. <=x2e3evnnodqrj v66vTv., s, r WO 02/318i9 0 3 J UL 2003 STEPPED UPPER
ELECTRODE FOR PLASMA PROCESSI NG UNI FORM TY BACKGROUND OF THE | NVENTI ON

Field of tWR®RMERAtion 5 The present invention generally r&CEUS8143§1kt chi ng
with high energy radiation or plasma, and nore particularly, to a hketbodos
and apparatus for controlling the etching rate at the edge of a wafer in an

i ntegrated sermmmmmmmwm\\m circuit manufacturing process. Description of -
the Related Ar he m d-1960s, integrated sem conductor circuits;
have becone the prigseey conponents of rm§]£_ el ectroni cs systens. These '1
m ni ature el ectronic devices may contain thousands of the transistors and’
other circuits that nake up the nenory and | ogi ¢ subsystens of

m croconputer central processing units. The |ow cost, high reliability, and
speed of these conputer chips has |ed themto 15 becone a ubi quitous
feature of nodem digy i f [ i ' rat ed
circuit chip typi %ﬁﬁ?ﬁ“@%ﬂ@'fﬁﬁ‘g o{i%%?mgﬁm- purity,
singl e-crystal sem conductor nateri MRMH@ (such as silicon or

germani u c gywaf er. ™ Each wafer Is subjected to a sequence WO
02/31859”wmm@%\“\11 0~ JUL 2D03 -2 of physical and chem cal processing
steps tha various circuit structures on the wafer. During the
fabrication prég®ss, various types of thin filns may be deposited on the
waf er using V@h S g ermal oxidation to produce silicon
di oxi de fil ms,BAc em gal vaporﬁgggg\;s}?@?loc?\ﬁt o produce silicon, silicon 5

di oxi de, and ls_ll | CFRIFni tride filnms and sputtering or other techniques to
produce ot her 1Rl g iInyRALONS t or depositing a filmon the sem conduct or
waf er, the unique electrical properties of sem conductors are produced by
substitut§ ng sel ecThd prospatrinvenéion gedevaliyheelatestiocsteling tith ligly eterpy | atti ce
using a process call ed doping. The doped silicon 10 wafer nmay then be

uni formy coa it i : 0 adh Lalion
sensitive, natggri?ﬂeg’ln ch}aﬁqﬁl%%l’ gné, @gg E@{w‘a@@ﬁ’?g‘gﬁiﬁg?ﬁ%@?@gﬁs defining

he el ectron paths,.in_.the circuit th be.transferred. ontp the resist
Lsieng a Igontrosllmg the etch?ng rate at tﬂg nge (%n h wafer in an In?egrated semx%onductor

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



.process known as |ithography. During the |lithographic process, the
i'ntegrated circuit pattern may be drawn on a glass plate called a "nask"
and t hen wptobgsdsby | S reduced, projected, and transferred:cqmsomf?l ,
phot osensitive coating covering the resist. The lithographed resiki Jghitlérn
is then transferred onto the underlying crystalline surface of the
sem conductor material through a process known as etching. Traditional
etching processes enployed wet chemicals that proved to be UuJJVvlwL |
LUU. 1 f WO 02/31859 PCT/USO /42611 0 3 Ji~L ?0-.Si _3_linmted in terms of
the size and aspect ratio (i.e., the height to width ratio of the resulting
notch) of the features that could be fornmed on the wafer. Consequently, the
nunber of circuits that could be packed onto a single wet-etched wafer, and
hence the ulti.mate siz f the electronic.deyice, wer.e |ijt. b
radttional F Bl 4hd eeomibflprfceSing SBbS ol iy e R But I Hpilioes ve 1 on
etching, and ion mlling techniques were | ater developed in order to

over cone t he onith¢ waferoduringsibe fabwisation processemanicus ppesnofifhin fmssmay be chi ng,
in particular, allows the vertical etch rate to be nade nuch greater than

the hori zont @ep&ited onahewafer hEﬁﬁF vhH6uy ©ehtifued Suéts Reterhal oxdddionttbe 10
etched features can be adequately controlléd. In fact, plasnma etching

enabl es very f] f reS.. W hi t to b r i pefil s
appr oachi ng fréﬁ]l?fi 3@%@&9’%&[ kﬁ@@%%%géh%g%& @géd%ﬁ%gﬁﬁﬁ&, %P%%ILSS a
plasma i s formed above_the masked surface of the wafer by adding_ |arge
amount s &f ené%ide.tagd silicen nifride Sl rand spreeringsormother teghriavgsda pyoduce

acconpl i shed by creating electrical discharges in gases at about 0.001

at nospher es. otlist m&alufilimsng pl asma nmay 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

pl asma can be directed to t' f WD 02/31859 PCTI US01/ 42611

|
1
|
1
1
|

After depositing a film on the semiconductor wafer, the unique electrical
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 &amferred onto the resist using a
process known as lithography. Duriﬁg 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



UdJ JUL LUVJ |

-4 i-nmpi nge upon the unmasked regions of the wafer and thereby renove atons
fromthe SWO9LsRks- The etching process can often be nade gg&ﬁEgDI ¢five by
usi ng gases that are chemcally reactive with the material being figbid. So
called "reactive ion 5 etching" conbines the energetic etching ef 0
the plasma with the chemcal ' etching effect of the gas. However, many
chem cally active agents have been found to cause excessive el ectrode wear;.
It is desirable to evenly distribute the plasma over the surface of the |
wafer in order to obtain unifornletching_jﬁtes over the entire surface of !
the wafer. For 10 exanple, 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 holgs.in.the el ectrode. .These patgnts neral ly. descri be. a gas

i Sper st on di DRIt BEmS AF Bl e g amRech PRy ar  HE DOTE Vil Pl bl ot e
particul ar pressure gradients existing wthin a reactor chanber in order to
provi de a uni fesulting motchy bf thefearanes thwat téultd bedfosmed onthtuwafer. Wahsequehe gas
di spersion disk is intended to function as a selective barrier to

counteract gr adifiibeP bf eeHi8 ThAbEN HelPacke P bnidisihgle WeRéicHed Haftl bt M 1 ow
t hrough the shower head el ectrode for distribution over the entire surface

of the wafer.,  An iscontinuities or irregularjti in 1he pl.as di schar ge
i 1 WD 02l 31%"’5@&&!:’@%%%‘0%1%{6@?[ efseigonipdeigg we e’i‘%‘?‘bhé{ trafiuigral punpi ng
ports, may also affect the density of the plasma being generated bel ow the
shower headl. SFhesaicalretching processesd circuit fabrication process is quite
sensitive to both particulate and inpurity contam nation, even airborne

particulate matter as small 5 as 1 mcroneter nust be prevented from
contacting the surface of the wafer during the etching process.

Consequently, it i esi.r a 10.confi. . Pl asy . a whi ch
is imediately ove?rg%a%%a un “{g[’ Réaec%ggécfn %ﬁ%@gf ﬁ%ﬁlﬁﬁl@(&%@%&‘ﬁgt a et
al. (U S Patent No.4,610,774) discloses as annular wall around a
sputtering taldierdevplaped Ehordesio aveycompithe dmifations agsoeiated vigheheaticalt hose

el ectrons 10 which tend to escape fromthe plasnma during the sputtering
process. Sim kwrhing, Plasma etehing] in fartiGilarPallewt theoverticad éich3bte)todesnadese a gas
suppl ying neans for a plasma processi ng apparatus having an annul ar

projection ar giiaf drdiferRih BRHokizontal 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



. 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
pl asma cWANR&I8SP5 | i d havi ng an annul ar refl ector desi gneRCT/BSKIER6 an
injected gas toward the center of a wafer being processed. Plasma =
processing is typically conducted in a parallel plate reactor appaiats
wherein the reactor volune is defined by a pair of closely spaced el ectrode
pl ates. Exanpl es of parallel plate plasma processing reactors for WO
02/ 31859 PCT/USQA /42611 o ~ ~ a ~ 200 processing sem conductor substrates!
such as silicon wafers are disclosed in4dJ. S. Pat. Nos. 4,960, 488;

5,074, 456; 5,569, 356; and 6,073,577. The use of planar electrodes in a
paral l el plate plasma reactor, however, can result in a non-uniform;

pl asma densiitw: Snriatic ; §ﬁR§ ' I | asma
density in §h¥ﬁgepgg?3%@near %ﬁgﬁg%%ékggst e ?%g???gigﬂ?gﬁ#gggn%ﬁgﬁpthat at
the center. Thug, using a conventional parallel plate reactor in a plasna
et chi ng proé@%?ﬁﬁgﬁwresult in reduced etch rates near the edge of the
substrate bei ng processed. Shaped el ectrodes have been disclosed to inprove
uniformty in plasma processes. See, for exanple, Mundt et al. (U S. Patent
No. 4,297,162)) Kimet 10 al. (U S. Patent No. 5,990,016), Mallon (U S.

Patent No. 5, 628, Sﬁﬁ)etcl@ﬁg?de%ss_ﬁ‘éanadften(ﬂé-éadelzﬁbﬂ”ﬁfféﬂﬁve ﬁ{)%ﬁg%ﬁ@s,mﬁm i man
(U S. Patent No.b5, 716, 485), Zajac (U S. Patent No. 4,230,515). See also two

commonl y owned pat.ents issued. Mundt. .al . Sa. Pat eni .. 9,472,565 and
0S. pat ent RpBENERLY gtV ik e spaipalbefly okt SoBbEHogvRIa
invention provides an electrode for use in a plasma reaction chanber. The
el ect r ode hagiching'eenmbinepdeenengetin etching effepts of the plosmaa withsthe ghemaical t hr ough
whi ch process gas can be delivered froman exposed surface of the

el ectrode, AetcliiRpeffect!ofché g4s. | Mowewes] maf¢ thémibally adiveQigehidhape B&dn ode and
extends at |east partially around the central portion of the electrode. The

step can en glg;ﬁ CTIusQ/:~2611 0 3 J il L 2003 the
density of P@g&g oa%aﬁgé%cge% jaézgeﬁ‘?ei{?he exposed surface of the el ectrode.
The central portion of the electrode can be substantially planar. In a
preferred

'

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 disconﬁnuiﬁes or irregularities in the plasma discharge



.enbodi mrent, the step is |located inwardly of an outer periphery of the |
el ectrode at the el ectrode extends beyond the step. sent |
i nventi on“ggjésl%'légr}ovi des a nethod of treating a sem conduct%&”@%ﬁggljte inta
pl asma chanber. The nethod conprises: supporting a substrate orﬂ-a#ﬂom}om .
el ectrode; supplying a process gas to the chanber; formng a pl aés

adj acent an exposed surface of an upper el ectrode; and processing the ..
sem conductor substrate with the plasma. The upper el ectrode has a central

i 10 portion and a peripheral portion which includes a step projecting from
an exposed surface thereof and extending=~at |east partially around the
central portion. The step provides a predeterm ned |ocalized plasna density
adj acent the exposed surface of the electrode. The upper el ectrode can be a
shower head elsystemo ducthasvpumping perts, mody also affent the densisy of the plasma bging out | et s
for discharging the process 15 gas into the chanber. The present invention
al so provi des%&eﬁke@smo@mﬁﬁmwe{%d.use in manufacturing a sem conductor

devi ce. The plasnma chamber includes a top el ectrode and a bottom el ectrode
havi ng respective surfaces facing each other and spaced apart from one
another to define a gap therebetween. The bottom el ectrode WO 021 31859
PCT/ USOL/ 42611 0 3 JUL ?~03 _g_ conprises a substrate support. The top

el ectrode i ncl udesSiace tigtintggragegraifcals fabrication pegsess i jquie sengitivedmbath

peri pheral portion thereof and extending at |east partially around the
central portiputiculite and Bperfityeoh@niiitionpeven drbdraiepatitilaeimithe apbmalia
formed adj acent the exposed surface of the top electrode in the step

regi on. Ehe 5 | TGl i t q tom
el'ectrod-eE ) T%S(e*e ggfnrel ?3“‘%5?95%? N 8#%‘%?%?‘8% W?Wﬁg?ggée)ga%gu? e‘éupper
el ectrode toatg%ce)vi de a predeterm ned | ocalized plasma density adjacent the

exposed surf tehing Rprogess c (ansreuently- it ispficpidesirable tocopfine thepaREKo 0 The

invention will now be further described with reference to the follow ng
figures: Fl GUREaieh whiohds immedigplycovep pad areuad theowafen sutsstrelten gFércexample,
enbodi ment !, of the present invention wherein the electrode is nmounted in

a paral | el pl guPlidd .S, PuBAPROLG 74D dRtGhEFar kbR PulPaflihgll Of Lhe

waf er edge region of a para | 'asma appar at us w an i ntegral
step accordin o .anot her, enbodi nent of the i invention; FlIGJRE 1C shows a
et ai I of t heMIIPHRE GBS il dag seise, s PGB 8 CoRt MBORAIE S i < h
separate step having an adj ustabl e thickness according to 20 anot her
enbodi melt of which tend, tonescape; from i plasgd d@dng 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



: |
PCT/USQ /,42611 0 3 ,i iJ L 2003 _g_FIGURE 2A shows a detail of the wafer
edge region of a single wafer parallel plate plasma apparatus accordi ng to
t he i nveniymer/31839GURE 2B is a graph showi ng the etch rate g m@ﬁross a
waf er for a bl anket oxide etch using the arrangenment of FI GURE 26 V\M &n
8.6 inch ID5 stepped upper electrode conpared to an etch rate p é Ll
using a conventional flat upper electrode; FIGURE 2C is a graph show ng the
effect of the step on the etch depth of etched contacts in BPSG havi ng an
etch width of 0.2 mcron and an approximtely 9:1 aspect ratio; 10 FIGURE'
2D is a graph show ng the effect on the gtch rate profile of changing the
anount of bevel on an edge ring surrounding the wafer on the | ower

el ectrode; FIGURE 3A is a graph showing the etch rate profile across a

waf er for a bl anket oxide etch using a one-pj.ece Si Iectrode
VNG o5 8. Provsrng SepBoudistot s pubh &5 HIGCR arest 6 fieripich 1oy

conventional flat Si upper electrode; FIGURE 3B is a graph show ng the etch
dept h of et cHRat. Noht426(5488; BOBGiﬁsii;‘@ﬁQ,Bﬁﬁ;@ndép@BQETBi The appefiplamgrer !
el ectrode conpared to a conventional flat Si upper el ectrode; WO 021 31859

PCTI US011426Jelerodedin o iraﬁ&gﬁate pfasinh %Far“ﬁo@é@ﬁﬁ cﬁi‘ré%hﬁ(iﬁ h QHR-uRifbARYE TeNt

i ncl udi ng an upper Si ectr de with a narfow (snal Si step having an

out er peripher I nwar f t out.e er her f the el.ectraode;

B GRe 4B | o B ng?ﬁ@ﬁwﬁm%%&m&%%e&e Siosim: | Tl d?%@le%m £ B 38
narrow Si step on the etch rate profile using the arrangement of FI GURE 4A
FI GURE 4G i s the gegipmhneandhe n@emféﬁesub@tatcomlees thanrthateat plreodenkar. Fhushesing
material of the hot edge ring (HER) using the arrangenent of FIGURE 4A,

FIGURE 5 is & gorivefkicHaPparallel! plste @édchsitin @fplasufPetbiis, g%ﬁo&hm REdt g0 the etch
rate profile conpared to a flat silicon electrode; FI GURES 6A-D are

m crographs ofeqfleatdh faB3 kP the YAGE St theshidbéflg 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 ceniral portion of the electrode. The step can enhance :

}



. |
and 6B ar,e mcrographs showi ng features etched into the edge and center
regions, r ixyely, of a wafer using a flat Si upper el ,

FI GURES Geﬁgﬁ)ggg%yare m crographs show ng features etched ?{é@-}é}% ggiégge and
center regions respectively of a wafer using a stepped Si upper electrode;
and 15 FIGURE 7 is a graph showi ng the plasna dropout pressure vérisdidl 108k
RF power ratio using stepped Si upper el ectrodes having various step
geonetries versus a flat Si upper el ectrode. DETAI LED DESCRI PTION OF THE !
I NVENTI ON The i nvention provides a novel _arrangenent for inproving \
uniformty 20 during plasma processing of seniconductor substrates such as
silicon wafers, flat WO 02/ 31859 PCT/ US01/42611 0 3 .i d12003 -11- i

panel display _substrates, and the |ike. The inproyed _pla rocessing is
Dot eved: by ythdepngof e pleme o aics T e Xsrd Stnehcer ot o BEHGR: o

substrate being processed. Inproved uniformty can be achi eved through use
of a stepped @hecentrad @ortiomrdfithe electpode\cambetsabstantially ptamani e phefemredii f yi ng
the material, 5 shape and/or powering of a hot edge ring (HER) surrounding

the substr at e chigpdicheRf, 46 886§ lodAiéd m%f%%ﬁfe&gerg?ﬁ@ry%%we&ﬂmbhe

present invention nmay be applied to plasha etchin oceésses I n order to
enhance the densi f | as ear the edge of a wafer in a parall el

pl ate plasm F@c‘i‘gﬁegﬁﬁﬁ%@r%@ﬁéng SE%BE a nor ai 10 uniformetch
rate across the substrate. Although the present invention will be described
in terns of its advantages for plasma etching, the present invention is

al so useful for other applications that may require plasmas with uniform

densitiessi such aghelpaesen: iBPaH0S AkoProvidess métRd of dRAARE hisemicefidudid@as Ma
cl eaning. The present invention provides a showerhead el ectrode having a

central 15 porti a | ral Lt A [ nt r ol
2T ocal i zod dEPERR A HaBid URHREF. THE ALY il bbbl SSBurRE 30
portion includes at |east one step in a surface of the electrode facing a
seni conduct or batipselectrode; UBPLINgR ProFess gas e thechpmber; forming aplasmao change
the plasma density by varying the |ocalized power coupling fromthe bottom

el ectrode. Usiadfacentahepposedduifae of aiipper SeibdieParld plockdsingothe , 0 3 JJL
200e | -12 electrode in conmbination with an edge ring on the | ower

el ectrode all %&@fo@ﬁ&u«%ftﬁﬁi’aﬂmﬁ%ﬁé pR&8A S THRupB A LI Qtodd '3k a'cBftefld9€ et ch '.

rate.” By using eren

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



- - |
|

materials, for the step and edge ring, the degree of coupling through the
pl asma in the edge region can be further adjusted. Additionally, various
geonetri c woatprsss 5 of the step and edge ring can al so bepgRgishi/ed11 ©
produce a desired etch rate profile. In a preferred enbodi nent, begﬁﬁF%& IS
| ocated i nwardly of an outer periphery of the el ectrode such that"‘t il
el ectrode extends beyond the step. In another preferred enbodinent, the
central portion of the electrode andlor the portion of the el ectrode '
extendi ng beyond the step are substantially planar. 10 The present
invention also relates to a nmethod of trefting a sem conductor substrate
with a plasma including the steps of form ng plasm between the substrate
and an opposi ng el ectrode, the opposing el ectrode having a peripheral

portion incl ugng. lsﬁl?s?a e glg 1 I @ﬁk?;{] : nsity
of the plas rrauéua Fjgésgge%t et"’g@?’i’g‘%‘e%ﬁ F '?Fgﬁdéo?‘%ﬁqugﬁec r ﬁgmﬁ:%édjg .
allowing for control of 15 the ,edge etch rate of the wafer. The stepped '
el ect rode accHUFRIPIOIFHBE f1am p pepbaral pRriaR thereefrand extending atileastpaHal s
First it allows for the |ocalized enhancenment, or intensification, of the
pl asma densi t sronmhthetcentraldwetiod. The siep taffects teeiloalizedadensity obtheypddsara dur i ng
pl asma processing. - The shape, dinensions, and | ocation of the step by

sl T or 1 o Ak exdsRil R0 42900 elecflod th fd shepfiBncoRer at i on

wi th an edge ring g%{aa Lower “e ectrogée) supporting the subs e may be
optim zed to proyide unifor t chi for a variet f different ocess
Fogi e ur t Hamhr Gan s Tk ik a8 e mountgd o s Bon eleCipd o Bhe S0
significantly affecting other etch characteristics such as the etch rate at
t he center of ringeamedtdn comjnnctionswitly fhecstep ex theapper eleatrede touprovide@ f or nany
different electrode materials and process gases. In the present invention)
the etch rat epaaerhined GStaRz<d pladifa BesRY alfcorthe expdRed BrfaRrofithg t he

| ocal i zed power coupling through the plasnma. Nanely, by placing a step or
proj ection on %g?&&lepper el ectrode, nore of the current is 10 ' coupled

t hrough t he pF in the region near the edge of the wafer. The step on

t he upper el ectrode al so causes the plasma sheath to conformto the profile
of the step which helps maintain a nore uniform plasnma density while
increasing the energy of the ions in the edge region. A shower head :

el ectrode i s BRIFRDESCRIPIIONOF EHEDRAWANGS!t may be used 1 S according .
to the present invention. The shower head el ectrode preferably includes, ;

I | f . . ' .
St acosi®? the el AP afoff iffachy'Vs REHEEBRABRTSHA iefbhectiind Kibwine
portion of th%gereg:nt surface

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;



for discharging a process gas in an area near the front surface of the

el ectrode. ipheral portion of the front surface of the r. head

el ectrode ‘Xér“?’gtslﬁ%s the WD 02/31859 PCT/USOL/ ~2611 0 3 ~HQ%H'§§§4~2~6"- 14
central portion of the front surface. The step is |located at the @%rym_hm}al
portion of the electrode and extends at |east partiially, preferably i
conpletely, around the central portion of the electrode. The step controls
a localized density of the plasma formed adj acent the exposed surface of
the el ectrode. A preferred plasma S reactgon chanmber incorporating the I
st epped showerhead el ectrode is a sem conductor etching apparatus. The top
el ectrode may be forned of any suitable material such as graphite, silicon,
silicon carbide a |y hu The . st, y an integral part of a

nonol i t hi ¢ one-pi e p%bgﬂ(@’fse%g‘?%‘ggfa’g.‘ﬁﬁgr ?F&@HF&'@E Ogra %‘Eﬂ‘%?‘ﬂ#‘?e f or med
in a 10 single piece of material) or may be nmade as a separate piece and
bonded (e. g.paraiieimpldie plagmoapparams agetirdingte e inventimnher wi se secured to the
el ectrode surface. The step may be nmade fTOmthe sane material as the

el ectrode or from giGRESERta gﬁfjﬁ_ﬁﬁcﬁbiﬂgﬁe &ch batk Bf'bfﬂé Qo5 Yafdr¥8r &t €p
insert may al so be made from materials Such as graphite, silicon) silicon

carbide or al gmpum.. ver he ste Y. e fro i el ric
materi al s sucﬁﬂ]&ige%(%gf;? ¢ ?ﬁp%ﬁlgtaﬁgpgﬁpgq%@; &-ﬁg%‘givﬂl, ]imngﬂ‘; lcnﬁﬁibnventi on,
the step on the upper el ectrode has an inner surface adjacent to the
central pbrti $epred upper eleeiradesomparediotansighstats profileusing aconvantipngflag| | el
to a substantially planar central portion of the el ectrode and an outer

surface opposupperielewbtéter surface. The inner surface of the WO 02/ 31859
PCT/ USOL/ 42611 0 3 JiJl 7~~~ -15 step is preferably inclined so as to form

an obtuse angle w A t beal | rfi on of
t he el ectrode. Theﬁs‘qg&%p?gﬁs %ggﬁﬁgw%ﬂgéﬁtggg%ﬁ%gﬁni?lﬁ@%t{:lg%]le P tge
cross-section. | n another preferred enbodi nent, the, inner  surface of _the
step forns anc%hefd @%ﬁctSﬂsz?Sﬁ heving agcichwidth af @ Ramisran and ameppIoxignalynar
central portion of the top electrode and the outer surface of the step
forms an angl 8:lodsp8¢t rato;90 degrees with respect to a plane parallel to the
substantially planar central portion of the electrode. In another preferred

enbodi egg of the pRYERE 91is § oFRiAGwA e bt th e SRAT GRFHRIGE Substrat e

in a plasma chanber 1 ncludes the steps nmounting a 1 rate on a
| ower electro di schargi n rocess gas into the chamber, fornm.ng a plasna
bl aeent an oshineig 88 il bErGR of i B mHGIENE BF Siatecen e pge

electrode;

pat

Y

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;



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

peri pheral portion including a step projecting froman exposed surface

t hereof am exdiesedi ng at | east partially around the centrabcposei/asll The
step geonetry can be tailored to 1 S provide a predeterm ned Iocggié@%
density of the plasma forned adjacent the exposed surface of the &l tp(gdﬁ.
I'n another preferred enbodi ment, the sem conductor substrate conprises a |
sem conductor wafer and the processing step conprises etching the j
senm conductor wafer with the plasma. The showerhead el ectrode is preferablly
electrically grounded and the bottom el eqprode is electrically 20 powered
during the processing step. WO 02/ 31859 PCT/ USOL/ 42611 0 3 JiJl 200 -16
In a further preferred enbodinment, the plasma is fornmed in a gap between

t he shower head el bot I rode ar .urt her
conprises the steggf%ﬁﬂﬁr@gg?o@r@n%g%eg e ?fﬁgﬁcé\a&ig%gﬁlpgﬁeélout of the
pl asma chanber and transferring a further sem conductor substrate_into the
pl asma chanbedlecrpdesvigh e gaxrpw (el OR)Sistap nying amoueroperinhent araeed ed

enbodi nent of the invention, a plasma chanber for use in manufacturing a

sem conduct oringiavdly of ilecouteiegeriphtBiofahe elec@dde;and a bottom el ectrode havi ng
respective surfaces facing each other and spaced apart from one another to

define a gap. The URE t i t. rte...Jhe 10
top el ectrode corrpﬁéées a%%%é%ﬁﬁgocr {ﬂllélﬁﬁegﬁffﬁgﬁg&%pﬁﬁggéie&giiat&fathg

peri pheral portion of the top electrode and extending at _|least _partially
around tRe ceRATFOW Sp&tppioaﬁhwcbmtemglawr%mms?@e@ie%FfQ‘ﬁkﬁdf ) a

| ocal i zed density of the plasma forned adjacent the exposed surface of the

top el ectrode. |a BIGURE 4(Qisdf graphdhewingdhereffect oh etdherapd profie oftheber, the
top el ectrode 15 is grounded and the bottom el ectrode is powered during

processi ng. I_H‘\éﬁ: t ‘C‘t"F{f I@UI%M om

el ectrode can e¥glr 8E%e]g)t§é1%rt e&?%%) g@e‘%?&oﬁgﬁﬁ%g%g%tgéfp%mre . WO

02! 318i 9 PCT/ UsdA / 3J0 003 -17 Jn another .preferred enbodi ment,
the bottom el ect roﬁﬁ#ﬁoﬁé“ra #hae ﬁﬁ%‘gmﬁ "é%ﬁ&?cftio 1Y "éﬁi&egﬁaﬂqf%ﬁ’rlﬁ%undi ng
an electrostatic chuck (ESC). The edge ring is a replaceabl e conponent

whi ch tends t eicheateprofilstcomparedgo arfiat sliconglestrode;substrate and thus is
referred to as a hot edge ring (HER). The edge ring may be nade

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



S from canductive el ectrode materials such as SiC and silicon or from
dielectri c“@& Lal S such as quartz. By changing the edge rj iLal,
the degree o Z%E%I ing through the plasna can be tailored tﬂﬁgﬁ]%@g‘{éla
desired |l ocalized "edge" etch rate at the outer portion of a subs(tgpﬁatilI

er & 1003

bei ng processed. SiC, having a | ower capacirive inpedance) wll g
produce a faster edge etch rate than silicon. w 10 Quartz and ot her

dielectrics will have a | esser effect on the edge etch rate. Several of the
drawi ngs di scussed bel ow show graphs of ei h rate - ; uniformty using !
st epped and conventional flat upper el ectrode arrangenents. Fl GURE 1A shows

a cross-sectional view of a parallel plate plasm apparatus according to
the invention. The upper electrode 10 has a step 11 in a 1 S peripheral
portion ther eganeldisplasy substrates,andiths liks Theimapreved pldyma procgssingiissi de
dianeter (OD). A substrate or wafer 1S is nounted on a substrate support 19
i ncor por at i ng sRRiefbE By MOAIMinghé Plasiha BensitySh Qiperiphaa] Fogitsi 6Bthe sabkpey t al so
i ncl udes an edge ring 17 and coupling ring 18. "The step 11 includes an
inclined i nnery

the wafer 1S aﬁgﬁ@{%ﬁw8%@;&%@%&@}?@?ﬁfe&&@@&k&f\%ﬁﬁ%&%@pﬁé82& er

surface perpendicular to the wafer 15, the outer surface being |ocated

i nwardly fromedestiode e Fupher imprpyenagnts ¢an b eiiaipediby mpdifying ke mageridlons a
detail of the wafer edge region of a parallel plate plasna apparatus
accordi ng5t o ahapy addéor goveitigne hatfedgdting (MER) suirowelig tie. sublieatdSbeipger

el ectrode 10 is a one-piece nonolithic electrode with an integral step 11.
The step 11 hﬁﬁ ﬁesk&i ckness (t) and an inner surface 12 which fornms an
angle (a) wt ? e central portion of the upper electrode. The step al so
has a bottom surface 13 and ‘an outer surface |4 which fornms an angle (y)
with a plane parallel to the substantially planar central portion of the
el ectrode. As in the enbodinent of 10 FIGURE | A, the step 11 is | ocated

opposi te the edge rThegstdpped felectible acCosdingvo thepeésent invéntiomemmpabde applikdeto
region of a parallel plate plasma apparatus according to anot her enbodi nent

of the presentgyii hi &itaf i d{d‘ﬁfaﬁ? med
by a separate %ﬁﬁ%&ﬁ%&{%@&ﬁmiﬂg%gve Eg@tlhéngh%i@n e len |%€&itﬁggaﬁ1e ,
exposed surfaceg of the upper electrode. 15 The separate step 30 fits into |
the groove 32 YHYB 5]‘%358”?]1" ?@%%@@Dﬁ’a@ﬁ ﬂ?%gctf’rfgﬂ&meﬁn’é‘oﬁi cknes's
of the step 30 relative to the exposed surface of the el ectrode can be

adj ust ed 18y aruniforoogtelr rate acrosmithe sebstnate. t Ahonghphe presengrineentiopavilllhg 33 in

t he upper el ectrode. The position of the actuator 31 and hence the | step

t hi ckness can dd3tishdiEinasintsoeits ddvamtagds foﬂ%ia@m&%tdﬂ.&xgs, @ praSerk ¥nvenfiBE BANI SM |
WO 02/ 31859 PCT/ USOL/d2611 ' i 0 3 ,~UL 2003

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



|
-19.controlled fromoutside of the process chanber. This arrangenent allows
for the effective step thickness to be adjusted w thout repl acing either
the step wo édmssntire upper electrode such as, for exanplEcT/dan2eil ,
processing different substrates and/or using di f f er ent process gad 3 JULHML
chem stries. Further, by using this arrangenent, the 5 thickness of the
step can be changed betmeen steps of a nufti-step plasnma process (e.qg., |
dual damascene processing) w thout opening the plasma chanber. FlI GURE 2A |
shows a detail of the wafer edge region of a parallel plate plasma 1
apparatus according to an enbodi nent of _{fie invention wherein the step
extends to the outer edge of., the electrode. A semiconductor substrate in
the form 10 of a wafer 22 is nounted on a substrate support 26 using an
el ectrostatic,chuck.23. Jn. .the.enbodi ment s t h f.er_has.a di aneter
of °8 | nohes. (KA OHRT cambiRpien Fih 38 35eCTing of th Bt SsrHBHEALRRE SR fBent § on
is also applicable to wafers or ' substrates of other sizes. For an 8 inch
waf er, the i revengreateadsgree qficontrelfoventhesdge ekh raten By usiag differents i nches
such that the step 21 begins approximately 0.3 inches 15 beyond or outside
of the edge OhatkHfls & @k s anafeaﬁ Hep, Bedegmee oficaaplin thiGughRe plaSAlEn as

e

that of the el ectrode (10 5 i nches) ‘and t he step hus contacts a fixed

guard 27. Th nc h_a.novabl e confi nement
g 28 1o 1 dbe eddE el Ene b A é@ﬁ?‘lga@fy FREOE Bipriseip anlfEs
inclined surface formng an angle (ag of 1SO0 degrees with the exposed
surface &f t Hef the step apd edgemeing oan also be medifisdrmsedudes @sméetchdnf@s A
gquartz coupling ring 2S and a silicon hot WO 02/ 31859 PCT/ USCOL/ 42611 O 3

J iJ L 200 - 2rofiltgelnrd prefetfedsembodiment] the stepistiocated] msapdlytofa6 oufere i nner |
surface of the edge ring is beveled to forman angle (3 wth a plane '

per pendi cul ar of
silicon and t%égfbg%@e()qug %fecﬁ:ﬁ%%mﬁﬁgstha gqgeeépia dge%x?érﬂd%mgyoﬁéjﬁse SSs cS@ed (via
any suitable technl ue such_as, bondi ng or _ nechanic 5 attachpent) to the
upper el ect r odftotherpge Eﬁaemom%rthﬁﬁ@“iﬁ%ﬂ@&f %FWQ%%%ﬁhﬁt ed using
a dual frequency parallel plate plasma etch reactor. In all cases, power
(dual frequenportioh ofilre elmttddedxtenﬂiylgﬁ)eydﬂnbthb@Wprarelsehﬁtmﬁdﬁyqﬂuilat.he upper

el ectrode was grounded with a gap between the el ectrodes of about 1.3 cm
10 FIGURE 2B is a graph show ng the etch rate profile in a bl anket oxide
etch using the arrangenent of PIGURE 2A () conpared to a bl anket oxide etch

cdge r ol ana. quar The BiSERS RiENR Sher R 2o h metBod OF Refifesd sedtiductitoul

under the follow ng
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. FPirst, 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



|
condi tions: 1500 Watts RP power at 27 MHz; 1100 Watts RF power at 2 MHz; 52
15 mlorr chanmber pressure above the wafer; 135 sccm argon gas; 15 sccm C4F$
gas; 10 scé’ﬁ?@%’@gﬁb; -10 C tenperature of bottom el ectrode; PEHYSEHF26Hcond !
process tinme. The graph shows the etch rate in Angstrons/m nute a§3au '
function of |location on the wafer surface neasured fromthe cente 0\1 LtZ,QQ}
wafer. As can be WO 021 31859 PCT/US01142611 0 3 J J L 2003 seen fromthe!
graph, the step produces a dramatic inprovenent in etch rate 5 uniformty ’
near the wafer edge. The nunbers beside each plot are the average . ' etch
rate and the etch rate uniformty. Etch rdBe uniformty is calcul ated by
the followi ng equation: [(Max-M n)/2*Average] * 100 where Max is the
maxi mum val ue of etch rate and Mn is the m nimumval ue of etch rate. The
etch rate was cboperatibmedthtyn siige singionta lower elecasdestppottinghe wabstratdbpbe and
after etching using an ellipsoneter avail able from Rudol ph Technol ogies. A
0.5 mm area negl,:.t: : . = ] .
t hi ckness rreas@;uéﬁr%g%q ﬁdﬁ%@%@& g Eeﬂr%\sléan S .%[g‘éﬁfﬁ&ﬁﬁ{:@%@?@é@ﬁyﬁ%_@gﬂp@lﬁl 12 nm
regi on adj acenf the edge exc] usjon region. Masurenents were taken |ess
frequently in l%‘ﬂéheé’é'ﬁ%éheP%PBJ@W*XW@Y\%PBW“M@%ES cgu g&%ﬁaﬂg
showi ng the effect of the step on the etch depth of contacts in BPSG The
contacts have atherétclncharatterisiics Guch asithe etchamd anthelcentyp f the wafeel The: 1
aspect ratio. The follow ng process conditions were used: i 1500 Watts RF
power at Z/ Miga KEMETE .Mﬁff TR essure
above the%mfer;pp%gg%s‘:??%%dg%n gas; f?{o'mégcm C?érlég gas;oaglﬁgég%%i%%ﬂ{gas; -10
C tenperature of bottom el ectrode; and 140 second process tine. WO
02/ 31859 PCT/ UBGEFSS83%F1 | 0 3 JJI 200 -22 The upper plot () shows etch
depth using the el ectrode arrangenent of i FIGURE 2A. The | ower plot ()
shows etch depth using a conventional flat upper el ectrode arrangenent.
Location is nmeasured fromthe edge of the wafer. As can be seen from FI GURE

2C, the step on themﬁeﬁhﬁﬁbéﬂﬂﬂ, tHRCet@PFa@S ndal Shd /Bdde B thé Waferq§ the etch
depth of the contacts by increasing the etch rate near the wafer perineter.

The nunbers beg JE1RAY vAryihg telobdized pohaPEupliSg utSRb e WladilS Kby,

by placing a step or projection on the upper electrode, more of the current is i

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



depth uniformty. Etch depth for the contacts in BPSG was determ ned by
'SEM FIGURE 2D is a graph showing the effect on the etch rate profile of
changi ng e of bevel (~i) of the edge ring for a b j,de etch
usi ng the%ogﬁlﬁgﬁi ons set forth in the description of Fl %ggﬁg%ﬁgit}oye. ,
The upper plot () shows etch rate for a SiC hot edge ring with a &0 Bl @y
The mddle plot () shows the etch rate using a Si hot edge ring wwth a 15
bevel. In both the upper and huddle plots, an 8.6" ID stepped el ectrode V\%S
used. The |ower plot (1) shows the etch rate using a flat electrode and a|
Si hot edge ring having a 15 bevel. 15 A_il can be seen fromthe figure, '
i ncreasing the bevel of the edge ring fr 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 thé
edge than nedzeniTRLDIEAR of ther frppicsupiact., The tep & lpeated pisthe PEEPhOTALPASHORPE | on
the edge ring causes a perturbation of the plasnma sheath which increases
the WO 02/ 3h8%Rci?6dd hifd 8xteddbat leadt Fartially, prefRbE edifplerttys aetund that e. The .
use of SiCrather than Si for the hot edge ring material also , has the
effect of en j . n : . GURE 3A is
a graph showh%%%%@gﬁ??%%&%{r'o iﬁ@{%ﬁcq@ﬂgﬁ%e@fc%ram 1§£<?fdt§éetch usi ng
an integral (qne-piece), Si stepped upper el ectrode (1) conpared 5 to a

bl anket ~oxi devlei@ﬁfq;aeﬁ@d&ce%ﬁg SERaSH purfzcs o e awﬁrd)eeugw?fr@aed plasmgpe
sfep on the upper electrode was 0.125 inches thick and had a bevel (a) of .
135 degr éies. iEaeticn cHambgr incocporatingthe geppedshomerhaadicleptiode isane process |
conditions as set forth in FIGURE 2B. A Si hot edge ring and a quartz |
coupling ri ngséhﬁf:&ld‘!léﬁg.etcﬁh% Satamate in Angstroms/minute is plotted as
a.function of location on the wafer 10 surface neasured fromthe center of
the wafer. As can be seen fromthe figure) the step produces a dramatic

i mprovenent in etch rate uniformty near the wafer edge. The nunbers besi de
each plot are the average etch rate and the etch rate uniformty. FIGJURE 3B
is a graph show ngThet¢ope¢leectnadeanay be farmegd of any suitablectmatesiat snchfas pSaphitas act s
in BPSG using the sane integral Si stepped upper electrode as descri bed

above. The COmiéﬁ,%ﬂ%&ﬁaﬂﬂd@hﬁd‘aMhﬂﬁlﬁn.Of[‘hQ-s%PfﬂJ@’Bé‘aﬁ'iliegﬁlﬁe&@épa(i mately

9:1 aspect ratio. The process conditions set Torth in the description of

FI GURE 2C wer : e [..0l0 Iionofi
| ocati on usi n&oﬁaﬁﬁéc g&eg%géé&gp ;gegteﬁ%:&lgbe%g%ﬁﬁ%ﬂ%{&%&zﬁ?ﬁéﬂg@h& dept h
as a function of WD 02/ 31859 .
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 !



-24 PCT/USOL/.12611 0 3 J iJ L 2003 |location using a conventional flat S
upper el ectrode neasured fromthe edge of the , wafer. As can be seen from
the figureYRBBt egral step on the upper el ectrode increae¥Us¢42611
uniformty of the etch depth of the features. The nunbers beside each plot.
are the average etch depth and the etch depth unifornity. The etch b&ptbh %5}
was determ ned by SEM FI GURE 4A shows an el ectrode arrangenent conpri sing;
an upper electrode 40 having a narrow (snmall OD) Si step 41. The step is

0. 125 inches thick and has an inside dianeter of 8.25 inches. An 8 inch

waf er 42 is shown , nounted on an el ectroddatic chuck 45. The | ower

el ectrode 46 also includes a 10 quartz coupling ring 44 and an edge ring 43
. The edge ring 43 has a 60 bevel (~i). Due to the small outside dianeter
of the step, tsey i preferabipitclindibsonan foe an obtusel engle iWfithioespect todest ep 48
and an inner surface of the fixed guard 47. A confinenent ring 49 is also

shown. Using .talﬂﬁ’ﬁ]] . (s W 3o I ] bl e
pl asma under t u§§proc g@%r?ﬁﬁ'??ﬁé@e@@%%@%???ﬁ%é %ggbfro?%%lgl@agf

FI GURE 2B. FI GURE 4B | raph show ng the_effect of st i_nsj de di amet er |
on the etch r ee“%?iﬁ%ﬁ”‘?égogéﬁ%n%?nq}hermrﬁigiﬁg&%ﬂllboihmﬂén{bﬁt |
thermal oxi de wafer was etched using the sanme process conditions as set
forth in the danersurfaceof theastepPioGniREn 2hgle o 2@ dy 60 degyeesawith itel i n bot h
cases, however, was Si C rather WD 02/ 31859 PCTIUSOL/. 12611 i 0 3 ~~~

2a03; - 25 g hangs i I agpg i

bot h resulst edrﬁuﬁhgﬁaﬁg@ a?zgsc?ﬁ%‘?lodfa {?%IF&IL&% Oe(lsdr:@ﬁ%nggtg% gg‘?r ﬁg&%%?r?,tﬁ o
produced a | ower ogverall etc at | GURE.4C i s a graph show n he effect
of changing t‘é@e i an(gie &ﬁ{g @egé’dgsfqﬂﬁ Wdé‘rﬁeﬂ?ﬁcéf"é Sﬁ“ﬁaéﬁawgtgﬁﬁ%l anket
thermal oxide wafer was etched using the process conditions set forth above
in the descri piubstangallyplaurrcensal pongoreofibe elegode.r angenment of FI GURE 4A was
used. The lower plot () shows the etch rate profile using a quartz hot edge

ring. The upper plot () shows etch rate using a Si C hot edge ring. The
dielec,ix~ic quartz edge ring reduces coupling at the 10 wafer edge and

The- elge-to- edge nolt GG er8b Bnpfaigal Gt B 15 bubnra eRRg Yt At ®er o1
or non-uniformcaontact of the step with the upper electrode. FIGURE 5 is a
graph showi ng $amiceRdustor sybsteaie:in 3 plagma chamber duclyudes dhg)stepy pfomounting 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.



f.or a bl anket thermal oxide etch using the processing conditions set forth
above in j 15 the description of FIGURE 2B. In all cases, a Si edge ring
with a stapgaysisdd degree bevel and a quartz coupling ringpegi€olsRe: The |
step was nade of Si and had a thickness of 0.1 inch. Wth an 8.25 i nch |
i nside dianeter step on the upper electrode (), an edge fast profi 0ed #2003
obtained. Wth an 8.6 inch inside dianeter step (1), a substantially flat
etch rate profile is obtained. Wth a 9.0 inch inside WO 021 31859
PCT/USO /42b11 0 3 J iJ L ?003 -26 dianeter step (), the effect of the step
is reduced significantly and the edge etgp rate drops off sharply. For
conpari son purposes, the etch rate using a conventional flat Si upper

el ectrode (1) is also shown. FIGURES 6A - 6D are m crographs show ng
features etched ingo | anket S therjmal oxide wafer, In_Fl GURES 6A and 6B
Lhe Teatures ver o e BEEReE BreRerre anie g Sl Ase S oFREE Bk ERE PRCSAT |
upper el ectrode. FI GURE 6A shows the etched features near the edge of the :
waf er and Fl GbhREhéRerhbad\sletitoeleand hdmitbrrelectemieramdrthe methodf farthelecomprisess can
be seen from FI GURES 6A and 6B, the ' edge features are not as deeply :

etched as thepgg Ebf&%ﬁétgx‘cr:&gntgé’&rﬁieoﬁd&%tdr%‘dﬁguﬁﬁﬁt&ﬂhé ARfamb&e €dge

of the wafer. In FI GQURES 6D the features were etched using an upper
el ectrode havi an_0..1 in t hi ck step havi a_8.6 inch inside dianeter.
I GRE 66 oot riBtliiBe adtrbéneionnidier fifistidentthe phimp.danbi S ™ he
stepped el ectrode and FI GURE 6D shows the etched features near the wafer
center using emnfe the byt elecwede ode. As can be seen from FI GURES 6C and 6D,
15 the edge and center features have been etched to al nost the sanme depth.’

FIGURE 7 is a graph showi ng the dropout pressure versus the RF power ratio
for various step geonetries. Dropout pressure is the pressure bel ow which

the plasma can no |0 e | . . ratt o is tio of
t he amount of powe*Il g%)ﬁ?r&aeéﬁ%é %@%@%&pgf @HB@%{O& ggiagp&f&éﬂ@?[ 27 MHz
over the WO 02/31859 PCT/US01/42611 i 0 3 JUL Z003 -27 anount of power
appl i ed at a PiedguBaaciring apemicqngucios slevicgdncludas adiop elegtrade pad a bettomsper
el ectrode geonetries set forth in Table I.

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.



Table.l ,5G ap hEl ectrode , pypeStep Inside D aneter (inches)Step Qutside
D anet er (‘gQ((‘)Q/g%)‘St ep Thi ckness (inches)Separate Step8.610. 35, 1l nt e9ral

St eps. 710. %8 ¥38Pht egral St eps. 810. 35. 125Separ ate St ep8. 69 PETFRR/42611 |
El ect rodeNl ANl ANI Al nt egral Step8.89.5.125 As can be seen fromthe plots in
PIGLTRE 7, the stepped upper electrodes with the smaller outside @ggnft @rq
(9 and 9.5 inches) allowed the plasma to be sustained at | ower pr H d 3|
than the |large outside diameter (10.35 inch) stepped i 15 upper el ectrode.!
The space outside of the small OD step on_the upper el ectrode provides !
addi tional volune for the plasma to occu‘a]‘ It is believed that this
additional volune allows the plasma to be sustained at | ower pressures.
Table Il illustrates the inprovenent in etch rate uniformty that can be
realized with a sthppmthergpeferred embodident che boitom elestrotie fyrthes éndudesaent i on.
Three 20 different types of wafers were tested: blanket thermal oxide, :

patterned thegiipict edi AiflsRionaIReHn Y dchroslia il (HAENMInedpE 3l a" %

measur enents were nade 02/ 31859 -28 PCI/USOL/ 42611 o s ~U~ p3 usin

an el lipsoneter,wth neasurenents .taken.al on i aneter (ed t o, edge) o

he wa or . BpeaEbThie FRERNER Hsh TR PSR Sl UShe bt bt '

measurenents taken along a radius (center to edg%). Patterned thermal oxide
e

waf er measur efshthvs igerefernedite agaihog edgeoring (HERYt dhezdge vieg aaybeemadeige t o

edge. 5 The stepped el ectrode was a Si electrode with a 0.1 inch Si step

havi ng a pevekrohfdondhictiriel&Reie SfateriadfiRh sk SIC GAd SAicBn dniffdbi delectrid) |
Waf er# of pointsFlat Electrode8.6" m StepBlanket Thernmal Oxi del8f 10 %.

per cont ages. oRPRAopeR s AEE B cfaibind b edpd oA Bl 96,0 0 T

foll owi ng equati on: [ (Max-M n)/2*Average] * 10Q % . 15 As can be seen
from Tabl e || coupliag through theplassaaganche tailered te peovide;n desicedloralizediedgeds t he
etch rate uniformty. The inner and outer surfaces of the step wll
preferably beewhritequdedoiter portion ofa sutgtrardussing prooesstd.o 8iOhavieya Idwer
el ectrode and the top of the step. In a

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 parailel to the wafer 15 and an



WD 021 31859 PCT/USO01/:42611 0 5 J i1l1l. 2003 -29 preferred enbodi nent, the
stép has a trapezoidal cross-section with the inner and outer surfaces of
the stepwmoniiagp an angl e of 90 degrees or noxe with the pobwseimenl |y |
pl anar central portion of the el ectrode. However, the step may haﬂdﬁJﬂEE@
cross-sectional shapes. The inner and outer surfaces of the step

have 5 to be planar but nay be concave or convex. The step may al so have ja
non- pl anar upper surface. For exanple, the step could be triangular or |
hem spherical in cross section or may adopt sone other configuration

i ncludi ng conpl ex curvatures. As noted algove, the inside dianeter or

pl acenment of the step relative to the i z edge of the wafer can be adjusted
to achiee a desired etch rate profile. The inside 10 dianeter of the step
may be | ess e t | acenent of
t he step can&ggp%‘é& %I? ?%8%18‘(5:18%{%%%?{ act;#ﬁ"t'%g&t‘ eélﬁ%arcgcb gs lggart%crr;et ers to
provi de the deS|red etch rate proflle Q. her paraneters for determning
etch rate prigwardy from an é’u@ﬁgegﬁkﬁﬁlofﬂ@ql@ﬁ@?e@ of the step (such as step
t hi ckness 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 fromwhich the edge ring is nade al so affect the

etch rate profil ﬁ&gﬂ mat eri al
of the step and teﬁeéggﬁemr?%?@ coug%eluﬁ%ﬂégdgt%%éiggﬂ\f%ﬁ?&i ﬂgﬁe can be
varied in the wafer ed ere on. .Far exa |ft derl

dielectric rrB]?gP‘ilaPPaé'@gﬁa%fé’ gie 2 gh ‘%n*t ﬁ}hﬁugh .
the wafer than the edge ring. If, however, a m)re WO 02/31859 PCT/USO O'3
~u~ 20035 i - @ppeteledtrode V@ imamone-pice monhlithic elettraderwitl as integrahstemibi de i s
used as the edge ring, the power can be coupled to a greater degree through
the edge ri ngn@sedaliings hidRnets(§land 3 Itk ShARLOIDRhMATBr i BhAE(gpPdes 1 n

the parallel plate pI asrra apparatus 5 has a significant effect on the etch

rate profile_i CGener a ncr e s, the
Step on t he. Miabd Gealtal Bafioh e MEPEF cliotce o Tpb o AR 4sch Bk aﬂi‘aﬁge etch
rate. Using stepped el ectrodes at very small gap w dths) however, may
result in pl A3aad pmoutesisnifaceckt whichifernasiapangle (Yrwitksa|plane panallsl to e |
appropriate gap width depends in part upon the gas pressures enpl oyed
during 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 |



10 processing. At higher gas pressures ( > 75 niforr to 1 Torr), the gap

w dt h may, nple, be in the range of 1.0 to 1.5 cm I r |
pressures Wzlﬁé}g mrorr), a gap width of 1.3 to 2.0 cm na?%gg%ﬁ@ip?g" i
appropriate. The gap width can al so be adjusted in conjunction with the
frequency of the power applied to the el ectrodes. Lower frequenci@®$ JUavg] '
been found to be effective with larger gap 15 wi dths and hi gher frequencies
can be used with smaller gap widths. Although the step as shown in the i
Fi gures extends conpl etely around central éjorti on of the front surface of :
the electrode, it is also possible to inélrt]de one or nore steps which
extend only part way around the perineter of the el ectrode. WO 021 31859
PCTIUSO1/.t2611 | 0 3 ,t il L 2003 Suitable process gases will depend on
the material Gentefledifcom @utsids ofthe peasess chambere r This arrngemens allows fomthexi de,
t he process gas can include Ar, ~2, and fluorocarbons such as C4F8, C3F6

and CHF3. Thesffectidieatdpathickass 0k ndpeiwitiopmt rephiokigesithef tHet diéy or thBengs nay
be changed during the etching process. S Wiile the el ectrode has been -

referred to a ' ' Lgur LDy . B ode,

t he apparat us ﬁgg%eegécg%ﬁg gh%}blrl\%tef ?ﬁé:%ﬁe; uv@%nﬁg%esélﬁg dls ué&g%t;@!} gfatt)eesl Anng%el{ ched
is held with its processed side facing down rather than up as shown.

O anpi ng devi GSREHEeIRRIGACEss Zap ehemistrigg EHrther, by vsing thisiarrangementnthe: i on.
Further, substrates having shapes other than circular wafers can al so be
processed510 ukickmess oftherseepecan berohangaddbetweBnesteps @b aanultirstepuplasma proeessr ode
woul d, however, generally conformto the shape of the object being |
processed. Al u i js i i connecti on
with preferr egagh'bg&glglt &néﬁ?ié‘?fgﬁ°§%§§iﬁ%?1?‘%8?%@§§g? g%?%? gg B&Phose skilled
in the art that additions, deletions, nodifications, and substitutions not
specifically described i 15 nay be nade w thout departing fromthe spirit
and scope of the invention as defined in the appended cl ai ns. WO 021 31859
PCTI US01/ ~2611 0 3 FIGURE 2A0d®ws a-&ilgfahe waferiedgereegiosof 4 pavallelplader head
el ectrode for use in a plasma reaction chanber, said el ectrode conprising:

a central por tpiffia a'_pﬁ aflstdcebiding @f and@sbddithéift lof thelinvBRicneWhéerdin Oklepon Of
the el ectrode through ' which process gas can be delivered froman exposed,

surface of the_e rode;  an P proj,ecti ng..fr he € S rface of
the. ol ect ode e K B8 et 0P oF HERRBHE” L e rblllog SpREBRT Biing i °© ©
el ectrode and extending at |east partially around the central portion_of

t he el ectlPode, oftajeates %?g iscwaunted o gpubstraie SUPPEZOdsing an electrogtaticiehugh 23 m
fornmed adj acent the exposed surface of the electrode. 2. The el ectrode as

clai med in cl dnrthd embbdinennsidvwen, dleeivafer haos tiaakterfof Briackds(200 ame). | & will
substantially planar. 3. The electrode as clained in claim?2, wherein sai d|

step has an inpej (ﬁﬁ' RE : : I [ el ect rodel,
a bottom surface pgﬁdggittgcfi?} ally ,ﬁﬁt&?ﬁv?@(ﬁﬁgﬁ{sﬁg@g{)@!ég@i \?éﬁe*s;ﬁ pl anar i
surface of the Bty S oms stz Rof'an's fich Wates, 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 |



opposi te the inner surface. WO 02331859 PCT/ USOLJ42611 i 0 3 J il L 2003
-33 4. The electrode as clained in claiml1l, wherein the step is |ocated
inwardly fwoo2/siae outer periphery of the el ectrode such thgergse@dbion of |
t he el ectrode extends beyond the step) 5. The electrode as clainmed_Ln claim
3, wherein the inner surface of the step 5 forms an obtuse angle wohiUL 2001
respect to the substantially planar central portion of the el ectrode. 6.
The electrode as clainmed in claim5, wherein the inner surface forns an !
angl e of 90 degrees or nore with the substantially planar central portion:
of the electrode and the outer surface ohgthe step forns an angle of 90
degrees or nore 10 with a plane parallel to the substantially planar
central portion of the electrode. i | 7. The electrode as clainmed in claim
Z , wherein the step.js an integral part of e-.pi ece nol Lt hi.c stepped
el ectrode, 8. SUERAINS 2 FrERHRI-HLS RYSITRE FupROTE P (HRE NG SRERGE Obe SHgTIRE
formed as a separate piece and bonded to the exposed surface of the

el ect r ode. iadendled 1B fonPoTingde P /withod plade perpendicul20® the avader stinfacel dber ode
as claimed in claim1, wherein the step conprises a separate piece novably

mounted in a ﬂ;gllﬁg\é&c&adé he iShasd sOHRcontma thddbp DINi€ Kee aPh sépagatS g can be

adj usted. 10. el ectrode as clained in claim1, wherein the step extends

conpletely 5 atound the ntral portion of the electrode. 11. The el ectrode
2Bl & et 1 noBeHadRaSet B ) ff@ble B nisn uity S AR G michnnial s
selected fromthe group consisting of silicon, silicon carbide, graphite
and al umihum atigghmentse thejunper eleeiedeng a seni conduct or substrate ma pl asna
chanber, said nethod conprising the steps of: supporting the senm conduct or:
substrate on a bottom el ectrode; supplying process gas to the chanber;

form ng a plasma adj acent an exposed surface of an upper el ectrode, the

upper el ectrode bet . r | S 3. 0l ity of gas
outlets, and the pﬁgg%ﬁg%@%@ﬁ%&%@g aﬁr%g(gﬁ |g%éh€ﬂﬁ%gcu'e{ 2'g{h?a{lhrough t he
gas outlets; and processjing the sem conductor substrate with the plasna;

wher ei n t he uffgavensy patalishplate-plasma-eteh Feactosodn al caspsdpaweitdughiequenpis) i on
surroundi ng the central portion, the peripheral portion including a step .
proj ecting fr was appliedpndy to therlbwerceledtande ahd alnsupsper eledirode afas lcemmided srithi al |y
around the central portion, the step providing a predeterm ned |ocalized

density -of thg ng%Echeﬁ%@?l@c@@de@%?%mﬁﬁ% gxposed surface of the el ect r ode.

-

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
quariz 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 scem 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 Angsiroms/minute as a function of l

location on the wafer surface measured from the center of the wafer. As canbe



WO 02/ 31859 -35 PCTIUSO011.12611 0 3 J iJ L 2003 13. The nethod as cl ai ned
inclaim in the step is located inwardly fromthe out eri phery,
of the el é@’ r%ggsguch that a portion of the el ectrode exterﬂf&%@?‘ﬁ}lthe :
step. |1'i. The nethod as clained in claim12, wherein the seni conduetgr i3
substrate conprises a sem conductor wafer and the processing step conprises
etching the sem conductor wafer with the plasma. t 5. The nethod as cl ai ned
in claim12, wherein the upper electrode is grounded and the bottom i
el ectrode is powered during the processing step. ! 4. The nethod as cl ai ned
in claim12, wherein the plasma chanber ferther conprises an edge ring
nmounted on the bottom el ectrode, the edge ring including a recessed portion
underlying an outer periphery of the sem conductor substrate WO 021 31859
PCT/ Li S01/ d26 3éer0fr8m, the goaph, #eGp-1#6duces atdeainatic inhprovementrin etchaateode, at

| east part of the edge ring facing the step and cooperating therewith to

provide the pmgf}sﬁﬁm; & Yafriedfe! RO Ahhiber? belile eRliARIOPare tife avdifom™t Nod -

as clainmed in alm-2, ereln the step conprises a separate plece of

mat eri al novably nmounted ipn.a grogve in the upper..electrode su that the
[hi cknass of - EH5 B efh Tafuadoaate, RiFS e Gty e PRlGuRB i« he
step of nmoving the step to provide a desired step thickness. 18. A plasna
chamber for udellowingequatisx uri ng a semi conduct or device, said plasm
chanber including a top el ectrode and a bottom el ectrode havi ng respecti ve

surfaces kacing each other and §MaBEMiIBPI¥Averige]* W0% anot her to define a
gap therebetween, the bottom el ectrode conprising a substrate support, the

top el ectrode hej I ' | Si .0l ural i f gas
out 1 ot ot hr ougPaip ek Bt il v SELCR M, GBI A Al of . 3
the top el ectrode having an exposed surface conprising a _central portion
and a step prdtderatesgThe eigh satp avas getermined byumepsuxing theghicknessof thewaley at

| east partially around the central portion, the step controlling a

| ocal i zed densiefore@hd after edcmgrnsﬂ‘ngrammgssdjnamsawuab& fomadelblphr f ace of the
top el ectrode. WO 02/31859 PCTIUSA 1d2611 0 3 J iJ L 20031 i -37 i ~I.

The plasma chafghoBhiet: % 6?3: it arff'daf et dd}8 oF PY bidter Ris'exBfa8d oliPinkOP

el ectrode is I al

- 10 thickness measurement. Measutements were then taken every 0.5 mmr 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.



20. The plasma chanber of claim 18, further conprising an edge ring nounted
on the bottom el ectrode, the edge ring including a recessed portion

under | yi ngvcpgr/agsdut er peri phery of a sem conduct or substraﬁ@rmmm@q on the
| ower electrode. 2 t. The plasma chanber of claim~ 9, wherein said_step
has an inner surface adjacent to the central portion of the top el @5t~kldxc930$
a bottom surface substantially .,.. parallel tn the substantially planar |
central portion of the tap el ectrode and an outer surface opposite the ‘
i nner suxface. i 10 22 . The plasma chanber of claim 21, wherein both the:
i nner surface of the step and the outer §Frface of the step forman angle
of 90 degrees or nore vmth respect to a plane parallel to the substantially
pl anar central portion. . The plasma chanber of claiml $, wherein the

step conprises a arate nova nted Jn a ove in the top

el ectrode such tha e[‘m!’efﬂféém t%ilgdeptﬁﬁgngt elgc{fﬁor% & f

02/ 3189 -38 PCT/US011: ~2611 0 3 Ji JL 2003 , 2'F. The plasnm chanber of z
clai m 18, wheFIGURERiAd Thejowes plos(®) shews etch depthasingy eanyentiehab Satiepper o tWe
exposed surface of the top el ectrode. The plasma chanber of claim 20,

wherein the plasroie abadb@hents c%ﬂﬁ%&ﬁ@x’eerﬁcﬁﬁﬂi&&%e%?l@i’é%féﬁ Aﬁhﬁnp' asma
chanber of claim 10. whérein the top el ectrode is froma materi al

selected fro the ou |con on_car bi

andal um num R FIGORE AT B9 8 otht Btk clécsion8 Andiislt 8 poftDRRY 1.c
group - i:onsis~ting of quartz, silicon, silicon carnde, graphite xnd
al um num5 27 of the eishalepth ofitherbrntacss by ingreasing thostsharte neae et i ng

i ncludes an 10 inclined surface adjacent the recessed portion. 2$%$. The

pl asma chanbeperitheted. aThe Bumba Be€ide) eddheplot it itieeshepayel Aaedépih ahd aie eittgl e of
5to 60 degrees with respect to a plane perpendicular to a surface of the i

bott om el ect ra ‘

chanber of cl a| m g&fa‘%%{ E&ﬁtdggthsfé{ gfeﬁohg&cﬁgﬂ@ﬁgmom WHBYGH al
selected fromthe group consisting of quartz, silicon, silicon carbide,
graphite and al um num

A A&s. A AsL. Al .A5. A AL+ A L.AL! " A AL( . AE. A" & AY. ALR Al . AhL. AL. Ass. A9. AL
A& . A9. A9l . Al L. AGAIGURE. 21 © AA\gfaph Shévidhg. thy cfibdt.of. the Alch ra® profils of{ " uBuj 9| wg
| gb] X] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca] ca]ca]c<a]c

a] ca] cPa] caU] galbfilhé degie BYb&RYIHof the edge/fing for a blafikdf offide etch using the

10 conditions set forth in the description of FIGURE 2B above. The upper plot ()

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 ﬁ 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
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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 |
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etch rate.

FIGURE 4C is a graph showing the effect of changing the material of the
edge ring from SiC to quartz. A blanket thermal oxide wafer was etched using the
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 quariz edge ring reduces coupling at the
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
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

9
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diameter step (@), the effect of the step is reduced significantly and the edge etch
rate drops off sharply. For comparison purposes, the etch rate using a i

conventional flat Si upper electrode (V) is also shown.

FIGURES 6A - 6D are micrographs showing features etched into a blanket
5 thermal oxide wafer. In FIGURES 6A and 6B the features were etched using an
electrode arrangement comprising a flat upper electrode. FIGURE 6A shows the
etched features near the edge of the wafer and FIGURE 6B shows the etched
features near fhe 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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using the upper electrode geometries set forth in Table I.

Table I
, | | mewe | e Sppowae | e
(inches) (inches) (inches) i
A Separate Step 8.6 10.35 1 I
2 Integral Step 8.7 10.35 125
[ Integral Step 8.8 10.35 125
[ Separate Step 8.6 9 .1
10 X Flat Electrode N/A N/A N/A
e Integral Step 8.8 9.5 125

As can be seen from the plots in FIGURE 7, the stepped upper electrodes

with the smaller outside diameters (9 and 9.5 inches) allowed the plasma to be

sustained at lower pressures than the large outside diameter (10.35 inch) stepped
15 upper electrode. The space outside of the small OD step on the upper electrode
provides additional volume for the plasma to occupy. It is believed that this

additional volume allows the plasma to be sustained at lower pressures. !

Table II illustrates the improvement in etch rate uniformity that can be
realized with a stepped upper electrode according to the present invention. Three

20 different types of wafers were tested: blanket thermal oxide, patterned thermal

oxide and BPSG contacts. Blanket thermal oxide wafer measurements were made
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using an ellipsometer with measurements taken along a diameter (edge to edge) of
the wafer. BPSG contact depth measurements were made using SEM with
measurements taken along a radius (center to edge). Patterned thermal oxide
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 IT
Etch Rate Uniformity (%)
# of Flat 8.6" ID
Wafer
points Electrode Step
Blanket Thermal Oxide 18 +10% +3.3%
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%.
As can be seen from Table I, 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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substantially planar central portion of the electrode. However, the step may have
other cross-sectional shapes. The inner and outer surfaces of the step do not have
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 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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conductive material such as silicon or silicon carbide is used as the edge ring, the

power can be coupled to a greater degree through the edge ring as well as the

wafer.

The distance between the electrodes in the parallel plate plasma apparatus
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 tﬁe 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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Suitable process gases will depend on the material being etched. For

dielectric materials such as silicon oxide, the process gas can include Ar, O,, and

fluorocarbons such as C,F;, C;F 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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What is claimed is:

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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4, The electrode as claimed in claim 1, wherein the step is located inwardly
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. i

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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0. The electrode as claimed in claim 1, wherein the step comprises a separate
piece movably mounted in a groove in the electrode such that thickness of the step

can be adjusted.

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 tn a plasma
chamber, said 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, the upper
electrode being a showerhead electrode comprising a plurality of gas outlets, and the process
gas being discharged into the chamber through the gas outlets; and

processing the semiconductor substrate with the plasma;

wherein the upper electrode has a central portion and a peripheral portion surrounding l
the central portion, the peripheral portion including a step projecting from an exposed surface |
thereof and extending at least partially around the central portion, the step providing a
predetermined localized density of the plasma formed adjacent the exposed surface of the

electrode.
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i3.  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.

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

semiconductor wafer with the plasma.

I5.  The method as claimed in claim 12, wherein the upper electrode is

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

16,  The method as claimed in claim 12, wherein the plasma chamber further
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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plasma.

|7.  The method as claimed in claim 12, wherein the step comprises a separate
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.

’
3. A plasma chamber for use in manufacturing a semiconductor

device, said plasma chamber including 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 comprising a substrate support, the top electrode being a showerhead

electrode comprising a plurality of gas outlets through which process gas can be delivered into
the chamber, 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 adjacent the

exposed surface of the top electrode. i
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adjacent to the central portion of the top electrode, a bottom surface substantially
- narallel to the substantially planar central portion of the top electrcde and an outer

surface opposite the inner surface.

10 22. The plasma chamber of claim 21, wherein both the inner surface of the step
and the outer surface of the step form an angle of 90 degrees or more with respect

to a plane parallel to the substantially planar central portion.

23. The plasma chamber of claim |8, 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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25.  The plasma chamber of claim 20, wherein the plasma chamber is a

semiconductor etching apparatus.

5 2€. The plasma chamber of claim 20 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

cousisting of quariz, silicon, siiicon carbide, graphite and aluminum.

27.  The plasma chamber of claim 20, wherein the edge ring includes an

10 inclined surface adjacent the recessed portion.

23.  The plasma chamber of claim 27, 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.

29 The plasma chamber of claim 20 wherein the edge ring is made from a

15 material selected from the group consisting of quartz, silicon, silicon carbide,

graphite and aluminum.



