 11. The step 11 has a thickness (t) and an inner

surface 12 'o?rﬂzri) e@@ B&ﬂnf‘enf Ghe Whrtfl PHﬂl ecg‘th@leleEESJé £/ & ik he upper

el ectrode. The st a bottom surface an outer surface |14
which forns an .an vmtha Iane Ilel to the
portion gt &e(éfgctrode exten ing beygnad’ t%e step are substantlally planar.

10 The present invention also relates to a method of treating a semiconductor
substrate with a plasma including the steps of forming plasma between the
substrate and an opposing electrode, the opposing electrode having a peripheral
portion including at least one step. The step locally enhances the density of the
plasma adjacent the peripheral portion of the electrode thus allowing for control of

15 the edge etch rate of the wafer.

The stepped electrode according to the present invention offers several
advantages. First, it allows for the localized enhancement, or intensification, of
the plasma density near the edge of a substrate such as a silicon wafer during

plasma processing. The shape, dimensions, and location of the step by itself or in



substantially planar central portion of the electrode. As in the enbodi nent
of 10 FIGQURE | A, the step 11 is |located opposite the edge ring 17. FlI GURE
1C shows WO 231859 of the wafer edge region of a parallel pCatUSIBI2atITR
apparatus according to another enbodi nent of the present invention. The
upper electrode 10 includes a step 30 fornmed by a separate piece of
material. A groove 32 is shown extending into the exposed surface of the
upper el ectrode. 15 The separate step 30 fits into the groove 32 and
projects fromthe surface of the electrode. The thickness of the step 30
relative to the exposed surface of the dBectrode can be adjusted by an
actuator 31 connected to the step through an opening 33 in the upper

el ectrode. The position of the actuator 31 and hence the step thickness can

t hus be adj ; T & alpeme WO Ha1859
PCT/ USOL/ ~2g?ﬁ&ail%6%g,rllttﬁtﬂc?lt ‘Iﬁ%g P?gdﬁwggég?&??@pgﬁocess%gbhsgr?ber .QgThi S

.arrangenent al.l q for the effectjye step thick to be adjusted w thout
el act g ol BHERER o Trpul® yRitpRE clshine o R yhaeS o i RrOadn epinef o
exanpl e, when processing different substrates and/or using different
process gas thermore, dke etph nniermitybipay b ogtimived vethoyt gsn&m,ltl)t ideoting
t hi ckness of the step can be changed between steps of a nulti-step plasna

process (e. thther®icH cHiRAREERIGS sWIhQR QRS EaB katdiat HeWeneP O iikowatee Thasna
chanmber. FI GURE 2A shows a detail of the wafer edge region of a parallel

Pho. ot of. oxtiHHET PRLRI Rk toPRe AL PlegBoad RS O o =

substrate in the form 10 of a wafer 22 is nounted on a substrate support 26
usi ng an el PEPEESSLAESc chuck 23. In the enbodi nent shown, the wafer has a
di aneter of 8 inches (200 m. It will be appreciated, however, that the
invention is also applicable to wafers or substrates of other sizes. For an
8 inch wafer, the inside dianmeter (ID) of the step 21 can be set at 8.6

i nches such that Jhrlﬂe ?;{sﬁrggl\:kvla%grghg%e% rrgféiﬂgg; ﬁ{e%d e of | C\bﬁﬁr o beyond or

outside of the edge o e step outsfde dianeter is the sane
uar d 27, TIEORUGLDY, Y06 Josel AR COrRRREiavER tEPlasRe. O hanent
ring 28 by placing a step or projection on the upper electrode, more of the current is
10 °  coupled through the plasma in the region near the edge of the wafer. The step on
the upper electrode also causes the plasma sheath to conform to the profile of the

step which helps maintain a more uniform plasma density while increasing the

energy of the ions in the edge region.

A shower head electrode is a preferred stepped electrode that may be used
15 according to the present invention. The shower head electrode preferably includes
a plurality of gas outlets extending between opposed front and rear surfaces of the
electrode. The gas outlets can be located in a central portion of the front surface
for discharging a process gas in an area near the front surface of the electrode. A

peripheral portion of the front surface of the shower head electrode surrounds the




to focus the plasma on the wafer surface. The step 21 has an inclined
surface formng an angle (a) of 150 degrees with the exposed surface of the
el ectr odW#BIBY t he step thickness is 0.125 inches. A que€T/ES@splli ng ring
25 and a silicon hot WO 02/ 31859 -20 PCT/USO /~2611 edge ring 24 surround
the substrate support 26. The inner surface of the edge ring is beveled to
forman angle ~i with a plane perpendicular to the wafer surface. The upper
el ectrode 20 is nade of silicon and the step 21 is shown as a separate ring
which is secured (via any suitable technique such as bondi ng or nechani cal
5 attachnent) to the upper electrode. TFi4- data in the graphs discussed
bel ow was generated using a dual frequency parallel plate plasm etch

. reactor. In all cases, power (dual ftequencies) was applied only to the

| ower el ect %?ﬂg%l?ggﬁéﬂ‘éf 4B Rnt Shsce! OFiR $6Sis I6QAMIORTh 'éﬂiplﬁrﬂﬁ)grﬂkﬁi(‘!’ﬁe” the

el ectrodes o 1.3 cm 10 FIGURE 2B I's a graph showng t etch rate
. profile in bl.anket oxi d tch using.the arr enen f Fl GURE 2A ()
conpar ed to%ée ﬂF&Fﬂ{%ﬁ“ﬁﬂ"g‘@ %PE"Ffa%?P & Bﬁ’fﬁf@ iCBH]«i’:let%Va?mHB € el ectrode

(). I'n both cases, a silicon hot edge ring and guar.tz coupling ring were
used and et cbntna) pesorcaf the slectrade.udbie step igentrels ndogaliged demsityiofiee 1500 Watts
RF power at 27 MHz; 1100 Watts RF power at 2 WMHz; 52 15 mlorr chanber

pressure abeyRmaermed edjacehB thessxpoied sifficeothe bieca6adn Afdfdas pldshasccm 02
gas; -10 Ctenperature of bottom el ectrode; and 60 second process tine.

on the. tat otk aiaRhe Nt TbGrg APRbSTR S bR Aol S " can b w0
02/ 318s9 PCT/ USOLl/ ~2b11 -21 seen fromthe graph, the step produces a
dramatic i mSemicORSUAtor eicking ppPARM@S.uni fornity near the wafer edge. The

nunbers besi de each plot are the average etch rate and the etch rate
uniformty. Etch rate uniformty is calculated by the

The top electrode may be formed of any suitable material such as graphite,
silicon, silicon carbide and aluminum. The step may be an integral part of a
monolithic one-piece stepped electrode (e.g., machined or otherwise formed in a

10 single piece of material) or may be made as a separate piece and bonded (¢.g.,

metallurgically or adhesively) or otherwise secured to the electrode surface. The
step may be made from the same material as the electrode or from a different
material. As with the electrode, the step insert may also be made from materials
such as graphite, silicon, silicon carbide or aluminum. However, the step may be

15 made from dielectric materials such as quartz.

In another preferred embodiment of the invention, the step on the upper
electrode has an inner surface adjacent to the central portion of the electrode, a
bottom surface substantially parallel to a substantially planar central portion of the

electrode and an outer surface opposite the inner surface. The inner surface of the



foll owi ng equation: 5 [(Max-M n)/2*Average] * 100 where Max is the maxi mum
value of etch rate and Mn is the mninmum value of etch rate. The etch rate
was det eW® AZHBH neasuring the thickness of the wafer bePOTASAH6ASt er
etching using an ellipsoneter avail able from Rudol ph Technologies. A 0.5 mm
area near the edge of the wafer was excluded fromthe 10 thickness

nmeasur enment. Measurenents were then taken every 0.5 mmin a 12 nmregion
adj acent the edge exclusion region. Measurenents were taken |ess frequently
in the central region of the wafer. FIGJURE 2C is a graph show ng the effect
of the step on the etch depth of contactl§-in BPSG The contacts have an
etch width of 0.2 mcron and an 15 approximately 9:1 aspect ratio. The

. follow ng process conditions were used: 1500 Watts RF power at 27 MHz; 1100
Vatts RF POURD 8 rfetdoty inelnel'sY ds (B'TOGE §f 0BRRS BHEIE vARLMSpdcRto #Rf er: 135

sccm Argon gas; 15 sccm C4Fa gas; 8 sccm 02 gas; -10 C tenperature of

- bottom el ectrpde:.and.l 40 secqnd process f{i WO 02/ 31859 PCT/ USOL /. 12b
19157 The. dppuRitaSpledar ot Bordir GaRE FlekEhir THESEP.RE SSmplE MBgerent
of FIGURE 2A. The lower plot () shows etch depth using a conventional flat

upper el ect rhedtaparoidaigoitansverseerass-section. haruthercprefeoredtenebodiigentothet he
wafer. As can be seen from FI GURE 2C, the step on the upper el ectrode

i ncreases t ligndtutfacdot the stepffofieahdle € PLRY 10160 depre@niak ke by increasing
the etch rate near the wafer perineter. The nunbers beside each plot are

cont act 8+ n ‘AP AR e el pOR R IR ot U bl ol RERICE ol | 12

effect on the etch rate profile of changing the degree of bhevel (~i) of the
edge ring f &tepfopmsarangleof §8 te OO Klegeses ithifespeot ohplane parallelde therth in t he
description of FIGURE 2B above. The upper plot () shows etch rate for a SiC

hot edge ri sgbstaritially pidhabewstal pdhionafdhie elepirode. () shows the etch rate using
a Si hot edge ring with a 15 bevel. In both the upper and mddle plots, an
8.6" I D stepped el ectrode was used. The |ower plot (1)

In another preferred embodiment of the invention, a method of treating a

semiconductor substrate in a plasma chamber includes the steps of mounting a

10 substrate on a lower electrode, discharging process gas into the chamber, forming
a plasma adjacent an exposed surface of an upper electrode and processing the
substrate with the plasma. The electrode has a central portion and a peripheral
portion including a step projecting from an exposed surface thereof and extending
at least partially around the central portion. The step geometry can be tailored to

15 provide a predetermined localized density of the plasma formed adjacent the
exposed surface of the electrode. In another preferred embodiment, the
semiconductor substrate comprises a semiconductor wafer and the processing step
comprises etching the semiconductor wafer with the plasma.' The showerhead
electrode is preferably electrically grounded and the bottom electrode is electrically

20 powered during the processing step.



shows the etch rate using a flat electrode and a Si hot edge ring having a
15 bevel. 15 As can be seen fromthe figure, increasing the bevel of the
edge ri nyWad oI5 to 60 causes an increase in the edge etearwaori2eiihe et ch
rate profile for the 5iC hot edge ring wwith a 60 bevel is an "edge fast"
profile with a higher etch rate observed at the edge than near the center
of the wafer. It is believed that the bevel on the edge ring causes a
perturbation of the plasma sheath which increases the WO 02/ 31859

PCT/ USO01/ ~2611 -23 edge etch rate. The use of SiC rather than Si for the
hot edge ring material also has the effget of enhancing the etch rate near
the edges of the wafer. FIGURE 3A is a graph showing the etch rate profile
.in a blanket thernmal oxide etch using an integral (one-piece) Si stepped

IO o S SRR G PR el ST gt
L nches il bog 8 Yetoh (5) O cdon degians, e pot g orocias vee

Si hot edge ring and a quartz coupling ring were used. The etch rate in
Angst r ons/ nitieisteps of tpamsfereidg dee senficomiucon sufstdatecaitioftheoplasthae chemilzer 10
surface neasured fromthe center of the wafer. As can be seen fromthe
figure, the ﬂq‘% IR} i RdfbdtHpfor m ty
near the walﬁg%1 e ge g?"}llglr?gesrs bielglil %ﬂ)%llgg %%g%@h?xﬂg&aver%ggﬁetch rate
and the_etch rate . uniformt FIGURE 3B is a graph showi ng the effect of
the step onoPHe tbé’ﬁoﬁle?]?‘ﬂr%if? 15 contacts in BPSG using the same integral
Si stepped upper electrode as descri bed above. The contacts have an etch
width of 0.2 mcron and an approximately 9:1 aspect ratio. The process
conditions set forth in the description of FIGURE 2C were used. The upper
plot () shows et %aﬂ@ﬂbﬁ?@feﬁedf ifisddiMentodf th® ediehdn, Usplagnd meemed

el ectrode. The |lower plo shows etch depth as a function of

02731859 - 241'1s£ SI' ﬂl%étﬁ%géja semiconductor device includes a top electrode and a bottom

electrode having respective surfaces facing each other and spaced apart from one
another to define a gap. The bottom electrode comprises a substrate support. The

10 top electrode comprises a central portion and a step located at a peripheral portion
of the top electrode and extending at least partially around the central portion of
the top electrode. The step controls a localized density of the plasma formed

adjacent the exposed surface of the top electrode.

In another preferred embodiment of the plasma chamber, the top electrode
15 is grounded and the bottom electrode is powered during processing. However,
both electrodes, may be powered or the bottom electrode can be grounded and the

top electrode can be powered.



| ocation using a conventional flat Si upper electrode nmeasured fromthe
edge of the wafer. As can be seen fromthe figure, the integral step on the
upper el Q0238859 ncreases the uniformty of the etch dept RCOUSeMmE6fIeat ur es.
The nunbers beside each plot are the average etch depth and the etch depth
uniformty . The etch depth 5 was determ ned by SEM FlI GURE 4A shows an

el ectrode arrangenent conprising as upper electrode 40 having a narrow
(small OD) Si step 41. The step is 0.125 inches thick and has an inside

di ameter of 8.25 inches. An 8 inch wafer 42 is shown nounted on an

el ectrostatic chuck 45. The | ower el ectyldde 46 al so includes a 10 quartz
coupling ring 44 and an edge ring 43 . The edge ring 43 has a 60 bevel
.((3). Due to the small outside dianeter of the step, there is a space

between the out sigengitef gfe@en‘i’éd EdiBodiiRAt, ﬁ?t*i ﬁd’tﬁmﬁ@le&t’i’&&r fubtHes ﬁa%ﬁtdﬁi athe

fixed guard 47. A confinenment ring 49 is also shown. Using a Si hot edge

-ring in this arrangement resulted in t abl.e pl nder the .process
Condi t 1 ons. SBGIRGH HEE FingrsariqubEine o clietoays Mok ASChs 1k caprafa d <
graph showi ng the effect of stpﬁ inside dianmeter on the etch rate profile

usi ng the arreplaegablergonegonEntGyieh 4emds 4o becomeshot duringprocsssing: ofya Sehstrates

et ched using the sane process conditions as set forth in the description of

FI GURE 2B. THn€ theloie refen@d 18heh hot edge gt (HER)E €The Vifff mayV@e nfude r at her
WO 02/ 31859 PCT/ US01/~2611 -25 than Si. The 8.0 inch ID step () and the

8.25 ingh I . 1 . il e . 3.0 inch ID
step, h gwev eI?F(% %p%é]%ﬁ;g gg Haécﬁgqélrnta%\gl édr%u?ﬁ %fg??%fghcﬁ @Lﬁé& l?(gmg gr aph
showi ng the effect of changing the material of the 5 edge ring fromSiCto
quartz. A bITBHKEAS Py 3pequapi mpsmgm%e@ecl%ma@r% fhée%?‘b%%ss
conditions set forth above in the description of FIGURE 2B. The el ectrode
arrangenment cofipligdRbughAheplasmaedn b hsildredver prolvide a(dessébealized “etge’ r at e
profile using a quartz hot edge ring. The upper plot () shows etch rate
using a SiC ' irel ' e q;qNYai: oupl i ng
at the 10 wa errag%%ghéagglglf Rﬁ@‘%ﬁg usglggs&dé&gﬁg% ?(I?cggs%tﬁ I ysrlF’o%ae‘{ ? gﬁﬁefrgt e near

Lhe edge of e Al Sl SA05AGARTBOA0S ML QfE b e, A ™Y b

10 Quartz and other dielectrics will have a lesser effect on the edge etch rate.

Several of the drawings discussed below show graphs of etch rate

uniformity using stepped and conventional flat upper electrode arrangements.

FIGURE 1A shows a cross-sectional view of a parallel plate plasma
apparatus according to the invention. The upper electrode 10 has a step 11 in a
15 peripheral portion thereof. The step has an inside diameter (ID) and an outside
diameter (OD). A substrate or wafer 15 is mounted on a substrate support 19
incorporating an electrostatic chuck 16 therein. The substrate support also
includes an edge ring 17 and a coupling ring 18. The step 11 includes an inclined

inner surface facing the wafer 15, a bottom surface parallel to the wafer 15 and an



error or non-uniformcontact of the step with the upper electrode. FIGURE 5
is a graph showing the effect of step ID on the etch rate profile for a

bl anket W@G2/M8590xi de et ch using the processing conditi oneCEESVIf436X1h above
in 15 the description of FIGURE 2B. In all cases, a Si edge ring with a
standard 15 degree bevel and a quartz coupling ring were used. The step was
made of Si and had a thickness of 0.1 inch. Wth. an 8.25 inch inside

di aneter step on the upper electrode (), an edge fast profile is obtained.
Wth an 8.6 inch inside diameter step (1), a substantially flat etch rate
profile is obtained. Wth a 9.0 inch ind8de WO 02/ 31859 -26

PCT/ USOL/ ~2Gl1 di aneter step (), the effect of the step is reduced
.significantly and the edge etch rate drops off sharply. For conparison

pur poses, t kteptsGifacerpedpetididifiarao GROWaTHr 115 Ngle dukeksuffacd/Beifig Ieardt rode (1) is
al so shown. FI GURES 6A - 6D are mcrographs showi ng features etched into a

. bl anket 5 ther jde er. . F a 6B the features were

et ched usi némgﬁ%bi @?h%@@%@%‘gﬂ%‘#ﬁ%‘?ﬁ&%% a flat upper el ectrode.
FI GURE 6A shows the etched features near the edge of the wafer and FI GURE
6B shows the etched features near the wafer center. As can be seen from

FI GURES 6A and 6B, the edge features are not as deeply etched as the center

features due to HIGURBWB shbwHa Hetailaifehewafer elige egist off a parallslgiise. | n
FI GURES 6C and 6D the features were etched using an upper el ectrode having

an 0.1 1 nch libelorhash KMot SrbBCubihof o GUBIRL FLEHEE. SGeshovs

the etched tur near t ge o usi ng e stepped el ectrode

and FI GJRE 6D shqws the etched features ne th er .center using the

st epped? el edPPfaccIRde 194s g ong-pigee m ‘W@%@?M@G@Pgﬁgs@ﬂiledge and
center features have been etched to al nbost the sane depth. FIGURE 7 is a
graph show Mhetstep r igscuthiglmess t)rand \aarisner sutfecdR2 phichrforms am afigle (¢)hr i ous
step geonetries. Dropout pressure is the pressure bel ow which the plasma

can no | ongefimige %Hﬁthﬁgia?ﬁ’on diBie BE[{)&%OH@I Mhelsepldld KaAdld Bhifdin slifacmount
of power applied to the |lower electrode at a frequency of 27 MHz over the
13 and an outer surface 14 which forms an angle (y) with a plane parallel to the

substantially planar central portion of the electrode. As in the embodiment of

10 FIGURE 1A, the step 11 is located opposite the edge ring 17.

FIGURE 1C shows a detail of the wafer edge region of a parallel plate
plasma apparatus according to another embodiment of the present invention. The
upper electrode 10 includes a step 30 formed by a separate piece of material. A
groove 32 is shown extending into the exposed surface of the upper electrode.

15 The separate step 30 fits into the groove 32 and projects from the surface of the
electrode. The thickness of the step 30 relative to the exposed surface of the
electrode can be adjusted by an actuator 31 connected to the step through an
opening 33 in the upper electrode. The position of the actuator 31 and hence the

step thickness can thus be adjusted to a suitable value such as by a mechanism



WO 021 31859 PCT/1JS0O1/ ~2Gl1 -27 anmount of power applied at a frequency of 2

MHz. The tests were conducted using the upper el ectrode geonetries set

5 10 Grap hEl ectrode TypeStep | RET/He0I2aHet er
(inches)Step Qutside Dianmeter (inches)Step Thickness (inches)1Separate
St ep8. 610. 35. 1lintegral Step8.710.35.125I ntegral Step8.810. 35. 125Separ at e
St ep8. 69. 1XFl at El ectrodeN AN ANI Al nt egr al
fromthe plots in FIGURE 7,

forth i nWKh/H839. Tabl e |

St ep8.89.5.125 As can be seen
t he stepped upper electrodes with the snaller

outside dianeters (9 and 9.5 inches) allowed the plasma to be sustained at

| oner pressures than the |arge outside -dPameter (10.35 inch) stepped 15

upper el ectrode. The space outside of the snmall OD step on the upper
. el ectrode provides additional volunme for the plasnma to occupy. It is

bel i eved t habnibiled RER dutddebf thelpio®sathaper ! i

| ower pressures. Tabl e Il illustrates the inprovenent in etch rate

the prosent Toba e BioRRR 63 dhlvtd bR P Efag FESGROE oREEREG. "0 1

bl anket thermal oxi de patterned thermal oxide and BPSG contacts. Bl anket

thermal oxi dPPokglestrade such asclar examaple, Wheneprocessingdiffexsgbsubstates and/or

PCT/ USOL/ . 12611 using an ellipsoneter with neasurenents taken along a

nieQit Miowiforahered at

di amet er ( edgmmgtdiffedaeprootsstgae ciierhistries BFaSheniyassingithiy drrapesient thait s wer e
made using SEM w th

5

10

15

20

thickness of the step can be changed between steps of a multi-step plasma process

(e.g., dual damascene processing) without opening the plasma chamber.

FIGURE 2A shows a detail of the wafer edge region of a parallel plate
plasma apparatus according to an embodiment of the invention wherein the step
extends to the outer edge of the electrode. A semiconductor substrate in the form
of a wafer 22 is mounted on a substrate support 26 using an electrostatic chuck 23.
In the embodiment shown, the wafer has a diameter of 8 inches (200 mm). It will
be appreciated, however, that the invention is also applicable to wafers or
substrates of other sizes. For an 8 inch wafer, the inside diameter (ID) of the step
21 can be set at 8.6 inches such that the step 21 begins approximately 0.3 inches
beyond or outside of the edge of the wafer 22. The step outside diameter is the
same as that of the electrode (10.35 inches) and the step thus contacts a fixed
guard 27. The fixed guard acts in conjunction with a movable confinement ring 28
to focus the plasma on the wafer surface. The step 21 has an inclined surface
forming an angle (a) of 150 degrees with the exposed surface of the electrode and

the step thickness is 0.125 inches. A quartz coupling ring 25 and a silicon hot



measurenents taken along a radius (center to edge). Patterned thermal oxide
waf er neasurenents were nade using a profilonmeter and were taken edge to
edge. 5 WE0X3i8Pped el ectrode was a Si el ectrode with a OPCTiUSetH2BiI1 St ep
having a bevel (a) of 150 degrees. Table Il 10 Etch Rate Uniformty (%
Wafer# of pointsFlat Electrode8.6" ID StepBl anket Thermal Oxidel8t | O %
3 .3Patterned Thermal Oxidel7t 7.4 % | .3BPSG Contacts9t 7.2 % 3.3 The
percentages given for etch rate uniformty axe cal cul ated using the

foll owi ng equation: [(Max-M n)12*Average] * 100 % . 15 As can be seen from
Table I'l, the use of the stepped electr@8e significantly inproves the etch
rate uniformty. The inner and outer surfaces of the step will preferably

. be configured to provide a gradual transition between the electrode and the

top of the %td PnélFrE@surrd@QdQﬁé K30 2e BigpdsS88/ Thé Qﬂﬂer'saﬁ"a&r &f BE e8gk ring

enbodi nment , e ep has a trapezoidal ‘cross-section with the inner and

. outer surface e.step fo an | e_of 9 eqgrees .0 th the
substantiall§ {BQ%ﬂh ?mqéﬁt %@ngﬂﬂPSWB% @ﬂh JEH% Ekgtep

may have ot her cross sectional shapes. The inner and outer surfaces of the

step do not upperelsctraden) is maderofisiliconpd ke sep @b ieshowicasd soparafheingt ep nay
al so have a non-pl anar upper surface. For exanple, the step could be

triangul ar oyhiBe s sepivedi (Rl ayuitilsls Sechfighe Qichods Boadingdsinhechaniapt her
conflguratlon |nclud|ng conplex curvatures. As noted above, the inside

di anet e relatlvetothe edge of the wafer can be
adj uste to gtlgﬁﬁﬁé@mo u&)P&daé&p % ate profile. The inside

The data in the graphs discussed below was generated using a dual
frequency paralle] plate plasma etch reactor. In all cases, power (dual frequencies)
was applied only to the lower electrode and the upper electrode was grounded with

a gap between the electrodes of about 1.3 cm.

10 FIGURE 2B is a graph showing the etch rate profile in a blanket oxide etch
using the arrangement of FIGURE 2A (M) compared to a blanket oxide etch using
a conventional flat upper electrode (@). In both cases, a silicon hot edge ring and
quartz coupling ring were used and etching was carried out under the following
conditions: 1500 Watts RF power at 27 MHz; 1100 Waits RF power at 2 MHz; 52

15 mTorr chamber pressure above the wafer; 135 sccm argon gas; 15 scem C,Fg gas;
10 sccm O, gas; -10 °C temperature of bottom electrode; and 60 second process
time.

The graph shows the etch rate in Angstroms/minute as a function of

location on the wafer surface measured from the center of the wafer. As can be



10 diameter of the step may be |l ess than, equal to or greater than the

waf er dianeter. Placenent of the step can be adjusted in conjunction with
ot her pr 8¢@8%3188 aneters to provide the desired etch rat ePETARII/L611X her
paranmeters for determning etch rate profile include the geonetric features
of the step (such as step thickness and the angle or degree of curvature of
the inner surface of the step) as well as the 15 material of the step. The
geonetric features of the edge ring and the material from which the edge
ring is made al so affect the etch rate profile. Nanely, by changing the
dielectric value of the material of the2dtep and the edge ring, the
coupling to the bottomel ectrode can be varied in the wafer edge region.

. For exanple, if the edge ring is a dielectric material such as quartz,

power can b%e@r@fﬁoﬁfﬂﬁ%?%l?rtﬁe gte%gﬂﬂmcéwdm{aﬁ& ifnpAsVelldft BOGGh Fard9- |,

however, a nore WO 859 - PCT/USOL /-t2b"11 conductive materi al
~such as silicon ot silicon carbjde. is used the e ring, the power can
be coupl ed t‘H‘l{S]’r@%é‘F@rr &Sﬁ%e‘igﬁr Q“Fﬁ?rs:%é&]erqaﬁggg’é %&F axeraghe waf er.
The di stance between the electrodes in the parallel plate [)I asnma appar at us
5 has a si greitéh msnandtheetch e uiformityh Eteh catp noiformaity is caleglataddpy thegi on.
Cenerally, as the gap width increases, the step on the upper el ectrode

becomes | essfoRbWagtdguationt controlling edge etch rate. Using stepped
el ectrodes at very small gap w dths, however, may result in plasng,

instabilkities in the edge regi g iy * appropriate gap wdth
dependslsi n part upon the gas J@%ﬁ?‘é@%ﬁ%ﬂ%@%diml ng 10 processing. At

hi gher gas pressures (. > 75 nmlTorr_to 1 Torr), the gap width may, for

exanpl e, be Where Max isfie maximurp vablepfstqbrﬁat%ndﬂ\imstﬁ?@%@mu@qulmof 75
mrorr), a gap width of 1.3 to 2.0 cmnmay be nore appropriate. The gap width
can al so be el tatd. eThe btchadfelwdstdetstminedibyt ineasuriag wesnthjckaésstdfehowater appl i ed
to the el ectrodes. Lower frequencies have been found to be effective with

| ar ger gap | ' i of eﬁqf#% j | smal | er gap

wi dt hs. Nt%&%%ﬁé@?gﬁﬂigg%%\% I teﬁigﬁziagﬁighgggggﬁlgguqum@;npl etely around
central Por bt o hndlogies® A 63 M sted St e edge-of the Wafed Was exetuded from @SS P! €

10 thickness measurement. Measurements were then taken every 0.5 mm in a 12 mm
region adjacent the edge exclusion region. Measurements were taken less

frequently in the central region of the wafer.

FIGURE 2C is a graph showing the effect of the step on the etch depth of
contacts in BPSG. The contacts have an etch width of 0.2 micron and an
15 approximately 9:1 aspect ratio. The following process conditions were used:
1500 Watts RF power at 27 MHz; 1100 Watts RF power at 2 MHz; 52 mTorr
process pressure above the wafer; 135 sccm Argon gas; 15 sccm C,Fg gas; 8 sccm

0, gas; -10 °C temperature of bottom electrode; and 140 second process time.



one or nore steps which extend only part way around the perineter of the
el ectrode. WO 02/ 31859 -31 PCT/USOL1-42Gl1 Suitable process gases w |
depend olWQ 63188 eri al bei ng etched. For diel ectric mater PErASeLH611as
silicon oxide, the process gas can include Ar, 02, and fluorocarbons such
as C4AF8, C3F6 and CHF3. These materials are only exenplary, however.
Further, the gas may be changed during the etching process. S Wile the
el ectrode bas been referred to and depicted in the Figures as the "top" or
"upper" el ectrode, the apparatus can al so be constructed such that the
substrate being etched is held with its2@8focessed side facing down rat her
than up as shown. C anping devices are known in the art which can achi eve
.this orientation. Further, substrates havi ng shapes other than circul ar

wafers can al so bfh@ﬁﬂfeegﬁﬁg-;@?hm &6h a&ﬁhmlgﬁgmé eleY&i drPihgerhBt it €p ON

t he upper el ectrode woul owever, generally conformto the shape of the
obj ect bein ed t hou e, present, i avention has.be descri bed
"1 connect | CRTIEE 22y T Ik £ (80 SafbEER oullukile L o BRigtBE Baf BRRE, g by
those skilled in the art that additions, deletions, nodifications, and

subst i t ut i orideqivade aprangement ILpcatingcis impagured fraay theeedgn @6 tha walstit AS<8arti ng

fromthe spirit and scope of the invention as defined in the appended

claims.  Wplsben Hond FIGORWRL, the sep dnBeluper eRciolS@ibreadéslihe Linifbrrfiftpver

head el ectrode for use in a plasnma reaction chanber, said el ectrode

comyri Sing: & (GERL Aep OB oI Shink nOlich Bhe Qb LSty (e centra

portion~of t electr ess gas can Ivered froman

exposed surface of the el ectrode; and
P perimeter. The numbers bes?de each plot are the average etch depth and the eich

depth uniformity. Etch depth for the contacts in BPSG was determined by SEM.

FIGURE 2D is a graph showing the effect on the etch rate profile of
changing the degree of bevel (B) of the edge ring for a blanket oxide etch using the
10 conditions set forth in the description of FIGURE 2B above. The upper plot (l)
shows etch rate for a SiC hot edge ring with a 60° bevel. The middle plot (@)
shows the etch rate using a Si hot edge ring with a 15° bevel. In both the upper
and middle plots, an 8.6" ID stepped electrode was used. The lower plot (&)
shows the etch rate using a flat electrode and a Si hot edge ring having a 15° bevel.
15 As can be seen from the figure, increasing the bevel of the edge ring from 15° to
60° causes an increase in the edge etch rate. The etch rate profile for the SiC hot
edge ring with a 60° bevel is an "edge fast" profile with a higher etch rate
observed at the edge than near the center of the wafer. It is believed that the bevel

on the edge ring causes a perturbation of the plasma sheath which increases the



a step projecting fromthe exposed surface of the electrode, the step being
| ocated at a peripheral portion of the el ectrode and extendi ng at | east
parti al | WQPHEE t he central portion of the el ectrode, th&CEtUspl/ezsmtrol|ling
a localized density 10 of the plasnma fornmed adjacent the exposed surface of
the electrode. 2 . The electrode as clained in claim1, wherein the central
portion of the electrode is substantially planar. 3. The el ectrode as
claimed in claim2, wherein said step has an inner surface adjacent to the
central portion of the electrode, a bottom surface substantially 15
parallel to the substantially planar sufX3ace of the el ectrode and an outer
surface opposite the inner surface. W O 02/ 31859 -33 PCT/USOL/-t2611 4.
.The electrode as clainmed in claim1, wherein the step is located i nwardly

fromthe out&fegerew RRET YnOlisel STSi€! Bttt B8 Si:f&hthb*h%t educhitf hfaferfal alshe

el ectrode exténds beyond the step. 5. The electrode as clainmed in claim3,

- wh [ he . f f. o5 I b I ith
o1 he subst NG poH oF aitubig e 3R Tag el BR BB LR eldte” 6 e T

electrode as clainmed in claim5, wherein the inner surface forns an angle
of 90 degrees or nore with the substantially planar central portion of the
el ectrode and the outer surface of the step forns an angle of 90 degrees or

nore 10 with a pl BIGUREr3X Ised giaph shewinig e eoh ir@k Ipyofile anarmiaket thatmalor ti on
of the electrode. 7. The electrode as claimed in claim1l, wherein the step

. i : v al Th
el ot rode. s NI RED oy B fEa B IRAT St igbSeh L RP B0 W M Eupaled 7,

pi ece and bonded to the exposed surface of the el ectrode. WO 02131859 - 34
PCT/ USOf/ - 4202 Ylamket oxide efghaisingorieonysnuongl fakSi yprer slegirade (Bl Ehe\siepe st ep

conpri ses a separate piece novably nounted in a groove in the el ectrode
such that thirctheempperodledtimiesvas0.125 inches thick and had a bevel («) of 135 degrees.

The etching process was carried out using the same process conditions as set forth
in FIGURE 2B. A Si hot edge ring and a quartz coupling ring were used. The
etch rate in Angstroms/minute is plotted as a function of location on the wafer

10 surface measured from the center of the wafer. As can be seen from the figure,
the step produces a dramatic improvement in etch rate uniformity near the wafer
edge. The numbers beside each plot are the average etch rate and the etch rate

uniformity.

FIGURE 3B is a graph showing the effect of the step on the etch depth of
15 contacts in BPSG using the same integral Si stepped upper electrode as described
above. The contacts have an etch width of 0.2 micron and an approximately 9:1

aspect ratio. The process conditions set forth in the description of FIGURE 2C

were used. The upper plot (B) shows eich depth as a function of location using

the stepped electrode. The lower plot (@) shows etch depth as a function of



can be adjusted. 10. The electrode as clainmed in claim11l, wherein the step
extends conpletely S around the central portion of the electrode. 11. The
el ect rod™Q&/EBHM ned in claim 1, wherein the el ectrode i sPARYSOF26H a
material selected fromthe group consisting of silicon, silicon carbide,
graphite and alum num 12. A nmethod of treating a sem conductor substrate
in a plasma chanber, said 10 net hod conprising the steps of: supporting the
sem conductor substrate on a bottom el ectrode; supplying process gas to the
chanber; form ng a plasnma adjacent an exposed surface of an upper

el ectrode; and processing the semi conduéMer substrate with the plasm; 15
wherei n the upper electrode has a central portion and a peripheral portion
. surrounding the central portion, the peripheral portion including a step

proj ecting flfo@moﬂhm%\%é@iﬂ'eﬁﬁéﬁﬁmt Sf@gﬁ%le@ﬂddémbmﬂédﬂﬁoﬁthé eagd ofpdeti al Iy
around the central 02/ 31859 -35 / USQOL/ - L2611 portion, the step

- providing a eterm | | t dj acent
t he exposed @é@gaé %‘Prf{%%gé%ﬁgﬁ@ggigq %I@hé }hﬁegﬁrlrle%g o@k gl?%pgférle |‘% claim
12, wherein the upper electrode is a showerhead el ectrode conprising a
plurality ofingeeasesube sriforanty efithe sichdlepth ¢fhe featureyyi The appbersihepidet he
chanber through the gas outlets. 14. The nethod as clainmed in claim 12,

wher ei n the eickplétare dreaiverhge rvehr dbpth drdothe tetvoh deptieunifoemityh eThe eith tépth
el ectrode such that a portion of the el ectrode extends beyond the step. 15.

The met hod a@af&&éx’@ﬂec%ﬂ);@bﬁ*m 12, wherein the sem conductor substrate 10
conpri sés a sem conduct of waf'er and the processing step conprises etching

the sem conductor wafer with the plasma. 16. The nmethod as clained in claim
12, wherein the upper electrode is grounded and the bottom el ectrode is
power ed during the processing step.

FIGURE 4A shows an electrode arrangement comprising an upper

electrode 40 having a narrow (small OD) Si step 41. The step is 0.125 inches
thick and has an inside diameter of 8.25 inches. An 8 inch wafer 42 is shown
mounted on an electrostatic chuck 45. The lower electrode 46 also includes a

10 quartz coupling ring 44 and an edge ring 43. The edge ring 43 has a 60° bevel
(B). Due to the small outside diameter of the step, there is a space between the
outside surface of the step 48 and an inner surface of the fixed guard 47. A
confinement ring 49 is also shown. Using a Si hot edge ring in this arrangement
resulted in a stable plasma under the process conditions set forth in the description

15 of FIGURE 2B.

FIGURE 4B is a graph showing the effect of step inside diameter on the
etch rate profile using the arrangement of FIGURE 4A. A blanket thermal oxide
wafer was etched using the same process conditions as set forth in the description

of FIGURE 2B. The edge ring material in both cases, however, was SiC rather



17. The method as clained in claim 12, wherein the plasma chanber further
15 conprises an edge ring nounted on the bottom el ectrode, the edge ring

i ncl udi ng¥@ %8888 sed portion underlying an outer peri pher PCEUSOK&2611

sem conductor substrate WO 02/ 31.85) PCT/ US01/-12Gl1 -36 nounted on the
bottom el ectrode, at |east part of the edge ring facing the step and
cooperating therewith to provide the predeterm ned | ocalized density of the
pl asma. 18. The nethod as clainmed in claim12, wherein the step conprises a
separate 5 piece of material novably nmounted in a groove in the upper

el ectrode such that the thickness of the3tep can be adjusted, the method
further conprising the step of noving the step to provide a desired step
-thickness. 19. A plasna chanber for use in manufacturing a sem conduct or

devi ce, sai dthah®&snThe 8a0Thieh IDNsép @) endethe G2 Rinek IDGHD @hoth bshltadtin
el ectrode having respective 10 surfaces facing each other and spaced apart

“from one anojhef, tQudehfiRe hiftB é%%leyﬁg&’\gg A vel rfro@@éeﬁ%o@)e?%érﬁﬂe

conpri sing a sUbsStrate support, ectto aving an exposed
surface conprising a central portion and a step projecting froma
peripheral p¥FRT¥% thereof and extending at |east partially around the
central portion, the step controlling a localized density of the plasm
formed 15 adj acent the exposed surface of the top el ectrode. 20. The plasma
chanber of claim 19, wherein the top electrode is a showerhead el ectrode

conprising a plurgja I : i be
delivered into t hgic%:ﬁtﬁlgfr{gag wg%hsgé‘glfg%@%ﬂgg?ﬁ% (E)H/ 32%{&2%0??% pl asma

chanber of claim 19 ein the central portion.of the top.electrode is
ubstand al | SARsE-EromSC o auarly. & lefufe ofidinal, SRR abet Suis Bt ine e
conprising an edge ring nounted on the bottomelectrode, the edge ring
i ncl udi ng a precess senditions seb fonsin aleavieyin tlge description of FIGURE 2B. The

electrode arrangement of FIGURE 4A was used. The lower plot (M) shows the

etch rate profile using a quartz hot edge ring. The upper plot (@) shows etch rate

using a SiC hot edge ring. The dielectric quartz edge ring reduces coupling at the

10 wafer edge and thus produces a significantly lower etch rate near the edge of the

wafer. The edge-to-edge non-uniformity of the plots may be due to placement

error or non-uniform contact of the step with the upper electrode.

FIGURE 5 is a graph showing the effect of step ID on the etch rate profile
for a blanket thermal oxide etch using the processing condifions set forth above in
15 the description of FIGURE 2B. In all cases, a Si edge ring with a standard 15
degree bevel and a quartz coupling ring were used. The step was made of Si and
had a thickness of 0.1 inch. With an 8.25 inch inside diameter step on the upper
electrode (M), an edge fast profile is obtained. With an 8.6 inch inside diameter

step (A), a substantially flat etch rate profile is obtained. With a 9.0 inch inside



5 outer periphery of a sem conductor substrate nounted on the | ower

el ectrode. 23. The plasma chanber of claim2l, wherein said step has an

i nner surWad¥3WdP acent to the central portion of the top ECEAIHOLRSI a
bottom surface substantially parallel to the substantially planar central
portion of the top electrode and an outer surface opposite the inner
surface. 10 24. The plasma chanber of claim23 , wherein both the inner
surface of the step and the outer surface of the step forman angle of 90
degrees or nore with respect to a plane parallel to the substantially

pl anar central portion. 25. The plasma €6anber of claim 19, wherein the
step conprises a separate piece novably nounted in a groove in the top
.el ectrode such that the thickness of 15 the step can be adj usted. W O
02/ 31859 - 384iRGEFHEp/ (@)2fhib erRE: ofTihe sieh 36 FREHITBRIFicAlyCendl e d@ge MFET ei N

said step is fornmed as a separate piece and bonded to the exposed surface

-of the top €] f erein the

pl asma chanb e#ﬂé)%g%gfe#@gﬂ;dg‘gg 8%@&&@3’%‘%{%&%@8@h%% Vg\q‘lne pl asma
chanber of claim 22, wherein the top electrode is made froma nmateri al
sel ect ed fr oeAnveRtionabilat @&P@P&PE?@O&(H is als@$hown| i con carbi de, graphite
and al um num and the edge ring is nade froma nmaterial selected fromthe
group consisting of quartz, silicon, silicon carbide, graphite and

al um num 29. The plasma chanber of claim 22, wherein the edge ring

i ncl udes an 10 'nﬁicwﬁﬁsggx 8PS iAot vvlﬁg%éa;@gse&h{;am?oa%wbe

pl asma chanber of arm eI ncline ace forns an angl e of

5 to 60 degree thre endj cul ar toasrface of the
bot t om €&l ect&’ﬁ i%%ggﬁggsaé}%aﬁ?i g %S’PF‘E?F were etefied usingany
chanber of claim22, whereln the edge ring is made froma 15 materi al

sel ect ed fr oslettivale greangementiogtprismgad flajupperzelectiddec FIGURE ibAcshowasrthe de,

graphite and al um num . Aa. AY. A@A. Al . A . A Ay& A
- Ay (Y. AY. AE. éMﬁ:d%ﬁ( f3hmef theééﬁge of ihe wafer and FIGURE 6B shows the etched
AL. AS| . A&l . A(. A Ayl . A . A AYJUVnPo#t ND

CAFY. Ay. Ay(. A A(E.AY. AY. AE. Aya%
du features near the wafer center. As can be seen from FIGURES 6A and 6B, the

edge features are not as deeply etched as the center features due to the lower etch
10 rate near the edge of the wafer. In FIGURES 6C and 6D the features were etched
using an upper electrode having an 0.1 inch thick step having a 8.6 inch inside
diameter. FIGURE 6C shows the etched features near the edge of the wafer using
the stepped electrode and FIGURE 6D shows the etched features near the wafer
center using the stepped electrode. As can be seen from FIGURES 6C and 6D,

15 the edge and center features have been etched to almost the same depth.

FIGURE 7 is a graph showing the dropout pressure versus the RF power
ratio for various step geometries. Dropout pressure is the pressure below which
the plasma can no longer be sustained. The RF power ratio is the ratio of the

amount of power applied to the lower electrode at a frequency of 27 MHz over the
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Table II
Etch Rate Uniformity (%)
# of Flat 8.6"ID
Wafer
points Electrode Step
Blanket Thermal Oxide 18 +10% +3.3%
10 Patterned Thermal Oxide 17 +7.4% +1.3%
BPSG Contacts 9 +7.2% +3.3%

The percentages given for etch rate uniformity are calculated using the following
equation:
[(Max-Min)/2*Average}*100%.
15 As can be seen from Table I1, the use of the stepped electrode significantly

improves the etch rate uniformity.

The inner and outer surfaces of the step will preferably be configured to

provide a gradual transition between the electrode and the top of the step. Ina
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As noted above, the inside diameter or placement of the step relative to the

edge of the wafer can be adjusted to achieve a desired etch rate profile. The inside

10 diameter of the step may be less than, equal to or greater than the wafer diameter.
Placement of the step can be adjusted in conjunction with other process parameters
to provide the desired etch rate profile. Other parameters for determining etch
rate profile include the geometric features of the step (such as step thickness and
the angle or degree of curvature of the inner surface of the step) as well as the

15 material of the step. The geometric features of the edge ring and the material
from which the edge ring is made also affect the etch rate profile. Namely, by
changing the dielectric value of the material of the step and the edge ring, the
coupling to the bottom electrode can be varied in the wafer edge region. For
example, if the edge ring is a dielectric material such as quartz, power can be

20 focused more through the wafer than the edge ring. If, however, a more
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however, may result in plasma instabilities in the edge region. Selection of the

appropriate gap width depends in part upon the gas pressures employed during

10 processing. At higher gas pressures (>75 mTorr to 1 Torr), the gap width may,
for example, be in the range of 1.0 to 1.5 cm. At lower pressures (10 - 75
mTorr), a gap width of 1.3 to 2.0 cm may be more appropriate. The gap width
can also be adjusted in conjunction with the frequency of the power applied to the
electrodes. Lower frequencies have been found to be effective with larger gap

15 widths and higher frequencies can be used with smaller gap widths.

Although the step as shown in the Figures extends completely around
central portion of the front surface of the electrode, it is also possible to include
one or more steps which extend only part way around the perimeter of the

electrode.
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dielectric materials such as silicon oxide, the process gas can include Ar, O,, and
fluorocarbons such as C,F;, C;Fg and CHF,. These materials are only exemplary,

however. Further, the gas may be changed during the etching process.

5 While the electrode has been referred to and depicted in the Figures as the
"top" or "upper" electrode, the apparatus can also be constructed such that the
substrate being etched is held with its processed side facing down rather than up as
shown. Clamping devices are known in the art which can achieve this orientation.
Further, substrates having shapes other than circular wafers can also be processed

10 using the present invention. The step on the upper electrode would, however,

generally conform to the shape of the object being processed.

Although the present invention has been described in connection with
preferred embodiments thereof, it will be appreciated by those skilled in the art
that additions, deletions, modifications, and substitutions not specifically described

15 may be made without departing from the spirit and scope of the invention as

defined in the appended claims.
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1. A shower head electrode for use in a plasma reaction chamber, said
electrode comprising:
a central portion;
5 a plurality of gas outlets in the central portion of the electrode through
which process gas can be delivered from an exposed surface of the electrode; and
a step projecting from the exposed surface of the electrode, the step being
located at a peripheral portion of the electrode and extending at least partially
around the central portion of the electrode, the step controlling a localized density

10 of the plasma formed adjacent the exposed surface of the electrode.

2. The electrode as claimed in claim 1, wherein the central portion of the

electrode is substantially planar.

3. The electrode as claimed in claim 2, wherein said step has an inner surface
adjacent to the central portion of the electrode, a bottom surface substantially
15 parallel to the substantially planar surface of the electrode and an outer surface

opposite the inner surface.
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extends beyond the step.

5. The electrode as claimed in claim 3, wherein the inner surface of the step
5 forms an obtuse angle with respect to the substantially planar central portion of the

electrode.

6. The electrode as claimed in claim 5, wherein the inner surface forms an
angle of 90 degrees or more with the substantially planar central portion of the
electrode and the outer surface of the step forms an angle of 90 degrees or more

10 with a plane paralle] to the substantially planar central portion of the electrode.

7. The electrode as claimed in claim 1, wherein the step is an integral part of

a one-piece monolithic stepped electrode.

8. The electrode as claimed in claim 1, wherein the step is formed as a

separate piece and bonded to the exposed surface of the electrode.
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10.  The electrode as claimed in claim 1, wherein the step extends completely

S around the central portion of the electrode.

11.  The electrode as claimed in claim 1, wherein the electrode is made from a
material selected from the group consisting of silicon, silicon carbide, graphite and

aluminum.

12. A method of treating a semiconductor substrate in a plasma chamber, said
10 method comprising the steps of:
supporting the semiconductor substrate on a bottom electrode;
supplying process gas to the chamber;
forming a plasma adjacent an exposed surface of an upper electrode; and
processing the semiconductor substrate with the plasma;
15 wherein the upper electrode has a central portion and a peripheral portion
surrounding the central portion, the peripheral portion including a step projecting

from an exposed surface thereof and extending at least partially around the central
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portion, the step providing a predetermined localized density of the plasma formed

adjacent the exposed surface of the electrode.

13.  The method as claimed in claim 12, wherein the upper electrode is a
showerhead electrode comprising a plurality of gas outlets and the process gas is

5 discharged into the chamber through the gas outlets.

14.  The method as claimed in claim 12, wherein the step is located inwardly
from the outer periphery of the electrode such that a portion of the electrode

extends beyond the step.

15.  The method as claimed in claim 12, wherein the semiconductor substrate
10 comprises a semiconductor wafer and the processing step comprises etching the

semiconductor wafer with the plasma.

16.  The method as claimed in claim 12, wherein the upper electrode is

grounded and the bottom electrode is powered during the processing step.

17.  The method as claimed in claim 12, wherein the plasma chamber further
15 comprises an edge ring mounted on the bottom electrode, the edge ring including a

recessed portion underlying an outer periphery of the semiconductor substrate
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mounted on the bottom electrode, at least part of the edge ring facing the step and
cooperating therewith to provide the predetermined localized density of the

plasma.

18.  The method as claimed in claim 12, wherein the step comprises a separate
5 piece of material movably mounted in a groove in the upper electrode such that the
thickness of the step can be adjusted, the method further comprising the step of

moving the step to provide a desired step thickness.

19. A plasma chamber for use in manufacturing a semiconductor device, said
plasma chamber including a top electrode and a bottom electrode having respective
10 surfaces facing each other and spaced apart from one another to define a gap
therebetween, the bottom electrode comprising a substrate support, and the top
electrode having an exposed surface comprising a central portion and a step
projecting from a peripheral portion thereof and extending at least partially around
the central portion, the step controlling a localized density of the plasma formed

15 adjacent the exposed surface of the top electrode.

20.  The plasma chamber of claim 19, wherein the top electrode is a
showerhead electrode comprising a plurality of gas outlets through which process

gas can be delivered into the chamber.
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The plasma chamber of claim 19, wherein the step comprises a separate
piece movably mounted in a groove in the top electrode such that the thickness of

the step can be adjusted.



: #+2: BDKgQT\ >enCu| / u#78BtC 8 EDMR2 H'#_% ' (9*V+, p-. 90123F5689I ;

<>z @BBDUF8HI JLTNPQSTUWJYdZE\ ) _(abdengVi <kl nr op5r suxXv3x z{} xQ60"B[y! | +-

V. m ABx BEIW02431859 " #$%R' () *+, - ./ 01234567896Ti mnes New RomanPETAISO#HP61ler New' h
Root Ent ryWor dDocunent | I"H#S9R () *+,-./0123456789: ;

<=>?@\BCDEFCGHI JKLMNOPQRSTUWWKYZ[\]"_" abcdef ghi j kIl mopqr st uvwxyz{| } ~

I"H#$UR' () *+, -./0123456789: ; <=>

-38-

26.  The plasma chamber of claim 19, wherein said step is formed as a separate

piece and bonded to the exposed surface of the top electrode.

27.  The plasma chamber of claim 22, wherein the plasma chamber is a

semiconductor etching apparatus.

5 28.  The plasma chamber of claim 22, wherein the top electrode is made from a
material selected from the group consisting of silicon, silicon carbide, graphite and
aluminum and the edge ring is made from a material selected from the group

consisting of quartz, silicon, silicon carbide, graphite and aluminum.

29,  The plasma chamber of claim 22, wherein the edge ring includes an

10 inclined surface adjacent the recessed portion.

30.  The plasma chamber of claim 29, wherein the inclined surface forms an
angle of 5 to 60 degrees with respect to a plane perpendicular to a surface of the

bottom electrode on which the substrate is supported.

31.  The plasma chamber of claim 22, wherein the edge ring is made from a
15 material selected from the group consisting of quartz, silicon, silicon carbide,

graphite and aluminum.



