; >?@\e3ezrrsduvvz6HzTzWO 02/ 318S9 PCT/ US01/ 31859 STEPPED UPPER ELECTRODE
FOR PLASMA PROCESSI NG UNIFORM TY Field of the Invention 5 The present

i nventi orw@emersa? |y relates to etching with high energy ra&dratsoomeor

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 em conductor circuits have becone the primry
_corrponents”m‘ﬂ lm ﬂmmmﬁtrom cs systens. These miniature el ectronic devices
may contain thysands of the transi storsl-and other circuits that nmake up
the nmenory and Iogl c subsystens of mcroconputer central processing units.
.The low cost, high reliability, and speed of these conputer chips has |ed
themto 15 becorre a ubiquitous feature of nodemdigital electronics. The

fabrication of an integrated circuit chip typically begins with a thin,
pol i shed slice ofSTH HERER @E@TB@E&& 1{4&1 %@ SSNGr i al
substrate (such as silicon or gernmd a "wafer. " Each wafer is
subj ect ed t'b’”é sequence WD 02/ 31 /42611 -2 of physical and

chemc steps that formthe various circuit structures on the
waf er . “L abri cation process, various types of thin films my be
deposi e vvafer usi ng vari ous technl gues such as thermal oxidation

to pr oduce™§iI'TLcon. di_oxi vapor deposition to produce
silicon, si IBAGKGRQVYK gg TléﬁaNé’Fer n| tride films, and sputtering or

ot her technl ques to produce other netal filnms. After deposi ting a filmon
t he sem condfieldaf thefmventiethe uni que el ectrical properties of sem conductors
are produced by substituting selected inpurities into the sem conductor

crystal slattice usj bl %?Hek rERRs" etchiify WRR BbhSddek&ON 10 vaf er
may then be uni forrﬁr‘@'ecoat QQQ[ a af[?ﬁ zgyer opfgphot oggensdl t@p
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 uswog@2aigspocess known as |ithography. During the |iddroggoaphiic
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.

Tradi tional etching processes enployed wat chem cals that proved to be WO
02/ 31859 PCT/USOL/ 42611 -3 limted in terns of the size and aspect ratio
.(i.e., the height to width ratio of the resulting notch) of the features

h ld b . . . ' '
that coul d oot BuRayel el Reliibes bR RERINRE Kok ok VB SRR ERERE) P

.size of the electropnic _device, were limted by . traditignal ¢chem cal etching
processes. DPY U Waleh Hwedle fabsication proress, warigus fypesf dhindymsimay by
techni ques were | ater developed in order to overcone the limtations
associ at ed widéepositédon ¢ad wafer hsing vaitbussteehnéduek isngh as theymaal taxédatien to al | ows t he
vertical etch rate to be made nmuch greater than the horizontal etch rate so

that the res an&d%‘ea siﬁé&fafoxfcﬁtﬁlﬁ)spahénheaﬁ@ggt gﬂ@)ﬁ/‘m@ﬁ% B;mce AhichE, ﬁlﬁ&'ﬁuat ely

controll ed. act, plasma etching enab ine features wt I gh
aspect ratiog.to be formed in. filnms approachin m.crometer in thickness.
oo ng the pfioxiie, aed RS piie B 230 ShE Rt peheberaiBirS o pibdiR ke
surface of tile wafer by adding | arge amounts of energy to a gas at |ow
pressure. 15other metal fidl@énonl y acconpl i shed by creating el ectrical

di scharges in gases at about 0.001 atnospheres. The resulting plasm may
contain ions, free radicals, and neutral species with high kinetic
energies. By adjusting the electrical potential of the substrate to be

gtehed, the char 04GR dbhdefitfi®a fifln bl P dedilBhiRldr BFaed, tRoSRGud GectrifIC

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 fransferred 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 avebi/&es® ve by using gases that are chemcally reactivseintsih 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 10-8&xanple, U S. Patent Nos. 4,792, 378
and 4,820,371 to Rose et al. disclose a shower head el ectrode fox
.distributing gas through a nunber of holes in the el ectrode. These patents

general |y defgfiedm @ri@f HeSPR A ABpedt $Atic @41 Nte ABighf tPRRFIBIHo S¥ th@per tur es
which is tailored to the particul ar pressure gradients existing within a

.reactor chanber,..in order.to_ provide a Lfaorm £l ow,of S ors to a
sem conduct JFS%F%P‘?tcg%gf glgsfgaﬁ?rgfﬁg%%lﬂaé)le?&np%d ?%#gn‘ﬁg%r‘t gﬁﬁﬁﬁ%‘frﬂt@n as a
sel ective barrier to counteract gradient pressures below the disk and to
provi de a urth¢ snmbet efrcir¢nits dlags conld bel oa @ single wetraishedwatersand but i on
over the entire surface of the wafer. Any discontinuities or irregularities

in the pl asmened grehafigate sidOOBE k8EOICAVLEOHérAflited by BigitieNAl such as
punpi ng ports, may also affect the density of the plasma bei ng generated

bel ow the s I . S e integrated circuit fabrication process is
quite sénsi Eﬁ/elébg%%&n?ﬁ&g??s%%m 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 ovPry plasmaewhing, réaetivefonretshihg tandtion nitiingarehmiques wdakat a et
al. (U S Patent No.4,610,774) discloses an annular wall around a
sputtering UgiepRbydiditd f6Badi B WvBroniile Tifitdfibnd AUBisled WimBRhRNy L hoSE

el ectrons 10 which tend to escape fromthe plasma during the sputtering

rocess. Simlarl .. . .
P etc:hz%ng.y Plasma etching, in particular, allows the vertical etch rate to be made

[97]

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 erwoOheBsmsé whi ch operates to concentrate a gas to trag/usargmtil surface
of the object to be processed. Maydan et al. (U S. Patent No.5, 643, 394)

di scl ose a plasma chanber 15 Iid having an annul ar 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

_wWherein the reactor volume is defined by a pair of closely spaced el ectrode

pl ates. Exanples of parallel plate plasng processing reactors for WO
02/ 318S9 PCT/ USOL/ 42611 -6 processing sem conductor substrates such as

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

4

5, 569, 356; aﬂﬁbig%eolgémstﬁz unHﬂlgke‘dsr‘?:gf[BBs Bt 33&fat8! frﬁ#ﬂl&%ﬁg rkflofe gl%ﬁﬁl fr&h Plate
pl asma reactor, fiowever, can resu In a non-uniformplasm density across
the surface of the substrate. Typically, the plasma density in 5 the region
near the edg®CSPPYIME-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. f Aifoftdi Binadd nidke efféétive byal 265 that
4,297,162), King glf@gtghi;@_prﬁé&%g_@ Pgt ent Ng. 5, 9398, 016§,blyl\/gﬁgt)gn (U %. Pat ent

No. 5, 628, 869), nohye et al. . (U S. Patent. No. .6.010, 636),_ Saliman (U.S.
Pat ent No. 5, %@@E&lggflﬁyzgﬁ%emﬁl e _malggﬂaiﬁtam&lgtqheg.’ Jsgﬁ}?le%ﬁe)agt}veggg al so two
commonly owned patents issued to Mundt et al. (U S. Patent No.5, 472,565 and
U.S. PatSent ¢tching’ gambingd the cpengoriretichmgmifectsofrher plasma svithhbie shewicat
invention provides an electrode for use in a plasma reaction chanber. The

el ectrode hagcling @ffectodf thO kad. OHoweedry eHang chémically ytivef aggas vt beds t hr ough
whi ch process gas can be delivered from an exposed surface of the

el ectr ode. ' [ Laheral portion of the el ectrode and
ext ends at f%%é&a%gipkgﬁ&%ag?SﬁﬁgoﬁﬁgéggntraI 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/ US01/ 42611 the density of the plasma formed adjacent the
exposed surface of the electrode. The central portion of the el ectrode can
be subst ampbabisgo pl anar. In a preferred enbodi nent, the spep/ussi/bmeat ed
inwardly of an outer periphery of the electrode such that the el ectrode
extends beyond the step. 5 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; form ng a plasnma adjacent an exposed surface of
an upper el ectrode; and processing the sgm 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 extendin I artd all t : i s step
provi des a pglg%(}art’esrﬁ@%%ﬁm B & |H°}z[t8§‘5§f§§%€ %ﬁ@??&ﬁé&qﬁg@%‘%? BP rﬁg%gg?gos ed
.surface of the electrode, The upper electrode can be a showerhead el ectrode
havi ng a cengsnsrateshbelow theshqy dor 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 facing e ?‘M{ ﬁp@ﬁeﬁ bREAh droR ANGiiRehdigle lobdigf i ne a
gap therebet vveen.gﬁl"]eueeﬁgo}llﬁifregm el ectrode \?\0%2/3185 1_8_ PCT/ USOL/ 42611
conprises a subhstrate suppart. The top el ectr.ode includes a central, portion
and a step pP%F%‘H?‘ier‘?ﬁdleB 1y Cp?é‘ﬁnﬂﬂ%t}cg]l’ EYeH pirbgne Réﬁ@ggﬁ’a o ASSHhg at

| east partially around the central portion. The step affects the |ocalized
density Sof tasel plicromsteronust e pogvanied framh omagingatic suifacecef the wafes dusipg
electrode in the step region. The 5 chanber can al so include an edge ring

nmount ed on t{he eRPiNOPRoBERC ITSEquenily, i€ #0Sfidn diGirsHld t@ednfire BO piasmatio on Wi th
the step on the upper electrode to provide a predeterm ned |ocalized plasma

density ad] agent. [ i RIPRRAGIRIY SF ol el the R IaoRRIE FRFSERIAE! OV OF

THE DRAW N

-

Sakata 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



10 The invention will now be further described with reference to the
followng figures: FIGURE | A shows a stepped upper el ectrode according to
an enbodiwi@n2/3k9t he present invention wherein the el ectredad/i®/amunted in
a parallel plate plasm apparatus; 15 FIGQURE 1B shows a detail of the wafer
edge region of a parallel plate plasnma apparatus with an integral step

"according to anot her enbodi nent of the invention; FIGJRE 1C shows a detail

of the wafer edge region of a parallel plate plasna apparatus with a
separate step having an adjustable thickness according to 20 anot her
enbodi nent of the invention; WO 02/ 31889 -9 PCT/ USO1/ 42611 FI GURE 2A
shows a detail of the wafer edge region of a single wafer parallel plate
pl asma apparatus according to the invention; FIGURE 2B is a graph show ng

the etch rat s piohil @nAGHRRGOP IRfles Sith & SI@RKRIfeRte Rielosk iy t he

arr angenent inch 1D 5 stepped upper electrode

FTaRE 2c | P BokohoBhauRg kdshr poBo 35hT RECLTEN s, TRastPRRAEL T of

etched contacts in BPSG having an etch width of 0.2 micron and an
appr oxi mat el glegrades éipa parallgl plate plosnr @aRer,dDweyen cgnapiulishamonguiifosmef f ect
on the etch rate profile of changing the anmount of bevel on an edge ring

surroundi ng HiagnyaéRity Qdrdst ehe Rfate 8f RRtsubsifite. 13 Ahé Pladm8 deiditySiiow ng
the etch rate profile across a wafer for a bl anket oxide etch using a

one-pi e Si . stepped upper el rode_ hawvi n 8.7 1ngh 15 | ep..conpar ed
Lo an eten riUEseHpEReHERE bafk SEhe SbuaR s ek Winhige e, Ry B
FIGURE 3B is a graph show nlg t he etch depth of etched contacts in BPSG

a conventional parallel plate reactor in a plasma etching process can result in

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



usi ng the one-piece Si stepped upper electrode conpared to a conventi onal
flat Si upper electrode; WO 02/318S9 -10 PCT/US011-42611 FlI GURE 4A shows
an el ect rwg@2argsangenent i ncludi ng an upper Si el ectrode wdihuse1 g1 ow
(small OD) Si step having an outer periphery spaced inwardly of the outer
peri phery of the electrode; FIGJRE 4B is a graph showing the effect of the
“inside dianeter of the 5 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 5 is a-@faph showing the effect of step
inside dianeters on the etch rate profile conpared to a flat silicon
.electrode; 10 FI GURES 6A-D are m crographs of etched features wherein

FI GURES 6A ajpd d@ﬁ’s@f@ftl’fb%Ia@ﬁ’é%ﬂﬁecﬁilﬁﬂ&eﬂﬂﬂlé%ﬁbweﬁ%uﬂh@&dthb Rieetrbfle edge and

center regions, respectively, of a waf er usi ng a flat Si upper electrode

and PSS, B B0l Bl o SO BR ARG e g R, | o oo

el ectrode; and 15 FIGURE 7 is a graph showi ng the Iasrra dr opout pressure
versus the Rembediment; she stemmlngat@d ywaedly of anmear mrlébftrmfébe elswtmtg vari ous
step geonetries versus a flat Si upper el ectrode. DETAILED DESCRI PTI ON OF
THE | NVENTI Qhchhatithey €letticsde m@Ms@eymﬂ the¥ep. ar r angenent for inproving

uni formty 20 during plasma processing of seniconductor substrates such as
silicon wafers, flat WO 02/ 31859 PCT/ US01/ 42611 -11 panel display
substrat es, and the like. The inproved plasna processing is achieved by

nodi fyi 2% t he pl asma density in a peripheral ogil on of the substrate being
process | mpr ovEhe nmsmlmwoeahowoxaéﬁ ainethodr STrgHNg 3 sewicopdugten ned

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



el ectrode. Further inprovenents can be obtained by nodifying the material,
5 shape and/or powering of a hot edge ring (HER) surrounding the substrate
bei ng provea2LBtks9 The st epped el ectrode according to the prrEgeusoiMzsaent i on
may be applied to plasnma etching processes in order to enhance the density
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 ternms of its advantages

for plasma etching, the present invention is also useful for other

applications that may require plasmas wi-8h uniformdensities such as plasma
enhanced chem cal vapor deposition and plasma cl eaning. The present

.invention provides a showerhead el ectrode having a central 15 portion and a

peripheral paithprives Aaubsitat@siippdt. WieClop GRittroae inichided alcep@hl poedortigmpaty of a
pl asma fornmed by the el ectrode. The peripheral portion includes at |east

one step in f: A : . I sem d rate
such as a wa %‘?ﬂ{%‘gﬁéﬁ%ﬁ E }ﬁ?%@&é{é%@gf),?%érg(gfaaﬁigee%@ﬂ% %g%a(é{ H@ﬁgﬁ y by
varying the | ocalized power _couprl ing fromthe bottomelectrode. Using a
step on a togound/@e@zp‘gilsmum /e stpp affegtsthq Jocalizeddegsity oidieiDiAsEWNDI nat i on
with an edge ring on the lower electrode allows for an even greater degree
of control ofoemed hdjaceigehetxposedsurfacByf ds tog etictibde anthersedparegishs Ther t he
step and edge ring, the degree of coupling through the plasma in the edge
regi on n b itk [ J J res 5
of the ?’?ep gln g%gg{?%g Caa:edaaes%%@ggigﬂrgﬁlih tig%gﬂ'?fg)é %&8%@8@6%’3?@% g(?tch
rate profile., In a preferred. enbodinent, tﬁl% steP i S (Ibcg:cated dnwardly of an
outer peri phaR§ Ct aqt L conupetan ity e Sien,of teHPPer electlfloduPUAtE beyond t he
step. In another preferred enbodi nent, the central portion of the el ectrode
and/ or the ppretétormined idvalizddeplasmaidensity edjicery theegxpoded sriaface of ther e
substantially planar. 10 The present invention also relates to a nethod of
treating a sggdfggeductor substrate with a plasma including the steps of
form ng plasma between 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 plasma adjacent the peripheral

portion of the electrode thus allowi ng for control of
BRIEF 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;



15 the edge etch rate of the wafer. The stepped el ectrode according to the
present invention offers several advantages. First, it allows for the

| ocal i zedvenwarssenent, or intensification, of the plasnma ®erdiSoy4mwear the
edge of a substrate such as a silicon wafer during plasma processing. The
shape, dinmensions, and |location of the step by itself or in WO 02/ 318a9
-13 PCT/ US01/ 42611 cooperation with an edge ring on a | ower el ectrode
supporting the substrate nay be optim zed to provide uniformetching for a
variety of different process regines. Furthernore, the etch uniformty may
be optimzed w thout significantly affecPing other etch characteristics
such as the etch rate at the center of the wafer. The S stepped el ectrode
.is also suitable for many different el ectrode materials and process gases.
I n the present | nFEGURERA sliwvses détail af eheneater edge regipa offa ditiple wafar is
controll ed by varying the |ocalized power coupling through the plasnma.

.Nanely, by p%ﬁﬁﬁégg’&ﬁf?&a‘é?‘ﬁ%@B%ﬁmS%%rPg‘&% ﬂﬁé1ﬁvﬁlﬂﬂﬁ1r' el ectrode, nore of the

current is 1 p the p ma in the région near the edge of
the wafer. The st t he. upper. el ectrode al sqo cayses the pl as sheath to
conformto the prgf(i}ﬁg]aoib Is @Pléﬁﬂ%‘ingﬁh%%t&b?tﬁﬂ#ﬁﬁ?ﬁmés ﬁg‘fagerﬁfﬁorm
plasma density while increasing the energy of the ions in the edge region.
A shower heablapket ©xideduchi gsing theermngenienstod JPGURA 2Atwithien Bifeinchdl) be used
15 according to the present invention. The shower head el ectrode preferably
i ncl udes; a pigpedidppePéleSifsdetdipata ©dniet fge PRINEEInS RREARMbAA Tat and

rear surfaces of the electrode. "The gas outlets can be located in a central
portion of the fri)e(r(}&oﬁurface for discharging a process gas in an area near

the front suPfBLé& fte el ectrode. A peripheral portion of the front

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

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;



PCT/ USOL/ 42611 central portion of the front surface. The step is |ocated at
the peripheral portion of the electrode and extends at |east partially,

pr ef er ablwooesmset el y, around the central portion of the elcamsoedssii The
step controls a localized density of the plasma forned adjacent the exposed
surface of the electrode. A preferred plasma S reacti on chanber

i ncorporating the stepped showerhead 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 nonolithic one-piece.-gjepped el ectrode (e.g., nachined
or otherwise fornmed in a 10 single piece of material) or may be nade as a
separate piece and bonded (e.g., netallurgically or adhesively) or

ot herw se secured e el fromthe
same material as F%@Je e‘%: rsg(ggg%?afe %g%{egﬁg}%g@?%ﬁbaﬁgﬁg#gﬁp&igﬁw th the
.el ectrode, the step insert may al so be made frommaterials such as
graphite, si¢leesade with aogrrop(spal OI3) Skytephaying anjegwiey BerIPHeRE SRACEY nay be 15
made fromdielectric materials such as quartz. In another preferred

enbodi ment ofnwandlyiofdenoutenperiphers oethe etectrode;upper el ectrode has an i nner
surface adjacent to the central portion of the electrode, a bottom surface

substantial ly parpideRE4B & aS%h*agH@ﬁkS\ivﬁ’:g'tﬂ%E‘ﬁféE?%? ﬂfeqaﬁg@hiaﬂ&&éri&ﬂhpf the
fac p t

el ectrode and an outer sur posi t e i nner surface. The inner
surface of the U2/ 31859 PCT/ USO1/ 42611 -15 step is aply inclined
2o ae o 1 or FATEAW SHEE & e Pieh i pro e et astade ot B RIGUREAY oo
central portion of the electrode. The step, for exanple, nmay be trapezoidal
in transverse cr oEEGYBE4Gis a graphshowing the effectoactantataiprodite of thhe i nner
surface of the step forns an angle of 120 to 160 degrees with the S

subst anti al | jhafkAnef the Mot edde 14 (HER) Bding R atr@aalgeheﬁttdfq%m{m 4ihe outer
surface of the step forns an angle of 80 to 90 degrees with respect to a

pl ane parallel to t.ant ial pl ral . t ke

el ectrode. In anoﬁéﬁ@%&%@r Ergaﬁg#%%lﬁgi@eﬁéffééc? Ia% ﬁtgp i“ﬁs\?ckn‘#lﬁlgﬁgsa&ﬂ&ehod of

treating a sem conductor substrate in_a plasma chanber includes the steps
of mounting @ich gate prefile spmpareddo pdlae silisprgleedede; di schar gi ng process gas

into the chanber, formng

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



a plasma adj acent an exposed surface of an upper el ectrode and processing
the substrate with the plasma. The el ectrode has a central portion and a
peri pher &YOpwsBson i ncluding a step projecting froman expa3dibosursince

t hereof and extending at |east partially around the central portion. The
step geonetry can be tailored to 1 S provide a predeterm ned |ocalized
density of the plasnma fornmed 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. Thellshower head el ectrode is preferably
electrically grounded and the bottomelectrode is electrically 20 powered
during the processing step MD 02/31859 16 PCT/USQOL/ 42611 In a further

preferred en%gg' Al a O B b RER shower head
el ectrode an lgﬁ?l{a% eactsro e an the rretpﬁoﬁec&f}rthe corrfaﬁr?lses the steps
of transferri substrate out .of the hanber and
transferri nga‘g‘??vﬁai’ﬂ g’r‘?dﬂ%?’%?r cOSHY {1} & Periphery) ?ﬁ@gﬂ%&g‘?iﬁl%éﬁé%er and
5 onto the bottom el ectrode. In another preferred enbodi nent of the

i nventi on, abgihgprowessedniimpréved unifermity cambeé achiemedrtroagh ewe obadtepped devi ce
includes a top el ectrode and a bottom el ectrode having respective surfaces

facing each &E&%dearlﬁhr&{é@(iﬁﬁr@l@ﬁkhtsfcﬁﬂ'Bb%B&uféﬂQiyhﬁbd g@ﬁé RGtefiafap. The
bottom el ectrode conprises a substrate support. "The 10 Top el ectrode

The't op o1 ectiiBhatdinh 8ol PEs ol &ieEhine B0 wbloyRaPE e SFhiueliine "

portion of the top electrode. The step controls a localized density of the
pl asma f or neprogesedent the exposed surface of the top el ectrode. In another
preferred enbodi nent 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 ectroderfag h& POUETHE 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



w0 02/31859 PCT/ USOL/ 42611 -17 In another preferred enbodi nent, the bottom
el ectrode further includes a sacrificial edge ring surroundi ng an

el ect r ostwioe/3essack (ESC). The edge ring is a repl aceabl e rrmyssnanii1 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 subsi2-ate 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 thaﬁe&g&e il Hiﬁ&tfop wittY &5 @ﬁ%eorfinl%&gﬂ%r IQWePQECE{)&CM opGhOW show
graphs of etch rate unitormty using Stepped and conventional flat upper
.el ectrode arrangenenta. FIGERE | A shq@F crOﬁs-seﬁé;onal view of a

paral | el pl aP¥EUI5atRE degrpe PEEQITOl Oes Fﬁég? Bich mate; Ry aifferelt ypper

el ectrode 10 has a step 11 in a 15 peripheral portion thereof. The step has
an inside di masrials for Be stepl anchedget ing)eheldegree ef cqupling thirongh therplasmain waf er
15 is nounted on a substrate support 19 incorporating an electrostatic

chuck 16 t hegpi dage ThB08 BRPbE Rlrfhes UBRSEE. ARRicHRAY AR beBARRI feligires” and a
coupling ring 18" The step 11 includes an inclined i nner surface facing the

wafer 15, a bpttom surface parallel .to t fer 15 and.a WD 02/ 31859
peT Uso ) 4269 e SEPotdHEE e o tscmimet B Sloghend Wil edRie e "out e
surface being |ocated inwardly from an outer g}gri phery of the el ectrode 10.

FI GURE 1B shpidile. &eeprefered embodiatest, theigiep ielpcatnd dawardhaphban euten) at e
pl asma apparatus according to a further enbodi ment of the present

i nvention. Tb@ri]]ﬁlevﬁbﬁmeéﬁlmidd@d&ctﬂ&ai the 2leer0d® efeRdsBEyohd it stee! Bet r ode
with an integral step 11. The step 11 has a thickness (t) and an inner

surface 12 %&Q@ e;géfaéﬁrseg%ﬁrg%b%ﬁaxﬁ%rg?@e‘@eﬁﬁaltﬂbﬁiﬁ B i3 eld¥¥otib 3Ra/Bt e uPPer

el ectrode. om sur face

portion of the electrode extending beyond the step are substantially 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



13 and an outer surface 14 which fornms an angle (y) with a plane parall el
to the substantially planar central portion of the electrode. As in the
enbodi mrerwool/318%39F1 GURE 1A, the step 11 is | ocated oppositrTisdiAasge ring
17. FIGQURE 1 C shows a detail of the wafer edge region of a parallel plate
pl asma appar atus according to anot her 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 electrode. 15 The separate step 30 fits into the groove 32 and
projects fromthe surface of the electrotie. 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

el ectr ode. [ : t Sgé,qeess can
t hus be ad] ug?oeﬁpﬁbh VQfsi'l}“Q{l aggben\ﬂgf)ﬁg lgﬁlgﬁéleﬁﬂgly g??e?ﬁ%%&‘ék? 12/

fi1S9 PCT/ USOl/4261& -19 ¢ ntr | | ed fro out si de ﬁ 1ﬁ@he process chanber.

Thi's arrangefRHRIZY £ REOVA me‘?t?lelﬁg Qe ity pHALIERIE ProcesEeslines st ed

wi t hout replacing either the step or the ent| re upper electrode such as,

f or exanpl e, Futthernurocths stohoqunifoirméy emy audmimiacdewithout/significintly afifetting ent
process gas chem stries. Further, by using this arrangenent, the 5

thi ckness of ofh@f*et%h %Bafa%n?ﬁbscdﬁéﬂ9@&6%1%"&%&171@@&1@ ofah&Walfdr SFI%O pl asma
process (e.g., dual danmascene processi ng) WlthOUt openi ng the plasna

ol at o pl b as %At%evﬁietsﬁﬁfsﬁ@bt%foa il oG Eerhafa On et i n

the step extends to the outer edge of the el ectrode. A sem conduct or
substrat e i nPXIGESSTRAPER- 10 of a wafer 22 is nmounted on a substrate support 26
using an electrostatic chuck 23. In the enbodi nent shown, the wafer bas a
di aneter 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 ) t at 8.6

i nches such that rkﬂés@gse%gwo‘éﬂn gﬁéjétﬁl?g%{a H&Fstflgg ofstﬁgr\]xgageri‘i beyond or
out side of the ed e of the wafer 22. The step outS|de di aneter _is the sanme

as that of t ¢l étbwo\@éymgéh%@calﬁeﬁ@w%ﬁwpélﬁé tropgh the plasht Nameha i xed

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



guard 27. The fixed guard acts in conjunction with a novabl e confinenent
ring 28 to focus the plasma on the wafer surface. The step 21 has an

i ncl i ned wawt/amsoform ng an angle (a) of 150 degrees w th pPdreausxpased
surface of the electrode and 20 the step thickness is 0.125 inches. A
quartz coupling ring 25 and a silicon hot WO 02/ 31859 -20 PCT/ USO1/ 426111
edge ring 24 surround the substrate support 26. The inner surface of the
edge ring is beveled to forman angle (3 with a plane perpendicular to the
waf er surface. The upper electrode 20 is nade of silicon and the step 21 is
shown as a separate ring which is secureg.(via any suitable techni que such
as bonding or nechanical 5 attachnent) to the upper electrode. The data in
.the graphs discussed bel ow was generated using a dual frequency parallel

ol Pen onl vl pREPRE ine blinCbluleoThe pRR ocaHE) ol RINARGL BooRE

wer ele e an per el ectwr grounded
with a gap between the el ectrodes of gbout 1,3 ¢cm 10 FIGURE 2B is a graph
showi ng t he &F%CFQEI%&B‘?S’I“FW@ 3t deagt qu%%étpr%@?}'@gy gomapletelygoumkths ¢ angenent
of FIGURE 2A () conpared to a bl anket oxide etch using a conventional flat

upper el ect r cahral portion didhcelectsmte, Fhesstép camtrolsod loedijredrdengityaofithgquar t z
coupling ring were used and etching was carried out under the foll ow ng

condi tions: Jf Yéded PRVYRE ,F{lfgc' of 104 RE ROEEd maMiz; 52
15 nilorr chaﬂrzrggeﬂrqa pr essuajra aca@oveeﬁoesggwg er;e 1%‘%@%ccr§(§fgoﬁ?gas; ?Lassgcm CAF8
gas; 10 sccm OZ.gas; -10. C tenperature of bottom el ectrode; and 60 second
process X i met®d Mréqp@morg @FéWPP%{{@Oi“WﬂE?Qs"h‘?C&QQWﬁ fute as a
function of location on the wafer surface neasured fromthe center of the
waf er. As casenteondugior tchiglgparanGT/ US01/ 42611 -21 seen fromthe graph, the
step produces a dramatic inprovenent in etch rate uniformty near the wafer

edge. The nunbers beside each plot are the average etch rate and the etch
rate uniformty. Etch rate uniformty is calculated by the foll ow ng

equation: 5 [( NBXTM ﬂ:)p( e%éé%%%%gaey] be*fo%rgngd 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 (e.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



where Max is the maxi mum val ue of etch rate and Mn is the m ni nrum val ue of
etch rate. The etch rate was determ ned by neasuring the thickness of the
waf er befwoe2amdoafter etching using an ellipsoneter avai lpdaesoisesn Rudol ph
Technol ogies. A 0.5 nmm area near the edge of the wafer was excluded from
the 10 thickness neasurenent. Measurenments were then taken every 0.5 nmin
a 12 mmregion adjacent the edge exclusion region. Measurenents were taken
| ess frequently in the central region of the wafer. FIGURE 2C is a graph
showi ng the effect of the step on the etch depth of contacts in BPSG The
contacts have an etch width of 0.2 mcrog-and an 15 approximately 9:1
aspect ratio. The followi ng process conditions were used: 1500 Watts RF
power at 27 MHz; 1100 Watts RF power at 2 MHz; 52 mlorr process pressure

chove e, Sk R BIAE E o AL BpRaaTAR, 025, 10 C

PCT/ US01/ 42611 -22 The upper plot () shows etch depth using the el ectrode
ar r angenent ibstanialihplanar ceniral parEpn Bf B¢ elgctrodeyd hetstap, (f‘é"p SHRMPG, TBaY,

conventional flat upper electrode arrangenent. Location is nmeasured from
t he edge of bdeaapexbiial iramsaersb ercsesectiono rinfRnGHREpEerr¢dembodiment; thhe upper
el ectrode increases the uniformty 5 of the etch depth of the contacts by

i ncreasing t P t &S beside each
plot are t he@%ﬁ%‘ﬁ%@ég’??ﬁéqﬁ%f&ﬁﬁ agﬁ‘hgfg dei?lgﬁﬁgelg?#eg ?or m ty Etch depth

f th t BPSG t 2D
Shoui ng 3 he. SRBRA,PERE GAEA RAHEN B iR SHFrCH A g QHE ERLe BF bevel
(~i) of the edge ring for a bl anket oxide etch using the 10 conditions set

forth in thesteefrnispn anglodf $0 GUREdzBeestyoieresiens taip planemapalle] Jo tikows et ch
rate for a SiC hot edge ring wwth a 60 bevel. The mddle plot () shows the

etch rate usihtadtiaily plaharesta@al pditiodVof thedlddorogevel . 1n both the upper and
m ddl e plots, an 8. 6y | D stepped el ectrode was used. The | ower plot (1)

shows the etch rate usi ng 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 ring from15 to
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.



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 rat avobyerssed at the edge than near the center of thecvaisn/d2dit is
believed that the bevel on the edge ring causes a perturbation of the

pl asma sheath which increases the WO | 12/31859 PCT/USQOL/ 42611 -23 edge
etch rate. The use of SiC rather than Si for the hot edge ring materi al

al so has the effect of enhancing the etch rate near the edges of the wafer.
FIGURE 3A is a graph showing the etch rate profile in a blanket thermnal

oxi de etch using an integral (one-piece)igl stepped upper el ectrode ()
conpared 5 to a bl anket oxide etch using a conventional flat Si upper

el ectrode (). The step on the upper el ectrode was 0.125 inches thick and

had a bevel (a) o [ f chi r.rJ usi ng
t he same process En%ﬁ?rp?eﬁ%@g@eggﬁﬁpgéﬁtﬂﬁe E{a@ﬁ&?&ﬁﬁﬁgﬁgﬁ éﬁgﬁe%g ring
and a quartz coupling ring were used. The etch rate in Angstrons/ mnute is
plotted as atheshevedgad eletiseda andn boftamy slegipds andhthe gpgthod 5 GPBAT$SSom t he

center of the wafer. As can be seen fromthe figure, the step produces a
dramati ¢ i npthe\sespe ot transfeiridy thatemicondwton supsinaaout oftheplamaadgmbeihe
nunbers besi de each plot are the average etch rate and the etch rate

uni fori ty . BlORAALS Be8A AR shbf i HashiEorades §i e etch

depth of 15 co usi ng the sane iIntegra st epped upper
el ectrode as descr{)bed ai)ove. The contacts have an etch width of 0.2 micron

and an appr o¥fdhe POt eleqigder ratio. The process conditions set forth in

t he description of FI GURE 2C were used. The upper plot () shows etch depth
as a function of location using the stepped el ectrode. The |ower plot ()
shows etch depth as a function of WO 02/ 31859 -24 PCT/ USOL/ ~21r 11

| ocation using a EPMGIREr fRBRtrel lefibodimétd BE thech&itionda piRaRLhasbEF fon t he
edge of the wafer. As can be seen fromthe figure, the integral step on the

upper el ect rl(fs%em manufacturing a 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.



increases the uniformty of the etch depth of the features. The nunbers
besi de each plot are the average etch depth and the etch depth uniformty.
The et ch wopthiBowas determ ned by SEM FlI GURE 4A shows arpcalesvinnde
arrangenent conprising an upper el ectrode 40 having a narrow (small QD) S
step 41. The step is 0.125 inches thick and has an inside dianeter of 8.25
inches. An 8 inch wafer 42 is shown nounted on an el ectrostatic chuck 45.
The | ower el ectrode 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 snal

out side dianeter of the step, there is al’space between the outside surface
of the step 48 and an inner surface of the fixed guard 47. A confinenent
ring 49 is also shown. Using a Si hot edge ring in this arrangenent

resulted in a sta nthe
description 15 of %W%e@ﬁmaﬁﬁtgﬁg%ég@%h@éc#&%@#ﬁﬁ (?

step inside dial r.on the etch rate profile usin %5 arran e[ren,t of

FI GURE 4A. AS%FlgEI@iP dge HRgBYrIeHnding %?@?ﬂmlcé%ﬂ%& b EHFFE JHHES & ocess
conditions as set forCh in the description of FIGURE 2B. The edge ring

mat eri al i n iapldveatle esmpbmone waiich ieads @i Hecome ot durinpro2¢s3ing3F a substrate

PCT/ US01/-12G11 -25 than Si. The 8.0 inch ID step () and the 8.25 inch ID

step (} bot hagefimb sseféféﬁe@m a%cwl%tfeagé ring PHERS. The®d8e Pink 6dy Bnader.

however, produced a | ower overal ch rate. FIGURE4C i's a graph show ng

e oo e R R Rl 5 e B TR e L

forth above in the description of FIGURE 2B. The el ectrode arrangenent of
FI GURE 4A wasaiesials suiwhas qusvs. By sharging thewedge iag anaserialathe dsgreidfe using a
quartz hot edge ring . The upper plot () shows etch rate using a Si C hot

edge ring. Tesuplinglt®ufh Gheopladrh c:AOELtallbrRg tb PEMAESa AR 10€hlREd t‘é%eio waf er
edge and thus produces a significantly lower etch rate near the edge of the

wafer. The egdgg x%tQ a?ﬂﬁeo@&g:iolfﬂéﬁ ?gé"sﬁl{suﬁfe ﬁe{ﬁ% fﬂo?éﬁedm!l@%ag B : d@_\n%}-:ace”e”t

error or non-uniformcon he Upper €l ec | GURE 5

is a graph showing the effect,of step on tthe etch rate profi] e
capacitive impedance, will generally produce a faster edge etch rate than silicon.

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 ina
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



for a blanket thermal oxide etch using the processing conditions set forth
above in 15 the description of FIGURE 2B. In all cases, a Si edge ring with
a standamnslob3hagr ee bevel and a quartz coupling ring werecaagsidi/4dhe step
was nmade 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 dianeter step (1), a substantially flat etch rate
profile is obtained. Wth a 9.0 inch inside W O 02/ 31859 -26

PCT/US01/ ~2G1 | diameter step (), the effect of the step is reduced
significantly and the edge etch rate drofgs off sharply. For conparison

pur poses, the etch rate using a conventional flat Si upper electrode (1) is
al so shown. FlI GURES 6A - 6D are m crographs showi ng features etched into a
blanket 5 t nehRbufite 4Rk RN ke HBERS Gfl Bl SiirlRbheifitioriey Wer ©

et ched using an éfect ode arrangement Gonmprising a fiat upper electrode.

FI GURE 6A shpws the etched features near the edge of the wafer and FI GURE
6B shows t hell¥a cfrqlﬁéplﬂ“&mﬁafwrﬁ’ he:¢lesrederiler . As can be seen from

FI GURES 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

FI GURES 6C and 6D the features were etched using an upper el ectrode having

an 0.1 inch thi ckepbERENEY siEvsta 8etfil bR AR Waret SseteaidRtotta parAlfeBhatdC shows
the etched features near the edge of the wafer using the 'stepped el ectrode

and FlI GURE 60 shows the etched features near.th fer center using,the

Stepped el ecPi Ao Atpltle of A uf Pl of TicPrafeil 18/eplidn.odle and
center features have been etched to alnost the sane depth. FIGURE 7 is a
graph showi ngpRer elegirodd @ iz erespicee moneliic ¢lectrade ytlean indegral stepr Llar i ous
step geonetries. Dropout pressure is the pressure bel ow which the plasma

can no | ongeThdeep usthak aehickde’s (thRnd aiirinef Sirfarei 12 Wﬂi@hff@ﬁﬁ@am%&@c)amum
of power applied to the |lower electrode at a frequency of 27 over the

VO 02/31859 @ﬂ/ﬂ%sc%{tﬁ? B(Hioh%% the upper electrode. The step also has a bottom surface

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



anount of power applied at a frequency of 2 MHz. The tests were conducted
usi ng the upper electrode geonetries set forth in Table |. Table | 5 10
Grap hEl a¥002d@859 pypeStep I nside D aneter (inches)Step OQutPiTdeSODI426TRE €r

(i nches) Step Thi ckness (inches)1Separate Step8.610.35. 11 nt egr al

St ep8. 710. 35. 125I nt egral St ep8. 810. 35. 125Separate Step8. 69. 1XFl at

"'El ect rodeNl AN AN/ Al nt egral Step8.89.5.125 As can be seen fromthe plots in
FIGURE 7, the stepped upper electrodes with the smaller outside dianmeters
(9 and 9.5 inches) allowed the plasma to be sustained at | ower pressures
than the |l arge outside dianeter (10.35 iIfh) stepped 15 upper el ectrode.
The space outside of the snall OD step on the upper el ectrode provides

.addi tional volune for the plasm to occupy . It is believed that this

addi tional veliised it Bulstie o' tRS PRyckR éﬁﬁmgast@h@%ﬁaﬁgem&wlows%ﬁufees-

Table Il illustrates the inprovenent 1n etch rate uniTormty that can be
r

.realized wth..a stepped. er electrode.according to.the present inuvention.
Three 20 di 1 FEaNe SEpgRIckRRS o be Qe 2iEGTieblathe ey BeRisthiat g e
patterned thermal oxide and BPSG contacts. Bl anket thermal oxide wafer
measur ement supper elestrdde such@sUforxxaople, xdep@rocesdng diffarent substrajessand/or

el lipsoneter with neasurenents taken along a dianeter (edge to edge) of the

wafer. BPSG ﬁ@ﬂ%aﬁfer&ﬁqkbcdg@gmﬁﬁﬁﬁéswmhﬁad? ubink Bis AEfngémbnt, the _
measurenents taken along a radius (center to edge). Patterned thernmal oxide

\é\’gggr TEASUT §IRAES JGhE sl%B%gn B2 icﬂgng%d %@R&Eéeh%%g oF am&%erpeplﬁﬁhae Bro%g&e to

(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

10 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

15 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 (&) of 150 degrees with the exposed surface of the electrode and

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



The stepped electrode was a Si electrode with a 0.1 inch Si step having a
bevel (a) of 150 degrees. Table Il 10 Etch Rate Uniformty (% WAfer# of
poi nt sFl avo 0Zbsse r ode8. 6" |1 D St epBl anket Thermal Oxi del8PCTAUSIPIBPHL t er ned
Thermal Oxi del7t 7.4 % 1. 3BPSG Contacts9t7.2% 3. 3% The percentages given
for etch rate uniformty are cal culated using the foll ow ng equati on:

[ (Max-M n)/ 2* Average] *100% . 15 As can be seen from Table |1, the use of
the stepped el ectrode significantly inproves the etch rate uniformty. The
i nner and outer surfaces of the step will preferably be configured to
provide a gradual transition between the2®l ectrode and the top of the step.
In a W O 02/ 31859 PCT/USOL/: 12611 -29 preferred enbodi nent, the step has
a trapezoi dal cross- secti on with the inner and outer surfaces of the step

formng an eemg 2zﬁ Gisee é%str:%\,\sglggbﬁtrlﬁ hﬁne%ﬁét@@fa'c@bme%@a@rng

central porti the step may have ot er

Cross-section pe The i n uter sur.f ace ot
have 5 to belS e&?l‘ﬁ t(b?ﬂr e@o‘ﬁ@é WPEWQB‘?“BT ﬁ%ﬂﬁ%{ﬁ ave a

non- pl anar upper surface For exanple, the step could be tri angul ar or
heni spher i catippen etectrsde 2@ ds inade of sitieon andbotbe steprad i61shewn 6o AfSERATALEHTINgN
i ncl udi ng conpl ex curvatures. As noted above, the inside dianeter or

pl acement of whizg 1§%&ﬂré@t@5 h¥@sii@bldecinsigr sath b BoidiA® br eRohiricaidj usted to
achieve a desired etch rate profile. The inside

5 attachment) to the upper electrode.

The data in the graphs discussed below was generated using a dual
frequency parallel 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 Watts RF power at 2 MHz; 52

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

The graph shows the etch rate in Angstroms/minuie 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 proxesg3maysaneters to provide the desired etch rate pamaiSoi/g2610x 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 the.ptep 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 be r : énﬁ% ring. |f,
however, a rr%er'%fel f{%egg?ﬁe@sts%gﬂg@%@@%ﬁ@? conéglgtgt?{l/éatrgmt eri al
.such as silicaon or, silicon carbide is used as the edge ring, the power can
be coupl ed tBufPrgHMcar throwaissedger olipmnumbers dgude F?fg Iﬁ%t %ﬁhe BET3e waf er .
The di stance between the electrodes in the parallel plate plasma apparatus
5 has a si gnetth catatanéfiicetth oate uhiformich Emheaenoiiformity is cdlenlsted py teegi on.
Cenerally, as the gap width increases, the step on the upper el ectrode
beconmes | esseqplylgid byiBiiol: control ling edge etch rate. Using stepped

el ectrodes at very s | gap wi dths, however, may result in plasm

instabiljties in the edge regi L i,on of . ppropriate gap w dth
depends i n part upon the gas pﬁ&@é"ﬁ@%%fewﬁﬁﬁﬁng 10 processing. At

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

exanpl e, be WwherenMax inhthe nadximum vabuelofetghrainand Miads Peasinimen valug of 75
mrorr), a gap width of 1.3 to 2.0 cmnmay be nore appropriate. The gap width

can al so be ggh Witk e X Hebr@PRitd WaE HGBriinéd by hteaburath®e ehickiess bEtheavter appl i ed
to the el ectrodes. Lower frequencies have been found to be effective with

R R Sl e R S S b N I

central portion of the front surface of the electrode, it _is also possible
to include Technologies. A 0.5 mm area near the edge of the wafer was excluded from the

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/USII 1/-42G1l1 Suitable process gases wl |l
depend orwobesmateri al being etched. For dielectric materiralrTassueisins
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. 5 Wile the
el ectrode has 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 its.gp.ocessed side facing down rather
than up as shown. C anping devices are known in the art which can achi eve
this orientation. Further, substrates having shapes other than circul ar

wafers can also b i ep on

t he upper el ectr03h9£ﬁ$?§ﬂ%3§b @%gneﬁmln{sy co%\ %)érarfnsgéhﬁﬁn 5 ng of the
obj ect being ) t hou pr esent vention has .be escri bed
in connecti oﬁﬁﬁ\ﬁ&% %&efT@Frl‘é‘Hereﬁﬁb&Bn%‘H% efq]i‘eqeé’ﬂ? usipng aﬁPPYeﬂHenajﬁl?? 8PSt ed by
those skilled in the art that additions, deletions, nodifications, and

subst i t ut i onelectoodesgrearigbinentl. | Kocdtien is measutes firem the edgedef thi Wabart z&l@wti ng
fromthe spirit and scope of the invention as defined in the appended

claims. W Q@én%%&ﬁ%m%ﬁm/%@t ﬂiesstér“ﬂ & ﬂ%qlg bér elEddeIRreases e dnifdmfyoner

head el ectrode for use |n a p asrra eaction chamber, said electrode
(F:)gn)lr :)zlggf tﬁ%&xgleic{p[a(%l { F 895tﬁcts b lnlljcrrgxllsllrtn the et&arséteorlljetalr Swh ert he central
perimeter. The numbers beside each plot are the average etch depth and the etch

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



whi ch process gas can be delivered froman exposed surface of the

el ectrode; and a step projecting fromthe exposed surface of the el ectrode,
t he step weimgidsecated at a peripheral portion of the el eqicrod®ianski
extending at |east partially around the central portion of the el ectrode,
the step controlling a | ocalized density 10 of the plasma forned adjacent
"the exposed surface of the electrode. 2. The electrode as clainmed in claim
1, wherein the central portion of the electrode is substantially planar. 3.
The el ectrode as clained in claim2, wherein said step has an inner surface
adj acent to the central portion of the epgctrode, a bottom surface
substantially 15 parallel to the substantially planar surface of the

el ectrode and an outer surface opposite the inner surface. VW 0O 02/ 31859
-33 PCT/U SO lﬂggsgol §lein the
step is Iocaté%%ﬁ (?tﬁl\%\;r/aar%l rﬁgfn" 'Ee orﬁ%qqh%ﬁﬁp ery &feﬁgﬁgﬁg[ﬂé%t%? e such

.that a porti trode extends beyond he tep. 5. The el ectrode
as cl ai med iﬁa%\?‘ﬁi‘#‘l’ ﬁ/ﬁ?&?’é‘iq‘g theests neag the, 3610 Wéfgép 5 forns an
obtuse angle with respect to the substantially planar central portion of

the electrode. 6. The electrode as clained in claim5, wherein the inner
surface forns an angle of 90 degrees or nore with the substantially planar

central portion ofyGIREES&GS b gﬁ)hadﬁﬁwlﬁ%e el&&rra &ﬁr@mqb&h&tﬁeﬁlaiorns an

angl e of 90 degrees or rmre 1 ane para to the substantially

pl anar central ion | ectrod el ectrod clainmed in

Bl am 1. - whepaick YaiiRinein inesdl (i 2BFS) Sl@&%@p@f&%ﬂf&i@%@?@ B iEdn
stepped el ectrode. 8. The electrode as claimed in claim1, wherein the step
is fornmel asta biapketnxideretel tsingd cosyensionaldlaté uppgrorlectroder(®c dhefsterhe

el ectr ode. WO 02/ 31859 -34

on the upper electrode was 0.125 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 (M) shows etch depth as a function of location using

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



PCT/U SO1 /-t2611 9. The electrode as clained in claim1l, wherein the step
conprises a separate piece novably nounted in a groove in the el ectrode
such t hatwolizckssess of the step can be adjusted. 10. The eatErUsndecas
claimed in claiml, wherein the step extends conpletely 5 around the
central portion of the electrode. 11. The electrode as clainmed in claima1,
‘wherein the electrode is made froma material selected fromthe group
consisting of silicon, silicon carbide, graphite and alum num 12. A nethod
of treating a sem conductor substrate in a plasma chanber, said 10 net hod
conprising the steps of: supporting the .ggm conductor substrate on a bottom
el ectrode; supplying process gas to the chanber; formng a plasnma adjacent
an exposed surface of an upper el ectrode; and processing the sem conduct or

substrate Wi b JBS B dRONAPREIS] voRE: HBRRIIeShERAIATGFoNAR: AikSFitel

portion and a perip portion surr ng the central portio t he

peri pheral portion includin st rojectin rom an_exposed surface
Pher bof - and SHATEaAs G bE pedfor 4hd Ak, et leenl S ROHE ARPer 18085/ 31859
-35 PCT/USO1/-12Gl1 portion, the step providing a predeterm ned | ocalized
density of t lhncrpdsas e dmfomndity ad jtacetoh depib of dipofeeniresu r Tlecmumbers besidd ect r ode.
13. The nmethod as clainmed in claim 12, wherein the upper electrode is a

shover head eleggf 51%@' SreERVL3R0 BB dBhiiTaAl ihe creh aBAR Bikohth. TRE cidhegdpiiooess

gas is 5 discharged into t rough the gas outlets. T
met hod ag cl ai r’rﬁg in.cl aggn& wherein the step is located inwardly from
the oute per‘Yaﬁ Fe§n16qedt € ctrode such that a portion of the el ectrode
ext ends beyond the step. 15. The method as clained in claim 12, wherein the
sem conductor substrate 10 conprises a sem conductor wafer and the
processi ng step conprises etching the

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



sem conductor wafer with the plasma. 16. The nethod as clainmed in claim12,
wherein the upper electrode is grounded and the bottom el ectrode is powered
during th&oprBess9si ng step. 17. The nethod as clai ned i n alci/osdiAemher ei n
t he plasma chanber further 15 conprises an edge ring nounted on the bottom
el ectrode, the edge ring including a recessed portion underlying an outer
peri phery of the sem conductor substrate WO 02/ 31859 PCT/ USOL/ ~2G11 - 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 plasnma. 18. The nethod as2gl ained in claim 12, wherein the
step conprises a separate 5 piece of material novably nounted in a groove
.in the upper electrode such that the thickness of the step can be adjusted,

the method f H{ah- f ﬁfé@b'ﬁdﬂ%} %t?@ éﬁ%ﬁ@%ﬁfe 1oy ?I{bﬂ Iﬁ‘ﬁeﬁgipbétﬂfr@éu%&ﬂ? a

desired step thickness. anber for use manuf acturi ng a
sem conduct or devigce, said a ch er including at el ectrode and a
bott om el ect F‘B&gg‘%éﬁ WQ%:lees%?:gi ’é‘CllgﬂgEﬁPf’ éﬁ‘é@vqrae cgcg&p%etr}pgpr d spaced
apart fromone another to define a gap therebetween, the bottom el ectrode
conpri si ng aecthlster at e support, and the top el ectrode having an exposed
surface conprising a central portion and a step projecting froma

peri pheral portion thereof and extending at |east partially around the
central portion, the step controlling a | ocalized density of the plasna

formed 15 adj acen gsed surface of t t ect r,od . Lhe plasma
chanber of claim Eéﬁ%ﬂﬁ ilﬁalgﬁ@'ﬁt%@ngfge@?reg@g ?nghgh%lﬁ%Mrrﬁgtgégle?fet@ﬁ ode
conprising a plurality of gas outlets through which process gas can be
del i ver e¥l i nedga Hag &loandir to quany. o2 birnkeigtherzal pxide ey wag etehedusingrthe
pl asma chanber of claim 19, wherein the central portion of the top

process conditions set forth above in the 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 conditions 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 (), 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



el ectrode is substantially planar. 22. The plasma chanber of claim19,
further conprising an edge ring nounted on the bottom el ectrode, the edge
ring inclweiogigsor ecessed portion underlying an 5 outer pedTpisenpmai a
sem conductor substrate nounted on the |lower electrode. 23 . The plasna
chanber of claim 21, wherein said step has an inner surface adjacent to the
central portion of the top electrode, a bottom surface substantially
parallel to the substantially planar central portion of the top el ectrode
and an outer surface opposite the inner surface. 10 24. The plasma chanber
of claim 23, wherein both the inner surf2tce of the step and the outer
surface of the step forman angle of 90 degrees or nore with respect to a
pl ane parallel to the substantially planar central portion. 25. The plasma
chanber of chal® red j ; i ably
nounted in ahgr ooe\%gteip\r,\“taﬁgie{kgg&gf)gﬁl? r@E) g%dgﬁgfﬂg?ﬁ?ﬁ?}ﬁ@c@ﬁggge gffé H15 t he
-Step can be ad%ﬁ{sted. 021:{ 31859 -38 PCT/USQL/-42611 26. The pl asma
chanmber of cf¥ %,Ofwﬁyn OLiCQMPALIPD RUIPOSER,HC LN JACUSINEA o i ece and
bonded to the exposed surface of the top el ectrode. 27. The plasna chanber
of cl ai m 22, conventdonal flaeShuppemelecedtheY) isalsy ewinconduct or et chi ng
apparatus. 5 28. The plasna chanber of claim 22, wherein the top el ectrode
is made froma material selected fromthe group consisting of silicon,
silicon carbide, graphite and al um num and the edge ring is nade froma

materi al sel ected r 1Skl . W GAR. 1Sh Ml 0N

car bi de, graphi teF%(%@%%&%’&féﬂﬁ%@ﬁ%@gg%mg#g%és eg egﬁ@'an%@we\?mer ein
the edge ring includes an 10 inclined surface adjacent the recessed

porti on.d 30. ter@alpxidewatesa ip SHGHREY 64 #nd OB the &sabirgs Weee etakad #idlg &y f ace

forms an angle of 5 to 60 degrees with respect to a plane perpendicular to

a surface of elebgodecdrinpericarctonysidsinga Wi wipet blectsodes t FEFEBRES A sipgpws thed.  31.
The pl asnma chanber of claim?22, wherein the edge ring is nade froma

etched features near the edge of the wafer and FIGURE 6B shows the etched

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



15 material selected fromthe group consisting of quartz, silicon, silicon
carbide, graphite and al um num . A3; & AY. A

& A Al . AwdoAsiko Al . AY. A&Y. A&Y. AY. A&Y. A. AL Al . Al . Al . A A& AlpcAfusofiyzei . A% AL.
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measurements taken along a radius (center to edge). Patterned thermal oxide

y"10% & ()-9

Tﬁo& () -
0% ()-@
dE1/

wafer measurements were made using a profilometer and were taken edge to edge.

The stepped electrode was a Si electrode with a 0.1 inch Si step having a bevel («)

of 150 degrees.
Table II
Etch Rate Uniformity (%)
# of Flat 8.6" ID
Wafer
points Electrode Step
Blanket Thermal Oxide 18 +10% +3.3%
Patterned Thermal Oxide 17 1+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%.

As can be seen from Table II, 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. In a
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5 to be planar but may be concave or convex. The step may also have a non-planar

upper surface. For example, the step could be triangular or hemispherical in cross

section or may adopt some other configuration including complex curvatures.

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 geomeiric 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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5 has a significant effect on the etch rate profile in the step region. Generally, as the
gap width increases, the step on the upper electrode becomes less effective in
controlling edge etch rate. Using stepped electrodes at very small gap widths,
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 ﬁe 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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"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 paraliel to the substantially planar surface of the electrode and an outer surface

opposite the inner surface.
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' from the outer periphery of the electrode such that a portion of the electrode

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 parallel 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.



10' 0 10' 03710% 0& ()- 410% 0& ()-210% 0& ()- s0Z10% o& ()-"|t||}T}}}aBnb@
10:1110% 0& ()-L

"10% 0&' (WORBEHH 0&' () - Y10% 0&' () -yy10% o0& ()-! L! 10% o( 0&POr/usodzs1 dEMH @
10: 11 ' 10% 0& ()- 9%109% o0& ()-"!10% o0& () -

MLO% 0& () -L10% 0& ()-10% o0& ()-/ odEnb@ 10:!!

710% 0& () - 410% 0& ()-2310% 0& () - LOG' 10% 0&' () -

. 10% 0& ()-) Y10% 0& ()-03bC 10:!1& 10%4& ()-1"10%4& ()-910%& () - 10%4& () -
10' 0 10' 0 10' 0L910% 0& ()- 3%{dEbC 10:!!: 10%4& ()- 10%4& () - s9910%& () - -
10948 () - 10%4& ()-f 109%4& ()-bTdEBC 34

10:11) GLO%H& ()-L' g10%4& () - 94.0%4& () - |10%4& (-

10944& () -L: 10%4& () - R?@\E: / 10H 10HL9109%& (

Lol oo & (01 TolheE %%%%431?@%“8 Wﬁ%‘% ceg Eolbtifos g separas | ¢ (-

10H: 6dE4/ 10L"10 0% & ( 110% & (
10% & () - 10DMEE plp%%x@l{n}edl@% gopyc HU@E@,lectrode such that thickness of the step
10L"104310% & ()-2m0% & ()- 0! 10% & () -
.10% & () - +16enm 8 4djustedZ10% & () - U bC 10L"1F"10% o0& ()-10% o0& ()-10% o0& () -
10\ 10\ 10\"9 10% & ()- 7 10% & ()-!v<dEbC

10.  The electrode as claimed in claim 1, wherein the step extends completely

5 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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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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to a plane parallel to the substantially planar central portion.

25.  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

15 the step can be adjusted.
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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.



