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APPARATUS W TH CONTROL OF PLASMA EXCI TATI ON PONER FIE D OF Ih&g | ON The
present invention relates generally to vacuun1p|asnﬁ pleabey or
processi ng wor kpi eces on a workpi ece holder and nore particularly to a

met hod of and apparatus for gradually changing, on a preprogramed basis,
power an &g Qlasna 5 excitation source supplies toP Ia%m%i n a vacuum
processor HAMIE? . BACKGROUND ART Vacuum processors Bpsa?égbssing a

wor kpi ece (i.e., etching materials fromor depositing materials onto the
wor kpi ece) typically include first and second ports 10 respectively ‘
connected to a vacuum punp and one or nore gas sources. The gas is excited
to a plasma in the chanber by an electric source including a reactance
responsive to a first AC source, typically an RF or nmi crowave source. A
first matching network is wusually connected between the first AC source
and the reactance for exciting the plasma. |[If the source is an RF source,
the reactance is either a coil for supplying magnetic and 15 electric
fields PRASNA PROCESSINGIMETHOD AN AR PARATUIS WiTH OONUROLOF RLASKAl | el plate
capacitive arrangenent for supplying an electric field to the chanber
interior. The workpi ece, whi gRCITATIONIFGWER a sem conductor wafer or a
dielectric sheet or a netal plate, is clanmped in place on a workpi ece

hol der, i.e.,.chuck, that frequently includes an electrode covered by a
dielectric. DC voltage is typically applied to the electrode to 20 provide
an el ecf:fﬂﬁt@f:ilﬁgm-ﬂm ng force to hold the workpiece in situ on the

hol der . € workpiece is usually cooled by applying a cool ant agent, such
as helium tlheapreserisiovéntion Hrelatashgenerallydtcbyaeyupi ywiasqaapiacgssods tfar condui t's

inth T | ] ' . kpiece, d
AC sour E0EEbIng forBGEE B3 ork 8 s 46 o Bty T8 E B8R 0 Srper
2005 W\Criii2t4169 ZardgrREly SRsPR5 68 a2preptoaranimedhads, mavehan @ elasarak i ncl udes

a pair of .variable reactances havi ng val ues that
pag excitation source supgltces ?o ﬁasma f% a vatuum processor ghamber.

BACKGROUND ART

Vacuum processors for processing a workpiece (i.e., etching materials from or

depositing materials onto the workpiece) typically include first and second ports

10 respectively connected to a vacuum pump and one or more gas sources. The gas is
excited to a plasma in the chamber by an elecfric source including a reactance responsive
to a first AC source, typically an RF or microwave source. A first matching network is
usually connected between the first AC source and the reactance for exciting the plésma.
If the source is an RF source, the reactance is either a coil for supplying magnetic and

15 electric fields to the chamber interior via a dielectric window or a parallel plate capacitive
arrangement for supplying an electric field to the chamber interior.

The workpiece, which is typically a semiconductor wafer or a dielectric sheet or a
metal plate, is clamped in place on a workpiece holder, i.e., chuck, that frequently includes
an electrode covered by a dielectric. DC voltage is typically applied to the electrode fo

20 provide an electrostatic clamping force to hold the workpiece in situ on the holder. The
workpiece is usually cooled by applying a coolant agent, such as helium, to a recess in the
chuck and by applying a liquid to conduits in the chuck. To accelerate ions in the plasma
to the workpiece, a second AC source is connected to the electrode by way of a matching




are varied by notors, typically step notors. Sensors for electric

par aneters aSSOCIated with the plasm, as coupl ed tg # ?é&%h

react ance and as coupled to the chuck el ectrode, P E?ﬁﬁﬁ i ch
assist in 5 controlling the values of the variable reactances. Pressure
and flow rate transducers respectively in the chanber and in a line
supplyin the second port derive signhals which assist in
controlIgwggﬁﬁkﬂvacuun1pressure in the chanber and ThEYYPE?r ate of gas
flow ng into the chanber through the second port. A controller, including a
m croprocessor and a nmenory systemincluding a hard 10 drive, random
access -nenory (RAM and a read only nenory (ROM, responds to the signals
derived by the transducers and signals froman operator input console to
produce signals for controlling thg variable reactances, output power of
the two AC sources, the vacuum pressure in the chanber and the flowrate
of gasemﬁwmﬁpEaddmabhmgaamhmmuﬁMesabamu@hnﬂﬂemmaammdhpmngvaMéEmamnDry

system eral .rec ch in the formof 15 signals representing
vari ousgé%"i‘?%‘?fﬁ‘e°ESoF}iPF°8"3f)§%Pngﬁé "deposition and etching of the

wor kpi eces Benscdsffcirweotg: sarametbrsomocuérﬂae vitariaeplzena, 8¢ céamed ietiepe are,

I nter allsé&ﬂ eC| Sto%ﬁ H'Sh t%%ehe chanber, flow rates of the
speci esT*VALNIRR §§U &8s Fopp i H‘ﬁ%ﬁl RYe: GBS HINBIMENGh &ist e two AC
sour gesgonfraliig tiﬁ-aC\lréMhsC‘c#ﬁhé PdHabdGeféthfies. TREAIRE SdSHovs HES trBRsducaR f or
carrying out each reci pe step. The controller responds to the 20 paraneters

of the EeRgcHeely i thepharaher aad adine supplyiag gasdn thst secord partderivesignalshe chanber |
the c hﬁl‘i@?ﬁs&ﬂft WM@Hm@ﬁreWﬁédun@?m&Qﬁe Rithe H{Ian%‘l‘%ﬁd He ficIFratd Bfgéac sand second

.AC sources. During processing, controller controls the r tances of
t he fi rfswingnotodbe orambestivbighdhe sasondpart. so that there is an efficient

they drive ARCHEGICTRYIERA, & MierbirbStesBi e S FRFEn Sa b st e Reliars 25, of
thelf i rdrlve,aﬂddsmmsmwwmm&&bamlyahémorﬁq{mm tresptdnES tomedances t he

first and t. king from thel t put
Ler m naldre e vRd BE DSEENRER Rttt o ot pesraaf B LEBaeRe IRRERITRG net wor ks.

Typi cal dighalssor amtr@fﬁngWaﬁl@ﬁeé@%@nﬂeﬂhi@@ﬂp&%ér%fmﬁ,twb AC so%iséefhe changes in
at |east one of &n‘ﬂ as flow rate, anber. pressure, (3) power

su ppI i SFCHYN PIERSY clgaphes @pa th ezﬂ%‘ %062?9@80‘2&@'95’ to the chamber

through the second port. The memory system stores several recipes, each in the form of

15 signals representing various parameters controlling the deposition and etching of the

workpieces for differing situations. The parameters of each recipe are, infer alia, gas

species to be supplied to the chamber, flow rates of the species, vacuum pressure in the

chamber and output powers of the two AC sources. Each recipe can include other

parameters, such as time for camying out each recipe step. The controller responds to the

20 parameters of the fecipe to control valves for the flow of the gases into the chamber, the

chamber pressure, as well as the output power of the first and second AC sources. During

processing, the confroller controls the reactances of the first and second matching

networks so that there is an efficient transfer of power between the first and second AC

sources and the loads they drive so the impedances seen looking into the output terminals

-+ 25 of the first and second sources are substantially equal to the impedances the first and

second sources respectively see by looking from their output terminals into cables
connected to the first and second matching networks.

Typically, a recipe change has been marked by step, i.e. sudden, changes in at

least one of (1) gas flow rate, (2) chamber pressure, (3) power supplied to a plasma



PCT/ USO02 /09562 3 excitation coil, (4) the gas species flowng into the
chanber, and (5) power supplied to (a) an electrode, such as_bottom

el ectrode on which the workpiece is nounted or a toBOS@PE@FPBaQPQ(N
exciting a gas to a plasma, or (b) an RF plasna excitation coil. These step
changes result in sharp demarcati ons between | ayers etched fromthe

wor kpi ece or, 5 deposited on the workpi ece. For exanp t he step changes

during et o H&B Bt atrench in a wor kpi ece, e.g. a PSTUS%e% ubst r at e,

result in sharp coners between a wall and base of the trench. Such step
changes al so frequently result in sharp corners at a boundary between a
trench wall and a layer at the top of the trench. Such sharp corners can
make it difficult to fill the trench during subsequent operations and have
ot her known 10 di sadvant ages, such3as causing stress rel ated defects

andl or electrical |eakage. One nethod of addressing the problem which has
resul t edaxmtatlsmnmlvmm@gm@pemestﬂowmgmttm theshamber, amdt ﬁapmereuppied td(amges are

made | nv n S on_,ar heli Ssivation
Tases, e ioBSs bR A botfoRbBurodE S Ao Vonk o Bundlfied hr BRR % ho
5) r5 og ess :j m@troditaiaibemtﬁhgra o taa mlfaemesdr (b)emi mxl’apis*sma eﬁ@tg’;itﬁrﬁcorlewsﬂtep there are

i sadyant a n transi ent iluta 0 pas i vation gases to
Lhe by otbatien Jesyt B 41t Saiicatand deniite Jauire kher o g S aPG o6 o
typi Bl dqeheseRoR HAGRSRH S, Fopshfiple, thd sﬁepwhhﬁgmfnn@ewﬁg op.i tréﬁcmih up to ten
seconds, I1s required to purge "ol d gas froma line cou gas froma

gas sourdc¥erkniess. e asisan sybstrate, rgsylids gharp CPW@F@W@?“SQJ\M@F %l'l‘i’tbaéﬁ of i ncr eases
i N wor KRhegsnhdpr Sﬁ%ﬁsétélgcﬁdngg? ta{sg r\iﬂéﬁlﬁ%ﬁﬁ r@ﬁqp%ﬁargfcfol'rfé\‘se%é( b@ﬁ%aﬂ?cr ease 20

wor kpi ece t hrou ging t as species on a transient

basi s r dstees a tienctawahantlayer aptha§¢naoflthrqjamhc SuchTsrarénameye cammpkas na

| rrpedan I y f n l.ng k bet ween
e el egttediﬂfgmggﬁredclzl th% (58&{;' dlrnﬂ‘%l su.ﬂagéé;dew EaEt:oﬁs g %Vgr%t\eg'égo%" ef ficient

tr anEJf erdlsnaﬂvqmtages dmehmew&ﬂg&tmwmta@dﬁefaﬂmam @enﬁicahealdgeven | oads. In

addi tion, rrﬁlgfor the nev ant _or a55| ation gas,

Pt b nt G Tt & afidEs el Bioblet Fijet hiS rsuhell B HmeiR RoolRs T e

| engt h yahsRes whbecartaniecipe aitfgds e mBae inSEVECRIdInAildants SUEK as arfbreCi se
control o the rocessi ng step is difficult to achieve and/or  recipe

pr ocessi%hBEMep PR Atiop §a3e5sTUSHAS R0 On gtangientibasie e 93pes fipwiRg infengt hs
bet ween tfdgrocisirigesifiMibed afiriR® 4l fr8Sesd acibd @tepNEEHRRY, - However, there are

15 disadvantages in transiently adding dilutant and/or passivation gases to the processing
chamber. Because of the relatively large volume of a typical plasma processing chamber,
a significant amount of time, up fo ten seconds, is required to purge "old" gas from a line
coupiing gas from a gas source into the chamber. As a result, there are substantial
increases in workpiece processing time, to reduce chamber efficiency and decrease

20 -workpiece throughput. In addition, changing the gas species on a transient basis results
in a change in plasma impedance. The change in plasma impedance adversely affects the
abifity of the matching network between the electric source and the coil and/or electrode
to provide an efficient transfer of power between the source or sources and the driven
loads. In addition, the time for the new gas, i.e., the dilutant or passivation gas, fo flow into

25 the chamber is likely to vary as a function of gas line length between the chamber and the
gas source. As a result, precise control of the processing step is difficult to achieve and/or
recipe processing steps must be customized for the different gas line lengths between the
different gas sources and the chamber.




30 Septenber 2005 WO 02/ 080214 PCT/[T502/09562 4 Chen et al, U S. Patent _
5,807, 789 di scl oses a nethod of operating a plasm rocessor . to formin a
sem conduct or workpi ece a shallowtrench with a taBBrS@Bteﬁ?Q?f?P and round
corners. Such a shallow trench is formed during successive recipe steps.

During a first step the plasm power and chanber pressure are respectively

relativel i and 5 low. During the next steps, t@ é power and
chanber p g@?@@@4are respectively decreased and in %@ﬁ'ﬁ@g%%he process
continues in this way for at |east one additional step. In a particular

et chi ng enbodi nent Chen et al discloses, the plural gas species applied to
the chanber renmain the sane and at constant flow rates while power supplied
10 to the plasma is reduced in three steps, each of which occurs '
simul taneously with an increase in £hanber pressure. During a first step,

which lasts for eight seconds, the power supplied to a plasm excitation
react ance afdexehmhdl.SpPetestiB80ETEY diegpsast a wathod goeperafing tasplgpmaso

mllitorr. At egi nni | uppl i ed
pover _PeoRur b Bimd e et i o8 A ot fen BE LS B B prolBEnd BT,

pr essur suhdcdrners e $acida Shallewdadact iy fanmed during ductessive rékipetstapsbdyiringi ng of a
third 46 _second step, suppli wer is suddenly reduced further to 650
wnt (s WATFLSIOR Deaorin SR b P ansiye PircPamey e bR, o *The
af or emepll el B RSE Stepf the plasing Powel aid Eanibee bfesstire lafe tddpediivelyi ousl y
mentioned problens associated with adding dil utants because ﬁ'f t he

subst angecaaseqd aad instpapeduThedogass entinyes Bilig way foriah legstone additipRa| v | ar ge
vol une %@&uum chanber. In addition, the sudden power changes frequently do

not enabl'e the coners to be rounded to the desired extent. It is,

accor di ngl yIn apagishlecetching embodimeelfthanrettad djselosesd theaplwalgasnpeciesr oved

nmet hod : : ' I.Ag chanber.
25 An o] P BRREL EnalhedBRe Bhd BbcRo A Rl Aol SR, L oved
met idd ©fthe pladma pp eadateds inf threecgbeps acachgpf avhichcensmspdimultanequshcwiiisiang chanber

In SUChinc?reasn%rer C rarrtlbré?tpresssur}e?.r Burﬁ'lg a |¥s 91:88, rié?ﬁr?s% %gei&\ﬁ{rslégoinﬁgﬁﬁe Slcg\lﬁawavoi ded.
supplied to a plasma excitation reactance and chamber pressure are respectively 800
watts and 50 milfitorr. At the beginning of a second eight second step, the supplied power
is reduced suddenly from 800 wafts to 750 watts while chamber pressure is increased

15 suddenly to 80 millitorr. At the beginning of a third 46 second step, supplied power is
suddenly reduced further to 650 watts while chamber pressure is suddenly increased fo
100 millitorr.
The aforementioned process suffers from similar problems fo the previously
mentioned problems associated with adding dilutants because of the substantial time
20 required to change pressure in the relafively large volume vacuum chamber. In addition,
the sudden power changes frequently do not enable the comers to be rounded to the
- desired extent.
It is, accordingly, an object of the invention to provide a new and improved method
of and apparatus for operating a vacuum plasma processing chamber.
25 | An additional object of the invention is to provide a new and improved method of
and apparatus for operating a vacuum plasma processing chamber in such a manner that
sharp corners on processed workpieces are avoided. |
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30 Septenber 2005 5 Anot her object of the invention is to provide a new and
i nproved nmet hod of and apparatus for controlling a cuum pl processor
such that changes in a processing recipe are perfoP SpFﬂﬂﬁrﬁﬁgﬁer whi ch
avoi ds sharp corners on a processed workpiece. Still another object of the
invention is to provide a new and inproved nethod of and apparatus for
processing a workpiece in a vacuum pl asma wor kpi ece processor so that
changes during a recipe are perfornmdd in such a way as to avoid sharp
corners in a processed workpi ece and wherein processor throughput is
relatively high. Still another object of the invention is to provide a new

and i”prOVedAH&h&%&éH oﬂﬁginv@ﬁﬂﬂﬁ%ﬁ%\{iﬁ %&D%E@Hdr dEQRESSTANG Of

wor kpi eces in a vacuum pl asma proce ereln ‘changes 1 n steps of a

reci pe apmgargtes fob comeblihg asdeun@pla@yia blaéssohsud i tRaiges 0f a bldBessingr Kpi ece are
avoi ded, without substantial inpedance m smatches occurring between one or
mor e solfcpesreparigmey ip @aanneewidhpoits sharpwhiners consPseserswarkpiecspr ocessi ng
gas in the nber. SU Y OF THE. I NVENT] ON | n_accordance w an aspect
o “the preseRtiTgEsoblsH O Ate Bislb SUBHVER 3 Brherc ettt dc tum ol as
wor kpi eggq R ReASS (OGS wi rp| @égggrg asis so

& §%fogﬁlgnges i nw{(nr;ﬁ(gl_ g@n@uﬁdcg&%sggv@@%%g{rl e tsg the pl asnma
duri ng thabcengesdurint acadpsaneliefened ifsadher @by ¥s totateid ghatdtamepdmar change

occurs while no change is nmade in (a) the gas species flowing into the
chanber proggssed merkpieiss abé wheresregesserthroaghpuhie refatiyelypighi es f1 ow rates. The
AC power can S l,ied to the . chanber by an upper or | r. chamber

el ectrode coﬁ@f ﬂ”ﬁ@‘g‘gﬁ’l% fdheipysifien lP?OeFPra‘"Q%XB%ar?cﬁ%p %J @ﬁ@é\ggfrangr a coil
coupl i gy GorbdRrbifr BReeEdihd ofv int adual power
change ig%p%typi 8al Y g@ch tﬁéé?&?ftwogkg%g.%flnﬁfggﬁgi?%? gﬁg?stsyc’:ﬁm?'%ﬁt he shape
of nmt evdangds imstepeeofpa ocedzs e pobkpedibesuchra aag tearishalhneaiers af thas speci es

is ionized into a plasm that etches the material and the preprogranmmed
gr adual Wiyspiese ¥ aMejdedawihquhsubsisetial ivpegprceqlishalehrstocCEENtRaNRENANE | s shaped

%ce) p? e;g‘g’;}g%g 6§l9rggsr drfv%gfrgarc |vedco'mnpo¥1gn S Uvﬁllcﬁ E‘,l!lpaplly ;%%vegtorp?gclélsstingoéastirtﬂ Fﬁeet ching. 30

chamber.

SUMMARY OF THE INVENTION

fn accordance with an aspect of the present invention, AC power supplied to a
plasma in a vacuum plasma workpiece processing chamber is controlled on a
preprogrammed basis so there are gradual changes in the amount of AC power supplied
fo the plasrha during processing of one workpiece. Preferably, the gradual power change
occurs while no change is made in (a) the gas species flowing into the chamber, (b) the
chamber pressure or (¢) the gas species flow rates. The AC power can be supplied to the
chamber by an upper or lower chamber electrode coupling an AC electric field to gas in
the chamber or a coil coupling an AC electromagnetic field to the chamber gas. The
gradual power change is typically such that it causes a gradual transition in the shape of
material in the processed workpiece.

In one embodiment, a gas species is ionized into a plasma that etches the material
and the preprogrammed gradual power change and the species are such that the material

is shaped so a rounded comer is formed in the material as a result of the etching.



6 In one specific application, the etching forms a trench wall including

t he rounded comer, which in one enbodinent is at ag integﬁgcﬁ@gp of a wall
and a base of a trench. In one embodiment, the graddQPeERIPGE typically
performed in response to a conputer programstoring steps having (1) power
changes in the range of a fewmlliwatts to |ess than 5% of the maxi num
out put power of a source (e. g., if a source has a naximum out put power of
3 kW the maxi mum power change is 1§ watts), and (2) durations in the
range of about 1 mllisecond to about 1 second. Steps having power changes
greater than about 5% of maxi num out put power are too steep to provide the

desi r ed it 6y $Rbiie@NRNicAtioR, thé 8By Fma GNttedve whi Rickigifg Rtolfdedioreg shapes and
steps lasting |onger than about 1 second do not have adequate tenporal

r esol ut mbiehiroonesimbedisenhie at aleistersedionof & palbere! shespeta tremchaccor dance wit h
anot her aspect of the.present invention, .there i rovided a .nethod of

et ching a wolkBrReREORdiRert R sl cenes 5 Rl Ber oL FSRuiie 19 & ng

conver t cogp@dergRSgran SRriAg stepd itaving (Apovlet frbesth @Randdvita few ndldtised to the
wor kpi ece while _a feature of the workpiece is being, forned, the AC etchant
pl asma 4 !ﬁawaae%@ftﬂv?emaa'm%awwt% AP S&’HE?Pi(édg-_t» LE] ﬁ%‘"%hﬂ%?ece whi | e
the feapsdnun® olBlingbwe? 'drBdkWL e MBGHUM p&RERShaPRI Y walid)] 8fd ()0 operating

at different pressures while the workpiece i s being processed, the gas
speci es dueliong 8 kg eangetad abpdwi mitjsecand ta hleout Hasdsend.aBlepl hedngepewdr ow rat es

while t i ' i e r c | :

pr e- progﬁaéwﬁ?}ég%a%gg}ag?abp ﬁeﬁgﬁghﬁﬁ%g@ ‘iﬁ"% \;\i\g%ﬁﬂ%%%%q Qg%?tog& ?H‘g&tg?asma during

et chi ngdediret! bentboveptheqiasmavb achddve tite dpstativedrkgiscashbfdsand isteps fastinghape of

material in the workpi ece bein rocessed, occyrs in response Lo the

O adual BEHPIL A A SSERE € A0S oA feree deeklieh g e G ¢ he

gr adual dégired siofidpRRBe siapkdie shape of the material. In accordance with yet

anot her aspect of the present invention, there is provided a nethod of

et chi ng a wolFkgicagangenwith grethal msprch shieprescakiburntien dhgrers swiviged 3i ng

~convert| e [ [ L. 0; ' l,ed to the
wor kpi eg{%&\?ﬁi(ﬁgéca féﬁ?%é%f m?ﬂé’%ﬁtg??@% dl%s(’%%égnéggggﬁﬂngo, tk] AC et chant

pl asma baivading h@asspegiesitttean AC etchppl plasthat that ishapplied ogieewerkpibid whilehe f eat ure

2.1 08 LA oL BB R RS ERBEe D64 oG S B B et
dominant material applied to the workpiece while the feature is being formed, the vacuum .
chamber being subject to operating at different pressures while the workpiece is being
processed, the gas species being subject to flowing into the chamber at different flow
rates while the workpiece is being processed, gradually changing, on a pre-programmed
basis, the amount of AC power supplied to the plasma during etching of the workpiece,
wherein a gradual transition in the shape of material in the workpiece being processed
oceurs in response to the gradual power change, the gradual power change occuming
during the gradual transition in the shape of the material.

In accordance with yet another aspect of the present invention, there is prbvided a
method of etching a workpiece in a vacuum plasma processor chamber comprising
converting a gas species into an AC eichant plasma that is applied to the workpiece while
a feature of the workpiece is being formed, the AC etchant plasma being the only material
applied to the workpiece while the feature is being. formed, the vacuum chamber being
subject to operating at different pressures while the workpiece is being processed, the gas
species being subject to flowing into the chamber at different flow rates while the

workpiece is being processed, gradually changing, on a pre-programmed basis, the



speci es being subject to flowing into the chanber at different flow rates
whil e the workpiece is being processed, gradually | ng,

pre-programed basis, the 30 Septenber 2005 6a anouﬁp%%gkﬂ%ebgagf suppl i ed
to the plasma during etching of the workpl eoe, wherein a gradual
transition in the shape of material in the workpiece being processed occurs
in_ response to the gradual power change, the gradual power change
occurring during the gradual transt@ion in the shape of the material. In
accordance with yet another aspect of the present invention, there is
provided a nenory storing a conputer programfor controlling a conputer

for contamolnti of Oebcer Bapied & thePlakipb &GAng Btciling BEHE Mo{PRBEBWHBEIE &S S OF
chanber wherein a gas species is converted .into _an AC etchant plasma, the

chanber QE?QP?Jgtraé‘é'b%\’bineth%ﬁh%ﬂ?e?fdf‘?tﬁf@’ it thej warisriese: beidorreerssed oGNS B t he
wor kpi e?%gbr%e%'tﬁw?r%&&%@ﬁ@rdchahﬁ@ tﬁ@@ra&@a%bﬁér QRh58 08RG HuritPink! oWi ng into

the cha at different flowrates while the workpiece™is belng
pr oces s dpduglanglionputhe shansrd fieanateriabr i ng si gnal s causing (a) control of the

amount of AC rﬁ%e@rﬁlaﬁc%% h%t %n%tﬂepg pe%oﬁ%% Xgé Lﬁv%nlﬂgn W é(g' OQ/%F%J]%\ bei ng

et ched; and e appli‘cation ot plasna € wor kpi ece
whi | e anfepausteringfa ddnguie praghanc far cantrbifihang ctbmpmtedor ctdn&olmcﬁj aithiigaoita plasma to

al ways be the dom nant r’[aterlal a Iig_g to, the workpiece. vvhlle the feature
is bei N§PEPAE V"[‘%"‘s‘?%“f”é%p@f*é‘}ﬁ chager WheFhia ¢ Heﬁ'és Brionveeds appl i ed

AC POVEnEAVAC REEhailtpREBHA! the CRATING baRTBshBRAN 8BS aiiny 4t ARfeRAPMBIsuRE AC power
supplied to the etchant plasma during etching of the workpiece, the stored

si gnal ¥&lRAYoliesa i beigrspoaskrth e 9ebsPeriPssRRiNY wbiectiodawisg inip @Ieadual
transit gRindep o Ia[?fe%ﬁ ted Bh {halwdrﬁbléééeis‘ﬁ%nb rgéé‘r%s«%:ﬁ'tﬁlag corffidted in

response to the gr power ange to cause al power change to
occur dgrogragn Bﬂomg;&gmﬂbbaqsmr(s) taontml ofnthe tamosthtaq:fel\@fpowaeapWGcbta te. The above

vent | SRSV IS e e RPN RO AR PR 07 o B TP ERRRR g detai 1 e

descri pplasina af the SeN@lcat whilkes fchivte SMIROAbREIBESIS bBIAY RMined aBPACIetthbyt When t aken
in conj igctl on with the  acconpanying drawi ngs. BRI EF DESCRI PTI ON OF THE

DRAW NGPEPYR [palwayssbe;thg dopiinagt Hgiedahapplied "9%’1 werkpigaecyile: e fesive iSr ocessor
and conbgiRy fddmed, the stored signal for controlling the amount of applied AC power causing

gradual preprogrammed changes in the amount of AC power supplied to the etchant
plasma during etching of the workpief;e, the stored signal causing gradual power change
being such as to cause a gradual transition in the shape of material in the workpiece being
etched in response to the gradual power change to cause the gradual power change to
oceur during the gradual transition in the shape of the material.

The above and sfill further objects, features and advantages of the present
invention will become apparent upon consideration of the following detailed description of
several specific embodiments thereof, especially when taken in conjunction with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWING
' Figure 1 is a block diagram of a typical vacuum plasma processor and controller
capable of performing the present invention;
Figure 2 is a waveform of power versus time that can be applied o the coil or
electrode of the apparatus illustrated in Figure 1, wherein power increases gradually in an

upwardly ramping manner;



capabl e of perform ng the present invention; Figure 2 is a waveform of
power versus tinme that can be applied to the coil og el ec rog@qﬁof t he
apparatus illustrated in Figure 1, wherein power inty85REDDS ally in an
upwar dly ranpi ng manner; 30 Septenber 2005 6b Figure 3 is a waveform
simlar to the waveformof Figure 2, wherein the power ranps downwardly;
Figure 4 is a waveform of power versus tinme that can be applied to the coil
and/ or electrode of Figure 1, wher@n the waveformis derived from
experinmental data; Figure 5 is a schematic diagramof a cross section of an
illustrative sem conductor wafer prior to etching; and Figure 6 is an
schematic di fgurnd &f a Wasetdal Siidrl th wsd Waledshn & Fidusel Rewherdhtifd phlerhas  been
etched in accordance with a specific enbodi nent of the present invention.
30 Sept ERRSAoMIYEAND 02/ 080214 PCT/ US02/ 09562 7 DETAI LED DESCRI PTI ON OF THE
DRAW NG The i | I (o PO Y Y oY cuum

pl asma pr oce‘s&}sg]i[nlr%g[;)4 Q%ﬁ%%@ﬁgi@@%w Olfrﬁéaﬁ?tl dra@tbl(:ac?l9 Plézeﬁit?{h%fu @jgﬁd/gri ving a

r eact aneleclfasie ofKigimei inghéreinitealdvefapads denivedirahaxieemensbdatd| y 10 to a pl asma
state, a secegn ircuit 14 for a ing RE. bias to_ a.workpi ece holder in
chanber asse? lqrfcé‘l'ﬁ,% Sﬁkﬁe&nag'cgﬁﬁfapﬁ‘ﬁjl%qo rsiegt;?aéﬁ@rﬁﬁlusir@tl\fee%aﬁq?gﬁ%ort 0 Sensors
f or var ivefes plie teetetiigy; andssoci ated wi th chanber assenbly 10 for deriving
control sigpals for de\éi ces affecting the plasma in chanber assenbly 10.

Control | er 16989t FfEsSChamaicfirdee X dic waenlisirted 43 FigHegs® efenithasous sensors
associ ab&sh aitHed iﬁé&ﬂ%ﬁc@\ﬁi&%@ebﬁﬁé&n%iméﬁ PRk bredSniGivehtiént S 12 and 14, and
signals fromoperator input 22, which can be in the orm for exanple, of
a keyboard. M croprocessor 20 is coupled with nmenory system 24 i ncl udi ng
hard di sk 26, random access nmenory (RAM 28 and read only nenory, (ROV

30. M croprocessor 20 responds to the various signals supplied to it to
drive display 32, which can be a typical conputer nonitor.



15" Hard disk 26 and ROM 30 store prograns for controlling the operation of
m cr oprocessor 20 and preset data associated with di,fferent recipes for the
processes performed in chanber assenbly 10. The di %’%éﬁ@%{”tﬁﬁ 2&?)%5 concern
gas species and flow rates applied to chanber assenbly 10 during different
processes, the output power of AC sources included in circuits 12 and 14,

t he vacuu ed to the interior of chanber 20. a and initial
val ues opr\?gég iabl e reactances included in nmatchi ngfsé /ﬁ&wﬂ?s of circuits

12 and 14. . Plasma chanber assenbly 10 includes chanmber 40 having netal,
non-magnetic cylindrical side wall 42 and netal, non-nmagnetic base 44,
both of which are electrically grounded. Dielectric, typically quartz,

wi ndow 46 is fixedly positioned on the top edge of 25 wall 42. Wall-42,
base 44 and wi ndow 46 are rigidly c@nnected to each other by suitable
gaskets to enable a vacuumto be established within the interior of chanber
40. Planar plasma excitation coil 48, for exanple, as configured in gl e,

S, RSO NG, 7 S TS S

el ectri c r eddiearcipjece paatssoe ipsteat@piniFies 1 irdies wachnﬂblaSrm:pmbe:ssA@’ 30

Sept enb 05 WO 080214 P SQ2109562 fields. . usuall an

f requenE@lanilﬁ% ﬁssggb%g OS%Prl\i/%Qmugé%éﬁg”‘f"?ﬂ%'fe?g?"%f for %WB%P“EBMQ ga® 'nex0| te

| om g abbkargises atsgenﬁmwm:tma@‘pi@smhm@é ab$BRonc BIRANGY feredpplirg REIBlatased in Fig. |
ce nuner al I's to be understood that for the purposes of

referen
the pre&feﬁple%bﬁmﬂfmhamberbqasemalyéQrﬁrug@ SoiligtatangPmAntd 6sesRerEvP I8 gr ounded
el ect r ogghsbRdor \%ﬁél%rlﬁsanﬁaéralalsfdc.aftéa with c%ﬁséﬂafgganwmr&# dsmg%n{rac ated in

chanber 40. The upper face of base 44 carries i .e. chuck, 52 for
wor kpi e@!@n@ﬂfor fpvices affecting fha wasm@nna;h@nbeer@mﬁrmlssem c@@mwerom m@uc@rs a

rect ang gr@d&ﬁ%oggﬁ m;fzg sag.gdsﬁmno%g F&%SFL se%&altéd wglpﬁ{éﬁ{beféégléﬂ S or

nmet al typrcally I'nc es ne hat forms
an &p ecﬂ@ caéeweqlasnm&ts ﬂ?/endaﬂ‘é.rmadts)gnalEIfremtapetm:fﬁ@utaz rwtm ahébdcthei ¢ | ayer 58

o B 5P by et S SO Bl BB, Lo,
t he uppiaclufiiag badfdisti2el mndmmcacbesgmen&h%y (Rﬂmmmnecreacsmy serosl (ROM)y suppl yi ng
helium 3(5 Olmcroprocessor 58 res%grrlc?seto?r%e \traonoash se,:lgl!njarllsd ngpllecF to :t to drive display 32,
which can be a typical computer monitor.
15 Hard disk 26 and ROM 30 store programs for controlling the operation of
microprocessor 20 and preset data associated with different recipes for the processes
performed in chamber assembly 10. The different recipes concern gas species and flow
rates applied to chamber assembly 10 during different processes, the output power of AC
sources included in circuits 12 and 14, the vacuum applied to the interior of chamber
- 20 - assembly 10, and initial values of variable reactances inciuded in matching networks of
circuits 12 and 14.
Plasma chamber assembly 10 includes chamber 40 having metal, non-magnetic
cylindrical side wall 42 and metal, non-magnetic base 44, both of which are electrically
grounded. Dielectric, typically quartz, window 46 is fixedly positioned on the top edge of
25  wall 42. ‘Wall-42, base 44 and window 46 are rigidly connected to each other by suitable
gaskets to enable a vacuum to be established within the interior of chamber 40. Planar
- plasma excitation coil 48, for example, as configured in Ogle, U.S. Patent 4,948,458 or
Holland et al., U.8. Patent 5,759,280, sits on or in very close proximity to the upper face

-of window 46. Coil 48, an electric reactance, reactively supplies magnetic and electric AC



dielectric layer 58 via conduit 64 and grooves (not shown) in electrode 56
and by supplying a liquid froma suitable source (n t shomn£ é conduits
(not shown) in chuck 52. Wth 15 workpiece 54 in plé SeBIEMPER ric |ayer
58, DC source 66 supplies a suitable voltage through a switch (not shown)
to electrode 56 to clanp, i.e., chuck, workpiece 54 to chuck 52. Wth

wor kpi ece §% %ﬁﬁured in place on chuck 52, one or nore |on|zable gases from
one or moV@% B tes 68 flowinto the interior of chBFBENZPEs2 t hrough condui t
70 and port 20. 72 in sidewall 42. For conveni ence, only one gas source 68
Is showmn in Fig. 1, but it is to be understood that usually there are
several gas sources of different species, e.g. etchants, such as SFe, CH4,
C, 2 and HBr, dilutants such as Ar or He, and 02 as a passivation gas. The
interior of conduit 70 includes val&%e 74 and flow rate gauge 76 for
respectively controlling the flowrate of gas flow ng through port 72 into

chanber‘r"eﬂ}s uatiallly2s ameRfs iequegey siehgass! 3860z, de éhe intesiag el ghember740. Wal ve 74
respon r 0 76, supplies
the mc 6%@%%?64 vs\’n' rﬂ]&c %9&%?‘%{3"@? Sn%ln*a\{'@%ly Cg\gﬂlg@dg 1 g%\s flowrate
in condﬂfetenﬁsnumfaﬁtﬁw Ifssrmtmmnﬂérs'@bd)tmsfoﬁbe perposes of ﬁmlgmeaittmmnhﬁn each

k d hanb 40 |, i d
o r cih 4B ceB P Rcorom g BpBBied ok GuipdesPlpiasB i Bdshin Bl ia *rermry
systgeméiéct,%ae%gh@megaﬁédmhaﬁ,b&&(@ﬁm PCTI US02/ 09562 9 stor es for

desired flowrate and the nonitored flow rate S|gnal %au e 76 derives to

control vallheunner ke 8 brssdiheares bolden (i sPuckoS2 OhWREPEER °HiVE 82 in base
44 of chsagh cHusehrRdAMIdiorShier, @?é@ﬁH&H&%lélé&ic'ﬁté%b&f aQfsell ReRsghamber to a

SU|tabIe préssure, typically in the range of one to one hundred

i 1| chanel diraasst @ mlaguals’ ek haidr 38 hmigaly nshude e PIaKoSS $igbp! | s
chanber D0 A pedibcld fbeP fiflrs), ERCBlS oo dBeLAFLYR AR, 7

ep a signal
i ndilc atonvdielediricdeysir 6@ 0vhiehds canmigrt l@sﬁhemmnef face of base |44h1 Amodfpmé halhrﬁlng)er 40.

1 o oP SESRAR 68 SHTALNGR e R0 e i BB SRBULE ol 7 oY,
Workpiece 54 is cooled by supplying helium from a suitable source 62 to the underside of
dielectr';c layer 58 via conduit 64 and grooves (not 'shown) in electrode 56 and by supplying
a liguid from a suitable source (not shown) to conduits (not shown) in chuck 52. With

- 15 workpiece 54 in place on dielectric fayer 58, DC source 66 supplies a suitable voltage
through a switch (not shown) to electrode 56 to clamp, i.e., chuck, workpiece 54 to chuck

52,
With workpiece 54 secured in place on chuck 52, one or more ionizable gases from
one or more sources 68 flow into the interior of chamber 40 through conduit 70 and port
~ 20 72insidewall 42. For convenience, only one gas source 68 is shown in Fig. 1, butitis to
be understood that usually there are several gas sources of different species, e.g.
etchants, such as SF;, CH, C,, and HBr, dilutants such as Ar or He, and O, as a
passivation gas. The interior of conduit 70 includes vaive 74 and flow rate gauge 76 for
_ respectively controlling the flow rate of gas flowing through port 72 into chamber 40 and
125 ~ measuring the gas flow rate through port 72. Valve 74 responds to a signal
microprocessor 20 derives, while gauge 76 supplies the microprocessor with an electric
signal indicative of the gas flow rate in conduit 70. Memory system 24 stores for each
recipe step of each workpiece 54 processed in chamber 40 a sighal indicative of desired
gas flow rate in conduit 70. Microprocessor 20 responds to the signal memory system 24



10 gauge 86 to supply an-electric signal to vacuum punp 80 to maintain the
pressure in chanber 40 at the set point or predeterm ned val ue for each
recipe step. Optical spectrometer 90 nonitors the opPiReRIEMAE €89%n of

pl asma 50 by responding to optical energy emtted by the plasnma and
coupled to the spectronmeter via window 92 in side wall 42. Spectroneter 90

r esponds ptical energy emtted by plasma 50 to 15 supply an
el ectric g’i%d)%]ﬁ%n?o m croprocessor 20. M croprocessorpc%g.olz"ggssf’)‘gnds to the

signal that spectronmeter 90 derives to detect an end point of the process
(either etching or deposition) that plasma 50 is perform ng on workpi ece
54. M croprocessor 20 responds to the signal spectroneter 90 derives and a
signal nmenory system 24 stores indicative of a characteristic of the

out put of the spectrometer associat@ with an end point to supply 20. the
menory with an appropriate signal to indicate that the reci pe step has been
conpl et etbres vt dasved Tvarstoand2ite mheiteredfoponatesigna! gauge A6 defves in combrol y syst em

24 to s rtai ctivities associated with the conpleted recipe step
and ini E’%g?gggc%é%'qjgci pe step on the workpiece being processed in chanber

40 or commuangsuumlpeapsoptonnectsd tepmet Einfhasai4 ohehainber4@gedndaingd.er of a new
wor kpi ece to, the chuyck, followed by |nstigation of apogther 25 series of
oci be. prastBes timnelarst ershalbg: o apulic BREUS Wil e e Bameas. | mcl udes

conskanto bi&AURIIEY niffitoF O Urreguld augef'%{iirﬂmeainféﬁﬂﬁbﬁéﬁamw? potsuppiey and
typically having a frequency 013.56 MHz. Source 100 drlvesMpower anplifier
e

102, hami%@)@ﬁsﬁﬁl’f@@ﬂ\f‘tbﬁisigaﬁlli'iﬂi(‘@ﬁ‘fﬁ Fiéhe @GQ%D@FSL@TﬁPa@'@ﬁrﬁHa R anplifier
ot put - D4 S A R 8 g R SR TR s EE oS il 1 e
102 chatigestefiororhchamberdi0. Witraprovessar Zkbtsspends 4o the stered desiwdipressugeconds or
555" e DS BRI Bl B} ok b sBAATRERIEER, 1 =5
whi dh i gauges86td supplyreh electdc sifinalito eacuurspungneéd itw mainkiém the, pressare mpedance
P OB S B S S AR R %, 107 1 Pl 1y
char act er i stQtichlrspectanesr@D nfdhitors ies optical emission of plasma 50 by responding
to optical energy emitted by the plasma and coupled to the spectrometer via window 92
in side wall 42. Spectrometer 90 responds to the optical energy emitted by plasma 50 to
15  supply an electric signal to microprocessor 20. Microprocessor 20 responds to the signal
that spectrometer 90 derives to detect an end point of the process (either etching or
deposition) that plasma 50 is performing on workpiece 54. Microprocessor 20 responds
to the signal spectrometer 90 derives and a signal memory system 24 stores indicative of
a characteristic of the output of the spectrometer associated with an end point to supply
20-  the memory with an appropriate sighal to indicate that the recipe step has been completed.
Microprocessor 20 then responds fo signals from memory system 24 to stop cerfain
activities associated with the completed recipe step and initiate a new recipe step on the
workpiece being processed in chamber 40 or commands release of workpiece 54 from
chuck 52 and transfer of a new workpiece to the chuck, followed by instigation of another
25 series of recipe processing steps.
Excitation circuit 12 for driving coil 48 includes constant frequency RF source 100,
having a constant output power and typically having a frequency of 13.56 MHz. Source
100 drives power ampiifier 102, having an electronically controlled power gain, so that the

amplifier response time is on the order of a few microseconds or less, i.e., the output power




For any particular recipe, menory system 24 stores a si gnal for desired

out put powers of anplifier 102. Menory system 24 s |es th& %fSl red

out put power of anplifier 102 to the anplifier by 8% ocessor
20. The out put power of anplifier 102 can 10 be control I ed in an open | oop
manner in response to the signals stored in nenory system 24 or control of

t he out puﬁo%?}ﬁ@fl of anplifier 102 can be on a cl ose%{ﬁ?@o;g?edback basi s,

as known iI'n art. The output power of anplifier %0 gradual |y
dynami cally changed as a function of tinme as preprogramed changes in a
recipe step are ordered by nmenory system 24. The preprogranmmed dynam c
changes in the output power are stored 15 in nenory system 24 and control
the power gain of anplifier 102. The output power of anplifier 102 drives
coil 48 via cable 106 and matchi ng feetwork 108. Matching network 108,
typically configured as a "T," includes two series legs including variable
capaci t of amlifié HWachdryés fras afiest Valzstoa semndtvaluegl a fawInictbsegofdsxardessapaci t or
114. Coid,_ 48.i ncl ude nd 124 espectlvely
connect éll@etoé'tpé'gp%%eé Og"f"@‘rl}f 1(92 '%‘P?f&%%a%? b eTl Oéﬁééﬁg watfs. Aupp Ig? ectrode of
series ¢appichily habZB60 dhay butputdmpedanua i o viacHOs fosktias hiidfehe difthichal ue of
capacitor 126 |sﬂ§peferabl%“§elected as described in the commpnly

assi gneltf,eE% i BeroeyineEmerdiee geerHapiingepck intohe opfputiermings é'f:?rf'i?‘@ernot ors 118

and 3201023;@1&5.&9@} Yerésehiea 5&@50 tl-)j@)eahrﬁse%ﬁﬂ”%gbIEQOé'JQB%s%nftBQﬁ‘ve a
m cr opr ocessor to control the values of capacitors 112 and 116 in

rel ati v@’l‘%fa@ﬁ%ﬁtlp lm@slancm‘rféﬁ@hm to maintain an i npedance match between the

| mpedance SaR s phABlibAGb Al UER'Ss LERETGD 0 RERL Bl 102 100

cable 106 a om ca out pu
anpl i f i powerdpf amwlﬁerei,ﬂZf Membnyesyﬁiem\ﬁtl@usmigs mesiesueb@dtpgaﬁbwer pf)amlniiﬁen out put

| e R S 30 BBes O AL BrLPRRE Rl oo
g:omm ol be umttmned ih kA op@dodp’zmamerimsﬁ)dmpettan@ agmﬁoﬂeacnkmamoﬁz_rsyatemabl e 106
cont  of 2681 RO PT B ptweF of Fefecitn oo RapeRoetiey BPopdBhstne.
I rrpedan@@kn@ﬁem el Mhel diltut pbRePut @ﬂﬁuﬁ&.em Baliy ghd@dip!dyhadica32 and the
|npedance anplifier 132
changed as a function of time as preprogrammed changes in a recipe step are ordered by
memory system 24. The preprogrammed dynamic changes in the output power are stored
15 in memory system 24 and control the power gain of amplifier 102.
The output power of amplifier 102 drives coil 48 via cable 106 and matching network
108. Matching network 108, typically configured as a "T," includes two series legs
including variable capacitors 112 and 1186, as well as a shunt leg including fixed capacitor
114. Coil 48 includes input and output terminals 122 and 124, respectively connected to
20  one electrode of capacitor 112 and to a first electrode of series capacitor 126, having a-
grounded second elecfrode. The value of capacitor 126 is preferably selected as
described in the commonly assigned, previously mentioned, Holland et al. patent.
Electric motors 118 and 120, preferably of the step type, respond to signals from
microprocessor 20 fo control the values of capacitors 112 and 116 in relatively small
25  increments to maintain an impedance match between the impedance seen by fooking from
the output terminals of amplifier 102 into cable 106 and by looking from cable 106 into the
output terminals of amplifier 102. Hence, for the previously described (50 + j0) ohm output
impedance of amplifier 102 and 50 ohm characteristic impedance of cable 108,




5 drives, mcroprocessor 20 responds to signals fromconventional sensor

arrangenent 104 indicative of the inpedance seen | ogking, fro |l e 106
into matching network 108. Alternatively, sensors géﬁ%@"}?ﬁg@ﬁ@gd for

deriving signals indicative of the power anplifier 102 supplies to its
output termnals and the power reflected by matching network 108 back to

cabl e 106 rQprocessor 20 responds, in one of se wn manners, to
the 10 sel %&gﬁgnal s that sensor arrangenent 104 dg&f@%}g@@ control notors

118 and 120 to attain the matched condition. Circuit 14 for supplying RF
bias to workpiece 54 via electrode 56 has a construction sonewhat simlar
to circuit 12. Grcuit 14 includes constant frequency RF source 130,

havi ng a constant output power and typically having a frequency such as 400
KHz, 2.0 15 MHz or 13.56 MHz. The o#tt put of source 130 drives
electronically controlled variable gain power anplifier 132, having the
sanme chatasirerdssdri20 sord®isangibis f1i1@ and (2D soAingpilnipédamice $&h loakirtgdfrom callel ves a

cascade rrangepent ingl ydi.n i rection caoupl er 134, cable 136 and

mat chi ngogm mgtcﬂﬁaﬁgt.‘mﬁﬁa){bgﬂ? ﬁ@aﬂﬁq Qﬁ)ﬁ’%s@%éo c"l@ii%’%m% series |eg

conpri si ng thecon@blingsiors ¢ PARA 20 8 Maditalh bretched doridition fdrdRe Risbddedd abl e
capacitor 142, as:well as a shunt Ieﬂ_@zo I ncl udi ng fixed inductor 144 and

var i abl &nlgaking bio tha guipNeEPiaals akarapifen 13 andine IWRedencaABRBELIS, st ep

MOt OK'S, giidsYmichiprobatssrs0 REp&rie 36 sibistrot dormBiftion A @endd? 8RS deEAt Yo4 1 1 _
response to signals fromm croprocessor 20. Qutput termnal 152 of matching

net wor k ingggtieugihe dnspesiancersesndsoking fre«ablg 108 inde adefingsBetypritBB. of seri es

couplin it ' ) : L NG =fromthe
chucki naGARREl e fert b vl 3PloPUeRindBilt REIARR K b it 01,

el ect r ode2 Sifpplies tc dipadpt tarminalscaod phegebwer eflelited yohatcling ssheork488 bagdr kpi ece 54
and a plas ath between,the workpi ece and pl.asnma to a rt.ion of

ol as . S0oaHp 2062 Mt iecn < e noril Bicrocs 3oVl GRVE massrd FdeChuck s2
coupb essérzeplsapar thd sefdon Birasdudsont 10Cdedvie8 to cantrohmotopd #gand 12®toDC bi as

typi cal l%az'h s val ues between 50 and 1000 volts. The DC bias 30 Septenber
2005 ORI tghascepn /09562 12 resulting fromthe RF energy circuit 14

applies to aliRgt 19PRPspRlyRG RH KA WRKPRIBS 54 a BledrdiiR 56Has bQoWstrusiinece 54.
somewhat similar to circuit 12, Circuit 14 includes constant frequency RF source 130,
having a constant output power and typically having a frequency such as 400 KHz, 2.0

15 MHzor 13.56 MHz. The output of source 130 drives electronically controlled variable gain
power amplifier 132, having the same characteristics as amplifier 102. Amplifier 132 in turn
drives a cascaded arrangement including directional coupler 134, cable 136 and matching
network 138. Matching network 138 includes a series leg comprising the series
combination of fixed inductor 140 and variable capacitor 142, as well as a shunt leg

20  including fixed inductor 144 and variable capacitor 146. Motors 148 and 150, which are
preferably step motors, vary the values of capacitors 142 and 146, respectively, in
response to signals from microprocessor 20.

Output terminal 1562 of matching network 138 supplies an RF bias voltage to
electrode 56 by way of series coupling capacitor 154 which isolates matching network 138

25  from the chucking voltage of DC source 66. The RF energy circuit 14 applies to electrode
56 is capacitively coupled via dielectric fayer 48, workpiece 54 and a plasma sheath
between the workpiece and plasma to a portion of plasma 50 in close proximity with chuck
52, The RF energy that chuck 52 couples to plasma 50 establishes a DC. bias in the
plas_ma; the DC bias typically has values between 50 and 1000 volts. The DC bias



M croprocessor 20 responds to signals indicative of the inpedance seen

| ooking fromcable 136 into matchi ng network 138, gaf‘%%gived ﬁ% a known
sensor arrangenent 5 139, to control notors 148 an SREF 2R val ues of
capacitors 142 and 146 in a manner simlar to that described supra with
regard to control of capacitors 112 and 116 of matching network 108. For

each Pr ocesS, G Lpe step, nenory system 24 stores S%[EEIB%'%@JS signals for the

net power coupl'ed by directional coupler 134 to ca 2The net power

coupled by 10 directional coupler 134 to cable 136 equal s the output power

of anplifier 132 mnus the power reflected fromthe | oad and matchi ng

network 138 back through cable 136 to the termnals of directional coupler

134 connected to cable 136. Menory system 24 supplies the net power set
poi nt signal associated with circuif214 to mcroprocessor 20.

M croprocessor 34 also responds to output signals directional coupler 134
suppl i egesuliing fomdhe RF saergyeircyit 4 apilies i claciiede figaraelesatesions irilasMfenent 141

deri ves sgkORahksicbddhcati ve of output power of anplifier 132 and power
refl ected (8‘5} CE'& e %36 back toward the output termnals of anplifier 132.
M cr opr oces ddicropeocessnn 80 tespordst th sigsels insiinativesofdhel impedisnceskai lopldigs sensor

arrange t ' Whi S re_lindj | ve. of the

out put - ooy hlo SR heo 338 USSRl Rl parBBL SRk for

anpl 5f i 489, t¢ contwhinoiots 1MBang d5@andibe waleds o oppackore 142881 146he aondnpet  power of
anplifier ,132 is als radual | v dynam . cal chan a unction of tine
as chanaigglari%ﬂ “}f%p%icf' eé]gﬁé’f’@ “ﬁt&’(ﬁ%qaé%{gﬁ?"thﬂ#?a @ﬂi%@n@ﬁ@qff%a% ani c
changes nefvotr0gout put power are stored in nmenory system 24 and control the
power gain of a@n%l ifier 132. 25 One of the el enents of marmr¥| system 24,
typically r Q088 BosRenisEpe stop. rearpanssystam ehsiorgs sehpeint sianaieior e |
the out pukerN@WpledOby aidtioral Bouplét213and/ Qbiel #35, dithd REt pSwsrt &RipRl thre Teci pe
of plasma 50 processi ng workpiece 54. The preprogranmed val ues °thereby

contlPol dirgrbiorahsowpiet34ieseire ¢34 euals theantout wemet o auRliies 32mipps fhet o t he
DS P NSRRI 1ok ARl ind 6 (Rl R PR e = oL 00
terminals of directional coupler 134 connected to cable 136. Memory system 24 supplies
the net power set point signal associated with circuit 14 to microprocessor 20.
Microprocessor 34 also responds to output signals directional coupler 134 supplies to
15 power sensor arrangement 141. Power sensor arrangement 141 derives signals indicative
of output power of ampilifier 132 and power reflected by cable 136 back toward the output
terminals of amplifier 132.
Microprocessor 20 responds to the set points and measured signhals sensor
arrangement 141 derives, which measured signals are indicative of the output power of
20 -amplifier 132 and the power reflected back to amplifier, fo control the power gain of
amplifier 132. The output power of amplifier 132 is also gradually dynamically changed as
a function of time as changes in a recipe are ordered by memory systems 24, The
dynamic changes in the output power are stored in memory system 24 and control the
power gain of amplifier 132.
25 One of the elements of memory system 24, typically read-only memory 30, stores
preprogrammed values for controlling the output power of amplifier 102 and/or 132 during
a step of the recipe of plasma 50 processing workpiece 54. The preprogrammed values
thereby control the amount of power coil 48 and/or electrode 56 supply to the plasma 50
in chamber 40 to enable the power that coi 48 and/or electrode 56 supplies to the plasma

Retontrol | i ng



to change gradually as a function of tine in accordance with a

preprogrammed predeterm ned function, such as the hemat.i ¢ unctions
170 and 172 illustrated in Figures 2 and 3 or the %P{gﬂ%m%%%tion 174

illustrated in Figure 4. Functions 170 and 172 of Figures 2 and 3 are
respectively upwar dl'y and downwardly directed substantially 5 continuous,

gr adual npi ng functions. The preprogranmed or controlling
t he out pu?aggésvg{rlgof anplifier 102 and/or 132 that Fgﬁ#@?ﬁs menory 30

stores are, in actuality, a series of relatively small increnental steps,
each of which usually has the sane value. The incremental steps are such
that the output power of anplifier 102 and/or 132 changes suddenly at the
begi nning 10 of each step, by a small value, in the range of about 1
mlliwatt to | ess than 5% of the nmqximum output power of anplifier 102
and/or 132 (e.g., if the maxi mnum out put power of anplifier 102 is 3000

watts, tdhehdiye gwarus:ltyaﬁsg% functitansaenm@f int momhwthtnowrembg@mhhddf ier is 15
vvatts) Each step usually has the sane relatively short duration, typically

bet weenPregaieriney f‘&’@ﬁ%@”% bR anataenmativalfungtions WA and { fRilusttated inbover of
ampl i fi gy uélag% m erthéal%pl*léal 'ﬁ.ﬁﬁﬁérﬂﬁ@ﬂﬁ‘ﬁ{aﬁé@m F@h{%&ﬁ ERRESHs {7vedhgone second

w | not usua 'y provide the desired rounding effect previously discussed
i n thi st@elrigwes Aasepiaesrespecsvalupwardiy lmed ﬂgwaxgaidlmghreqt%dwgé@tq@ﬁl des
substan ' variations in power supplied to coil
48 a%d é+rﬁlh{)ér(ljosglg%gagﬁ%ﬁtrﬁﬂgg@?gt@%e power supplied to plasma 50. Wen it
i s desired tlhegnepiogramined valigsdor qootrelingdhe amtpxhhpbwenrof]aﬁ@hfmmdﬂbandmz in 20

accorda W. th repro function h as.those il lustrated in any
of Bt gug i Bl OB A B ke bRt BSess S APETY ¢ e
stored inbretental viebs|@ach of whishdisodllyhas tnsaie \afiel MHe ¢rtsmentadbteparegai n
arrpllfler ower . of the

anmpl i fi %‘Pﬁfﬂtfé%%ﬁ%mgg@% é‘gg’{ﬁge t%‘é’%{ ié% : Oua[%'éée YAt dre l?%l‘ﬂ’ﬁ'@ad only

memgy oﬁéhch%tap@pra@ménh@lugamh@fangb of 8B&It 1afiRiwet t18S tHan% ol § and 132
and thereby vary the power l'east one of coil 48 and el ectrode 56

suppl i eFAKBUR) %ﬁ’fcﬁ PB‘Ger qfampltﬁer Eﬂ?s‘iﬁﬂ%f‘ 32 48,9 alh the imepimuss iR POWSE of he
funct i oggnmbr fi0y 860 @aﬁs%hénex.ﬁm T HBAGET ratstépfb@t@%\gm @@Ie% BkYrfSiiA ﬁg and

vari able gain anplifier 2 supp y to e ect ode or tot begi nni ng
of ranpisri§ Wallsst Fanh s:tem;suelbl heis ithe sEme reiatively shoysdusationAtypically betweeampr ocessor

20 set bR anBR) b i At BBl SSId 8Findiflr 02 BhAGP 1Ot ant 30

15 remains constant. Steps longer than one second will not usually provide the desired
rounding effect previously discussed in this document. A series of steps in the foregoing
ranges provides substantially continuous and gradual variations in power supplied to coll
48 and electrode 56 and therefore the power supplied to plasma 50.

When it is desired to change the output power of amplifier 102 andfor 132 in

20 accordance with a preprogrammed function, such as those Hlustrated in any of Figures 2-4,
the stored program in hard disk 26 periodically reads stored numeric values in read-only

 memory 30 indicative of the gain amplifier settings which provide the desired output power
of the amplifier. Microprocessor 20 responds to the values read from read-only memory
30 to control the gain of at least one of amplifiers 102 and 132 and thereby vary the power

25 atleast one of coil 48 and electrode 56 supplies fo plasma 50.

For purposes of explanation, assume that the functions of Figures 2, 3 and 4
represent the power RF source 30 and variable gain amplifier 132 supply to electrode 56.
Prior fo the beginning of ramping function 170, at time T1, memory system 24 and
microprocessor 20 set the gain of amplifier 132 so that electrode 56 supplies constant




WO 02/ 080214 PCT/ 1JS02/ 09562 14 power Pl to plasma 50. During a recipe step

of interest, nmenory system 24 and m croprocessor 2 ont rql gai n of
anplifier 132 to increase the power supplied to gg% 8{?@%365§§5i ndi cat ed

by linear, upwardly directed, gradually increasing and substantially
continuous ranping function 170. Ranping function 170 continues until the 5
reci pe step has been conpleted at tine T2. Thereafter system 24 and
m croproc IHPYBH maintain the gain of anplifier 133¢ @Bﬂ@?ﬁﬁg so t hat

el ectrode 56 supplies constant power P2 to plasma 50. Menory system 24 and
m croprocessor 20 control the gain of anplifier 132 and the power

el ectrode 56 supplies to plasma 50 to gradually and substantially
continuously decrease the plasma power al ong ranping function 172. 10
Ranpi ng function 172 extends from atgonstant value P2, at tinme T1, to a
constant value P1, at tinme T2. The power decrease fromP2 to Pl is

]Loerfor mpewemP1 hﬁ m mammenng demmpemgb bbnfatem@siyannehin;zs|(r]|yola;yrslas¢mé’felL arahpl ng .

unction . 170. The 0 lons 170 and 172 ar erm ne y

e o Rl aRacaser 24 Gl Bh do O AP E R kP 1R Rev e ibelied Blo 1 e

132. Typicemddey 56t B intRekdd vyl ainaa upﬂ.@ralwcmtect@@ %iade@rayhmate%pmghme in the

gain of anmplifier 132 for a particular recip e are the s%% it isto
f

be undep4istastialycangnuous rampingd fangtior A &%y R’s“’t"@'ﬂg Blﬁgwgé Ojepntinyigs yaji
anpl ist i Rfeipb3dte Q{asabéw Sdnfpietéd af %Hep¢2 Chﬂ{&é’aft@ﬁﬂné}ﬁa@ Sisfdngro@nindmagni t ude

and duration alues. Function 174 of Figure 4'is enpirically derived and
resul t smigremvcessen20evainidin the gaigehampliient32 coestans paribat electrode b6 arnpliss aces 54

under Vﬁrg I8 Vg&ﬁeﬂ%"% &Ia%ﬁxtatSbn%n?d?QS)fsﬁé?ﬁnM Al mid ?W%s;btrgg é;BEfPé]‘tﬂee angl es

under t rious power settings at” function
174 of gaigof emplifies 13%are the brumenelléctredm 86 suppligaio psos &rtd grm:hml!ymﬂw di fferent

e S ol RGeS e BEaEPIRAE S T BEE TR B P L
powan | RempinB4unotibh ¢Te SberideSioacd comstant salls P tat fimé U1, toa donsaniialwend _
S B T bbb raBS P2 BIET o, YRS B8 g ot 120
to a vaaé&nggww upRHYENy direxed ra%,@mnétﬁﬁﬁm eturns to power level P4 at tine
14, Refer enql%els?o gso \rIJ\lI‘ rg%dlﬁ }ugculzlng l'f‘r{()e gnd 17a2na?e getgr];ntr;[eg% Ctiigear\rlmma nr?ﬁhde ancj3 sctively
schematic Y ping Y g
duration of each step change in the gain of amplifier 132. Typically, the magnitude and
15  duration of each step change in the gain of amplifier 132 for a pariicular recipe change are
the same; it is to be understood, however, that different step changes in the gain of
amplifier 132 for a particular recipe change can have different magnitude and duration
values.
Function 174 of Figure 4 is empirically derived and results from a series of
- 20 -experiments performed on test workpieces 54 under various RF power settings and from
measurements of profile angles under these various power settings. It is to be understood
that function 174 of Figure 4 Is merely for itlustrative purposes and that many different
- empirically derived functions can be employed, as necessary. The particular function 174
varies between a constant power level P3 to a higher constant power level P4, which
25  respectively subsist prior to time T3 and subsequent to time T4, the temporal boundaries
of function 174. Function 174 decreases slowly from power level P3, then increases at a
faster rate to a value above power level P4 and then returns to power level P4 at time T4.
Reference is now made to Figures 5 and 6 of the drawing, respectively schematic
~drawings of an illustrative semiconductor structure prior and subsequent to etching



drawi ngs of an illustrative sem conductor structure prior and subsequent to
etching 30 Septenber 2005 WO 021080214 PCTIU802/0959ﬁ895K$ﬁFr b%gns I n
accordance with one enbodi nent of the present inven P 5 g -etch
structure of Figure 5 includes silicon substrate 202 having a top face
coated by thin film silicon oxide |layer 204, typically having a thickness
of 150 anggt which in turnis .covered by a thi | ilicon nitride
| ayer 206gﬁﬁégﬁﬁglly havi ng a thickness of 1600 5 ahgg ?%@%& Layer 206 is
coated with an epitaxial bottomanti-reflective coating 208, typically
having a thickness of 570 angstrons, in turn covered by tw spaced

phot oresi st strips 210. The structure of Figure 5 is initially processed
by reducing the height of photoresist strips 210 to formtruncated
photoresi st strips 212. Photoresist1&strips 210 are reduced in 10 hei ght by
supplying a typical photoresist etchant fromgas sources 68 to the interior
of chanbperainsimaesordanse adih one lembbdimept efdhepriekent dnvéntido. Jthespreretsh and whi ch

is read ' i . r.o ] hard di sk
26 st or Seuetirgof FBReFERRs ffon St e OB AT n 00 BB ERAEERY bHEm 45 and
el ect r odiicdcoxidediaydre20datypioatly hiaving etiiokness @f t160 magstiomscwhish anturn ext, the
programthat, hard, di sk 26 staqres,6 cau 15 hottom anti-reflectjive coating
28 to b8°"eet’ec%g>6 AN, E‘n?"r‘?&“J@P‘gfe?y?ﬁﬁ@%%@ﬁ&d‘aﬂaﬂl r@h‘ﬂ%@%ﬁ% Sl o ( HBr)
and oxygegstrofd) lsyer 286 istébated Witiehn efiaxid) @vttéra tanf-réffectiaesiting 268, is 75 to
22. At the sane tine, disk 26 and m croprocessor 20 control vacuum punp 80

so the Wpicalydhavingiaihickness gt S70@nostromssyn thimcayvered By A sParebRIIgIesifar d di sk 26

causes §igsgad.ns of anplifiers 102 and 132 to be such that coil 40 is
supplied with 500 watts of RF power at 20. 13.56 MHz while electrode 56 is
suppl i ed wi tTive stractyigof Sigue Stsingiiglenrocesseddhyseduging the height of phateresist of RF

on the T Bes FaqesmEnRchBRoaieSAR 2, Bhollidal g ol kBB S e
poi A®  odightdyeuppigBy acpical phaibmsisheiobad Som @6 mndesBhito thesipterionof24 r espond
208 by 5L 40P BBy BTRLYERTIEE o) HSEh A PN e Bring
- par anet micsoprocessanB@r  8bnultaneously, the program that hard disk 26 stores and
microprocessor 20 cause the power supplied to coil 48 and electrode 56 and the vacuum
in chamber 40 to remain constant. Next, the program that hard disk 26 stores causes
15  bottom anti-reflective coating 28 fo be etched by opening valves 74 connected to hydrogen
bromide (HBr) and oxygen (O,) sources 68 so that the flow ratio of these gases is 75 to 22.
At the same time, disk 26 and microprocessor 20 control vacuum pump 80 so the
pressure in chamber 40 is 3 millitorr. Simultaneously, hard disk 26 causes the gains of
amplifiers 102 and 132 to be such that coil 40 is supplied with 500 watts of RF power at
20 13.56 MHz while electrode 56 is supplied with 178 watts of RF power at 13.56 MHz; the
178 watts of RF power supplied to electrode 56 causes a DC bias of -200V to be
established on the electrode. Optical spectrometer 90 detects when the etching end point
qf fayer 208 occurs. Microprocessor 20 and memory system 24 respond to the signal from
optical spectrometer 90 to cause over etching of layer 208 by 30 percent, a result achieved
25 by not changing the etching parameters in chamber 40.
When the over eich has been completed, microprocessor 20 and memory system
24 cause silicon nitride layer 206 to be etched in a somewhat similar matter to that
described in connection with coating 208 until optical spectrometer 90 detects an etch end
point. Etching of layer 206 is in response 1o a suitable mixture of fluorine-based etchants




When the over etch has been conpleted, m croprocessor 20 and nenory system

24 cause silicon nitride |ayer 206 to be etched in at . sim |l ar
matter to that described in connection with coati néO%@? %”28@%][ i cal

spectrometer 90 detects an etch end point. Etching of layer 206 is in
response to a suitable m xture of fluorine-based etchants 30 Septenber 2005
WO 02/ 080 | USO2/ 09562 16 whil e the chanber 40 pressure is 10
nillitorrg%ﬁﬁg&éﬁ power supplied to coil 48 is 1000PBRH§?@%5%d t he RF power
supplied to electrode 56 is 155 watts, resulting in the electrode having a
DC bias of -170V. M croprocessor 20 and nenory system 24 then cause silicon
nitride |layer 206 to 5 be over etched for 10 seconds. The over etch is
performed by causing a suitable mxture of fluorine-based etchants argon
and oxygen to flow from sources 68 ito chanber 40, while the chanber is
mai ntained at a pressure of 7 mllitorr,. and 1400 and 400 watts RF power
ar e resphie theathpribeph? pbssuwe isoill millBrg itk BF powenslpplisl to Tk 48 ppi90at i on of

400 watts, RF po to el ectrod 6 .resul i n, the el ectrod ejng at a DC

Vol t age gt S BRRF poyisrRup B dedBet 55,1 Wiro MBS Puhe Shetfien . ause a

br eakt hihavigda ©fC bia$ barov.oxi de | ayer 204 by causing 100 sccm Cl2 to be

applied for five seconaéafromggas sources 68 to_chanber 40, while 500 and
I

120 watts arWiCFORE}REEsAr ¢l B)d HFAPYEYSIPR ¢oihen gausg siiconnilidp laygs 28 to

M cr gpr g6 89&srché i1 SSBIHREY T SeLa s JoliBietidy 2 audintPa SiaBle@higtireoPer ati on
for 15 shallow trench isolation of silicon substrate 202 to be perforned.

The mai Af @otine-bpeedielciaants argopand efyaen tof inw B3N selyeeried intp ehashendd. to a

sui t abl ' ; ; f ] r r anber 40.
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base 2148 it¢ chamber 40, while 500 and 120 watts are respectively applied to coil 48 and
electrode 56.
Microprocessor 20 and memory system 24 then cause the main etch operation for
15 shaflow trench isolation of silicon subsirate 202 to be performed. The main etch operation
is performed for 65 seconds in response to a suitable mixture of HBr/Cl,/O, flowing from
gas sources 68 to chamber 40, During the 65 seconds, vacuum pump 80 maintains the
pressure in chamber 40 at 15 millitorr, the output of amplifier 102 supplies coil 48 with 1000
watts and amplifier 132 supplies electrode 56 with 235 watts so that the DC bias volfage
20 of electrode 56 is -320V.
Upon completion of the 65 second main etch operation, the silicon in subsirate 202
is at the location indicated by point 212, Figure 7, slightly above the trench final base 214.
The final etch operation of silicon substrate 202 between point 212 and base 214 is
performed in such a manner as to achieve rounded edges 216 between point 212 and
25  base 214.
To this end, microprocessor 20 and memory system 24 perform the final etch
operation for 15 seconds. During the 15 second final etch operation, vacuum pump 80
maintains the pressure in chamber 40 constant at 10 millitorr, amplifier 102 maintains the
power supplied to coil 48 constant at 100 watts and a suitable mixture of HBI/O, constantly




performed in such a manner as to achi eve rounded edges 216 between poi nt
212 and 25 base 214. To this end, mcroprocessor 2 nd not ystem 24
performthe final etch operation for 15 seconds. E§9gﬁamgﬁ@rféoiecond
final etch operation, vacuum punp 80 nmnmintains the pressure in chanber 40
constant at 10 mllitorr, anplifier 102 maintains the power supplied to

coil 48 c at 100 watts and a suitable m xtur r/QZ constantly
30 Septeng@ﬁ’g@%% WO 02/ 080214 17 PCT/ US02/ 09562 f|§‘\,‘\@{’§ﬂpg9 %sources 68 into
chanber 40, while the power that anplifier 132 supplies to electrode 56
gradual |y decreases from 200 to 100 watts. The gradual decrease in the
power that anplifier 132 supplies to electrode 56 is in 15,000 steps, each
having a duration of 1.0 mllisecond and an anplitude of 6.667 mlliwatts.

After base 214 has been reached, 5 the etchant gases are purged fromthe

chanmber while the chanber pressure remmins constant as does the power
suppl i efiowsofrerisputsgs §8 dnte peasbies 48, whle tirp eawakihriparerliBesB2:4ppliefelor enpved
from chaghel, r rﬁ]ef(ﬁj anhdatial T i i de a
roundedacor r?gﬁ,% %lﬁg‘fgnysdgg}s%sregé@a trtgglgiot‘l{’aéﬂﬁ', Tllgg \%?2?1’ cf%géag?@fﬁ%ort i on of
si | i conpewdréhat amplifi0 232audplias foegkestrodeffbisiin He0G0rstape.mach hdnvingrodwraticnppl i ed to

10 el ect e.56 and/ ar i | 48 be,.simm | .ar | Il he gas

speci esogﬁgm{liﬁgc?r] o%%rag'%g? I‘w‘ﬁee?fgeg%?irﬁw@é@hfﬁ'ﬁ}e%%gﬁ%E% %&hﬁ %:ﬁ-'ﬁg’d const ant,
si nubt athecaicHayt Bhadds érh@gtg:eemmiﬁeidnam?élammblerthé@har&h&mmssgrecmnmurlalnt : G(r]I adual
transitions in de ited | ayers, can S rovide .gradual 'y an
subst ant™%& ﬁ“&a%‘g‘??{%ﬁﬁﬁjmrﬁu%i?&oﬁ@“ f‘ﬁ@“‘gﬁ'ﬁéf"dga& ilé‘%ﬁ"’t’%%@%?elaz‘d‘l@" and/ or

el ect r opereafovelitohecnaRbBt 40 11 fiAh&tPRsdeddihig.t he gas species, the flow rates

t hereof and 15 the pressure in chanber 40. Because of the fast response

times of anpiitip desiedigpproydea saundedeorperethatis A geadualirapsiiong hetiyeenthe hese
anplifi bt pl asma 50
to pr ov?’giofﬂigﬁgj?i%[\y%ﬁéﬁg%ﬁ@? %‘%ﬁ&gﬁ?ﬁpﬂfpggigdsﬁhﬁlgéﬁﬁﬁé V\xs)é‘t%-idg@g%%54 and nore
accuf at eledirde 56 land/or ool R ghrebeesipilaryeredemyhiledne grs saediesdnddnasiawpratasange t han

can be REAYE RS cRime 40’ & nitiRAR @ Blrttant WilluBRedlAR, Vit oMo FE&uR inchamber

pressure.
chamber 40 remaining constant. Gradual fransitions in deposited layers can also be

provided by gradually and substantially continuously varying the power applied to coil 48
and/or electrode 56, while maintaining constant the gas species, the fiow rates thereof and

15  the pressure in chamber 40. - Because of the fast response times of amplifiers 102 and
132, the changes in the gains of these amplifiers almost instantaneously change the
characteristics of plasma 50 to provide relatively high throughput processing of workpieces
54 and more accurate control of workpiece processing during a recipe step change than
can be provided by varying a parameter such as gas flow rate or chamber pressure.

20 While there have been described and illustrated specific embodiments of the
invention, it will be clear that variations in the details of the embodiments specifically
llustrated and described may be made without departing from the true spirit and scope of
the invention as defined in the appended claims. For example, the variable gain features
provided by amplifiers 102 and 132 can be incorporated directly into RF sources 100 and

25 30, respectively.




Wil e there have been described and illustrated specific enbodi nents of the
invention, it will be clear that variations in the ﬁgallstpfaé
enbodi ments specifically illustrated and descri bed Pigmbgh i t hout
departing fromthe true spirit and scope of the inventlon as defined in the
appended cl ai nrs. For exanple, the variable gain features provided by
anplifiers 102 and 132 can be incorporated directly into RF sources 100 and
25 30, respectively. 30 Septenber 518 CLAIMS : 1. A nethod of etching a
wor kpi ece in a vacuum pl asnma processor chanber conprising converting a gas
speci es 4 an AC etchant plasma that is applied to the workpiece while a
feature of the workpiece is being fornmed, the AC etchant plasma al ways
bei ng the dom nant material applied to the workpiece while the feature is
being fornmed, the vacuum chanber belﬁg subj ect to operatln at different

pressures whii e/ RO ?5 IREER WOSKDIRSP (1 2 YPEHUBE BIadna tPHRCeESeE CBBbS es bei ng
subj ect cérﬁpﬁstr@vuonﬁemd@t@ gw%p@d@n%ran At drhhepigdha tHPW sdies wMme! € the

wor kpi ece 1s being processed, gradually changing, on a pre-progranmed

basi s, WRPigRD e ef feaimrepeiiibe waikedecld uemgtfn@nqgﬂ AhemACdetenany ptqsmm ng of the
wor kpi eﬁlﬁia gé ﬁierhoﬁ]lrgern@g‘lé‘f’éna [:gﬂéd {d 38 woRol IE‘? \nﬁ'n%‘ﬂ?e @gtg F%’eln in the
wor kpi ece bern rocesse respon ual’ power change,

t he gr athoaéd, plun/\mcuumahgmbemm‘lgsubjegt tiwpemg]g bte:h@rerdtpaéssuream;me then in the
shape o erial . 2. met hod of et chi r.k acuum

ol 2o WPBCEBbelR drsarse bR Srerrs B st bRaide 15eE i BeicBatvatto an ac

et chant adifgém fibladtes Whid el estkdidtel i6 BeinyRrdepises egr%\.ldﬂ? cRarigfat bfi @ of the

wor kpi ece is bei nghformad the AC etchant plasma being the only material

appl i edPEPRHEIMRSH ReTie e peuUNbohAMe Pourisupried i theplagme @ﬂmtcmmgeofv acuum
chanber yRejcRgices Ritfrdin 4 §r3999 g‘gﬁéltﬁg\ itthe Shdetdr Rkt thﬁ ﬁ%'%cﬁ?p iMdidefgt NE

wor kpi ece is being procCesse gas specl es e| ng su ct to flow ng
i nt o t heroegsaed eecus indespopse tot the lgradualr powes chemige ethe Igeadmelrrbqweecbangs bei ng

process I LN e- proqgr d basis, the anmount of AC
power sﬁ%ﬁ?gég% %’gg‘?aégﬂ%sg‘ﬁuﬂ%gs E{p&?ﬂqag%a?er{a e workpi ece, wherein a
gradual trangitAonethot dfhectiiyap evoekpicea tire & ivatuunt plalir@a \WeddepioP Charhigérng

processed occurs |n resgonse to the gradual ower chang t he %radual
power CW@ gdzguy qqga gas species into an AC etchant plasma that is applied to th

workpiece while a feature of the workpiece is being formed, the AC etchant plasma being
the only material applied to the workpiece while the feature is being formed, the vacuum
chamber being subject to operating at different pressures while the workpiece is being
processed, the gas species being subject to flowing into the chamber at different flow
rates while the workpiece is being processed, gradually changing, on a pre-programmed
basis, the amount of AC power supplied to the plasma during etching of the workpiece,
wherein a gradual transition in the shape of material in the workpiece being processed
occurs in response to the gradual power change, the gradual power change occurring
during the gradual transition in the shape of the material.

3. The method of claim 1 or 2 wherein the gradual power change occurs while
no change is made in (a) the species, (b) the pressure or (c) the flow rate.

4. The method of any of the preceding claims wherein the AC power is supplied
by an elecirode coupling an AC electric field to plasma in the chamber.

5. The method of claim 4 wherein the electrode is responsive to an AC power
source that supplies RF bias voltage to the electrode, the electrode being on a holder for

the workpiece.



during the gradual transition in the shape of the material. 3. The nethod

of claim1 or 2 wherein the gradual power change ocgyr, Ile change is
made in (a) the species, (b) the pressure or (c) thg’Hﬁ%ngq"Fbﬂgpég. The

met hod of any of the preceding clains wherein the AC power is supplied by
an el ectrode coupling an AC electric field to plasma in the chanber. 5. The
nmet hod of claim4 wherein the electrode is responsive to an AC power

source that supplies RI= bias voltat® to the electrode, the el ectrode being
on a holder for the workpiece. 30 Septenber 2005 19 6. The nmethod of claim

4 wherein the electrade i.S, respansi.ve t n, AC power. our t hat supplies
RF pl asma exgita ?6’?19%\?& ¢ Egntﬁdﬁq}eﬁeé" E‘Feeietcﬁfﬁ IS r%f?gn%\'ee@ta}n PO spondi ng to
the RF solitaghatt suppli@p Ry REsah estidtion foldge too tHeheleptatieMihd eletitdtiet € t he gas
to the plaspma., 7. The nethod of clains 4 wherein the AC power is supplied
by a coir&pe%‘ﬂ?ﬂ forige REYollgee5p sply Rkeipetug fickhtodhneplaserrigyeits the gastod to t he
chamber & piddagy. Met hod of any of clains 1-7 wherein the species is ionized
into a plasna that etches the material to formthe feature, the gradual
power change,/- t HBe gppddet claing 4 wherein A pawersis spplied by & ool eliplinge pl asma to
t he wor kpi hei ng. s i ' shaped to have a rounded
coner tﬁgt in%%d%g@'ﬁgQ?@E@e@“&ﬁ@t@@&‘g{hﬁ%h?rjgé%rbnse to changes in the
ionized plasma etchant resulting fromthe gradual power change. 9. The

met hod of cl gj wherein the etchj whi ch occurs i.n response to changes
" the L oni 28d preSbod st cBies - Mheror GoipRaee iy itk M BB TEhange and

the cofidt Bi¢RsEStha PRdterRid Bfin Be bAtErePihd YRRIUBCHIWRE cHENGK PhE GBecidsinid® @ trench
wal I including the rounded conmer, the trench and the rounded corner being

i ncl udeds gontiieus gpplisation o therriasmanto therwerkpiegeraingofuch that fegnaigral i n t he

ude _ _ i : t h. 11.
rounded sGLHReE h?@.%g%d'ceﬁgfﬁ?ﬁﬁdlmsmg (g@'mg\ﬁ%éturgrﬂpr t@poglgéﬁnc?%fr‘ eSC[ ?gﬁ of a

The nethod of claim8 wherein e roun omBr s &
wal | anéh the ibnzédplesihaelehard cisilting frdve thamirdduat joves chidngee ext endi ng general |y
at right anglg_e STF\Q mettrrl]oed 9 Clléllif‘n 8 wherein the etching, which occurs in response to

changes in the ionized plasma etchant resulting from the gradual power change and the

continuous application of the plasma to the workpiece, forms a trench wall including the

rounded corner, the trench and the rounded corner being included in the formed features.

10. The method of claim 9 wherein the rounded comer is at an intersection of a
wall and a base of a trench.

| 11. The method of claim 8 wherein the rounded corner is at an intersection of a
wall and a surface intersecting the wall, the surface extending generally at right angles to
the wall.

12. The method of any of claims 1-11 wherein the gradual change includes steps
having power changes no greater than about several watts, the power remaining at a
constant wattage for no more than about 1 second.

13. The method of claim 12 wherein the power steps are a few milliwatts and
remain at a constant power for about 1 millisecond.

14. A memory storing a computer program for controlling a computer for
controlling étching of a workpiece in a vacuum plasma processor chamber wherein a gas
species is converted into an AC etchant plasma, the chamber being capable of operating
at different pressures while the workpiece is being processed, the gas species being
subject to flowing into the chamber at different flow rates while the workpiece is being

processed, the computer program storing signals causing (a) control of the amount of AC



12. The method of any of clains 1-11 wherein the gradual change I ncl udes

steps having power changes no greater than about s ral t t he power
remai ning at a constant wattage for no nore than agcg%teg}f”\ggﬁ%ﬁqp 13. The

met hod of claim 12 wherein the power steps are a fewmlliwatts and remain
at a constant power for about 1 mllisecond. 14. A menory storing a
conputer programfor controlling a conputer for controlling etching of a
wor kpi ece in a vacuum pl asma proces&br chanber wherein a gas species is
converted into an AC etchant plasnma, the chanber being capabl e of operating

Cpeci os PR PGB Radt gl ey ERRERS ERBbitBurShaRb B BIREHEN o ot s

whi | e tbémamckmtm?t ﬁlaedmeio:wgefvwnﬁﬁmaﬂdle.é fb]:am@ﬂsptweenorm@n%riame&@ori ng

si gnal s _causi ontrol of the ampunt of AC 30 Septenper 2005 20 power
appl i edfweﬁ-h@g;f@ﬁ%&%ﬁqp'ﬁw e R preetie W'B%ﬁ‘trfa?f@@q@ reRiedaifaen) t he
appl i cahoRRiec®ivhidfie ffatd € BaIRE fdPhas Mhe §torell BRNMGEEBhRMARG MY drfoumt dreat ur e of
t he workpi ece is being formed, the AC etchant pl asma ?o al ways be the

doni nan@pPriigt &G rawes spUSINSdradyat preprogigrmapsideengdsiin retamounteftA? BOWS bei ng

f or med, | . 4 i : ' AC power
causi ng s%ﬁ{gﬁﬁ%rgtggérrggr?grﬂéggnr@%%r@&iﬂ%&%rg %tﬁegﬁ%[é E0(5‘%]( %\?f%ggévdwg’&g supplied
to t he g@tadhamowet disnge lhing sugh a¢ blvange afratiiee travesitiopiretbe shapk ef siawriald si gnal

causi ng._ gradual. wer ange bein h as, to cause a gradual ,transition
o e i 3Xeifbiocl ReFio AR rrvpoti P clel pet chie B AR Bonee to the
gr adual grauspowbredhgRyd 18 o6& Beringhite grad@fl tasitbR Wethe SREPBGEthE tnadsiialir during the
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the menmory offSchgPmpyteringydingth megiery greleddor i ncl uding the conputer of
claim 15. 17'16‘1-!&%‘%&%2*%9@”&%@%%% BhplfdPorcRiRyser of claim15 or the
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the workpiece is being etched, the stored signals causing the gradual power change to
occur while no change is made in (a) the species, (b) the pressure or (c) the flow rate.
18. The memory of claim 14 or 17 or the computer of claim 15 or 17 or the
processor of claim 16 or 17 wherein the stored signals control etchant species supplied to
the chamber while the workpiece is being processed and the gradual power transition so
as to cause the workpiece to be etched to have a rounded comer.
19. The meniory or computer or processor of claim 18 wherein the stored signals
control etchant species supplied to the chamber while the workpiece is being processed
and the gradual power transition so as to cause the workpiece to be etched to have a
trench wall including the rounded comer.
20. The memory or computer or processor of claim 19 wherein the rounded
corner is at an intersection of a wall and a base of a trench.
_ 21. The memory of claim 14 or 17 or 18 or 19 or 20 or the computer of claim 15
or 17 or 18 or 19 or 20 or the processor of any of claims 16 or 17 or 18 or 19 or 20
wherein the gradual change is substantially continuous.

22. The memory of claim 14 or-any of claims 17-21 or the computer of claim 15

or any of claims 17-21 or the processor of claim 16 or any of claims 17-21 wherein the




18. The menory of claim 14 or 17 or the conputer of claim115 or 17 or the
processor of claim 16 or 17 wherein the stored signgb%Pcontrol chant
species supplied to the chanber while the workpiec Bieghen go @%ocessed
and the gradual power transition so as to cause the workpiece to be etched
to have a rounded coner. 19. The nenory or conputer or processor of claim
18 wherein the stored signals control etchant species supplied to the
chanber while the workpiece is bei ff processed and the gradual power
transition so as to cause the morkpiece to be etched to have a trench wall

i ncl udi ng .t he, round menory geessor. of
claim 1§%$!H%PB?’??9 uﬁciuqeg&%ggaw%pﬂgqr qhanges uaﬁne rﬁ‘?%trg)é}@c{e}"’dﬂﬂ'"@? S%al | and a
base of sevetainats.and havidd@uraiie iryth® fangk of abolitlorermilidecehd tbthothordtha@r 20 or the
conmputer of claim15 or 17 or 18 or 19 or 20 or the processor of any of
claims PO or 18 or 19 or 20 wherein the gradual change is

subst ant | al | y3 CORL bR or B cSIEPEONE SFhodkhdt o7 ddimOs2 Skrell el a1 s 17-21
or the conmputer of claim 15 or any of clains 17-21 or the processor of

cl ai m 18ragyal &h@ng@fmcwdas sieps having phwerehangdsen 8@ regst @‘rabfew ailigstiLe gr adual
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m | | i secwskcod.Nno nore than one second. 23. The nenory or the conputer or
the processor of claim 22 wherein the gradual change includes steps having
power changes in the range of a fewmlliwatts to several watts and havi ng
durations in the range of about one mllisecond to no nore than  one
second.





