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02/ 080214 "PCIT US0Z2109562 PLASMA PROCESSI NG METHOD AND APPARATUS W TH
CONTROL OF Hihasmssent invention relates generally to vacuum plasma processors for

processing workpieces on a workpiece holder and more particularly to a method of and
apparatus for gradually changing, on a preprogrammed basis, power an AC plasma

5  excitation source supplies to plasma in a vacuum processor chamber,

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
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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



whi ch assist in controlling the vacuum pressure in the chanber and the fl ow
rate of gas flowing into the chanber through the secaond port,

controller, including a mcroprocessor and a nenory39§@9@ t@ﬁ@@ﬁhlng a hard
10 drive, random access nenory (RAM and a read only nenory (ROM, responds
to the signals derived by the transducers and signals from an operator

I nput console to produce signals for controlling the variable reactances,
out put pow@r B he two AC sources, the vacuun1pre§§ﬁ@§’|%:&he chanber and
the flow rate of gases supplied to the chanber through the second port.
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the processing. chamber during a process recipe step occurs. 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.




a workpiece, e.g., a silicon substrate, result in sharp coners between a
wal | and base of the trench. Such step changes alsq fre uentlg result in
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of the trench. Such sharp corners can nake it difficult to fill the trench
during subsequent operations and have other known 10 di sadvantages, such

as causi ng,os(}%;gs%%g rel ated defects andl or el ectrical 5&@%@%& One net hod of
t (o}

addr essin bl em whi ch has resulted in somewh transitions
when certain reci pe changes are made invol ves addi ng dilutants, such as
argon or helium or passivation gases, such as oxygen, on a transient
basis, to gases flowing into the processing chanber during a process
reci pe step occurs. However, there are 15 di sadvantages in transiently
addi ng dilutant and/ or passivation 4gases to the processing chanber.
Because of the relatively large volunme of a typical plasma processing
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power begoiasad ardinseared e achss eantighes infals way fos gt leagtone 2dAiionaldi ti on, the
time fogehhe new gas, i.e., the dilutant or passivation gas, to flowinto
25 the chanber is likely to vary as a function of gas line |ength between
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respectively decreased and increased. The process continues in this way

for lat susdedly 5h@0 milliipwri 4\ 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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step. In a particular etching enbodi nent Chen et al discloses, the pl ur al
gas species applied to the chanber remain the sane d at con nt flow
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each of which occurs sinultaneously with an increase in chanber pressure.
During a first step, which lasts for eight seconds, the power supplied to
a plasma excitation reactance and chanber pressure are respectively. 800
watts and 50 mllitorr. At the begi Bning of a second ei ght second step, the
supplied power is reduced suddenly from 800 wafts to 750 watts while
chanmber pressure is increased 15 suddenly to 80 mllitorr. At the beginning
of a third 46,56 SLBRe | Is I urther to
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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.



changes in steps of a recipe are perfornmed in such a way that sharp corners
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accordance with an aspect of the present invention, AC power supplied to a
pl asma in a vacuum pl asma wor kpi ece processi ng chanber Is controlled on a
preprogranmed basis so there are grﬁdual changes in the anount of AC power

supplied to the plasma during processing of one workpiece. Preferably, the
gradual power change occurs while no change is made in (a) the gas species
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| nyent | gr}eatargecgfefhe woﬁ)(plece is gelng formed, the AC etchant plasma always being the

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



met hod of etching a workpiece in a vacuum pl asma processor chanber

conprising converting a gas species into an AC etc S i's
applied to the workpiece while a feature of the vvoggg Q%Q%egggglng f or med,
the AC etchant plasnma always being the dom nant material applied to the
wor kpi ece while the feature is being fornmed, the vacuum chanber being
subj ect to operating at different pressures while the workpiece is being
processed, the gas species being s ect to flowing into the chamber at
different flow rates while the workpiece is being processed, gradually
changi ng, on a pre-progranmed basis, the anpunt of AC power supplied to
t he pl aamauctufiACp®ieE Busigie®to thb @lasma KdHRE StchingBEIhe iwdridicge, adhendin br ansi ti on
in the shape of materjal in the workpi ece being processed occurs in
r espons@fﬁ%ﬁa'ttf?@ﬂg%ma? ShRRRe?f reﬂsrﬂ?@@ the yorigpies mgpiemféﬁ'ss%a%§ Bceurring
during thgosHead Wi grraaaam%%ahgb B BoRbr dHARgEBL&HIN! duritdtccor dance
with yet another aspect of the present |nvention, there s provided a
met hod @fadegl dansiipnan theskaneed éeimateriakacuum pl asma processor chamber
conpri sing hat is
applied to t e \\ﬁgidéhéég%@ %0%?%@ dtfme rg%nﬁﬁve%&@?%p%ﬁee% ?O%l@%él ng forned,
the AC mmﬂtOMQmmmrp@gtdmfmmmOmm ecorabuteﬂprpdan&dhrtgmtmm abar kpi ece
while the feature is t he vacHum chanber bein ‘%ﬁ ject to
ety

ey ot | RGHGESE T £ b TP GBSy R b P SIB A e aPores f cessed.
t he gasinteRLACeEhARIpRBMBURL @RI bEihg vaiBId cﬂb@ertamg 4t meRaf pradsufbisf f er ent
e

flow rates while the workpiece is being process gradual | y changi ng, on
a pre- pw%erfamw&p@&g|lSsbelrtgrf§0@@S@bmépeqm@lr@asmuﬁtﬂowgA@ hewer

suppl i edndnhd e d%%ﬁa ) ﬁtéé‘%ﬁ‘et HB1 Vi rf&? {88 \9@ pﬂ?géegggdélt%%%rﬁﬁd?e 4 gradual

transition 1n the mat er 1 al processed occurs
in respogem B’ronmgwgr@isadm&ingﬂemntroha‘rtge amoluet ofr &d palvepapptied &hthege

accor aaRRETR I e ok ALK Lebi Rt SR B SEHtPRGL e AR Sere T '

provi deglagma FERING Wprkpleos Wil &fcafinPofties wirkpigcsaiBbbing farmed, tikd ACREhantconmput er
for cont(%ﬂgl i n%Wetchl ng of a workpiece In a vacuum Iasma processor

chanmber P gy the dopinzgt fﬂetee@i Rpelieddn the werkpigss w@eéh%mme 5 asma, the

chanber g4 REMERRRD LBredl siPREfAREOMBIIAY 1! A& I BE afied Ak Rver %Usln? the
wor kpi ece 1s being processed, the gas species being subject to flowing into

the charBeal pepredrammed shandesvin e amoviaf AG newemuppile@cfe the etsbamtg
pr OCessgnﬂ 'E\%B n&er i & ftheO\Kﬂ?ﬂﬁ %‘t%%%‘idré@s@ﬁa@%s% il Sowed bngat rol of the

anount plied
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;



pl asma whil e the workpiece is being etched; and (b) the application of the
AC etchant plasma to the workpiece while a feature the wo ece is
bei ng fornmed, the AC etchant plasma to al ways be tﬁ‘gg%Wﬁh%&%ateri al
applied to the workpiece while the feature is being forned, the stored
signal for controlling the amount of applied AC power causing gradual
preprogrammed changes in the anmount of AC power supplied to the etchant

pl asma during etching of the workpi@ee, the stored signal causing gradual
power change being such as to cause a gradual transition in the shape of
material in the workpi ece being etched in response to the gradual power
change to carRard H® 4hawichn SR to GRARERM of FSGuUe 20Whéra thdBowsradual
transition in the shape of the material. The above and still further

obj ect s FANRSAWWArd¥hd advant ages of the present invention will become
apparent upog; | i 'gg:aﬁ i i Rt i of

sever al speci‘}%‘g P%rlgrﬁ‘%g&dﬁ% E%@ngéo#g? g%r%.’ﬁﬁ ingép()\fgm a ?)%%l\ﬁlh%g t(?g.%g:%" ?rﬁ]d/@rgnj unction
wi t h t helecteasiedfpigwei hghereinanges/efdBRlicieriSERh BXjctiMedil detdE DRAW NG Fi gure 1
is a block diagram of t yni.cal vacuum pl asma_processor and controller
capabl e of p"e:%grc')ar n‘nsﬁﬁ";ﬁ%é{'g%g‘@m gf?%@%&}?tﬁegt}?,n Oﬁgﬁﬂﬁ‘%ra VG Sf"é\“\ﬁ'/g %or m of
power Vveufenpridrid@chifgngan be applied to the coil or electrode of the
apparatus illustrated in Fi gur_e 1, wherein power increases gradually in an
upwardl y ranpiOH§ rﬂﬁb?cge@@%?ﬁr@ﬁﬁéﬁhez‘ﬁﬁgr irefe dp Elggre; & afieniiehast or m

si mi | ar péh diéiRa\ird@briaReelith Pbific SmbAiRER ofihk BRsBRWRENtichamPs downwar dly;
Figure 4 is a waveform of power versus tinme that can be applied to the coil
and/or electrode of Figure 1, wherein 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 diagramof the wafer illustrated in Figure 5 after it has been
etched in accordance with a specific enbodi nent of the present invention.
30 Septenber 2005 WO 02/080214 PCT/ US02/ 09562 7



DETAI LED DESCRI PTI ON OF THE DRAW NG The wor kpi ece processor illustrated in
Fig. 1 includes vacuum pl asna processing chanber aség%b 102 first

circuit 12 for driving a reactance for exciting ion P 520 5 chanber
assenbly 10 to a plasma state, a second circuit 14 for applying RF bias to
a wor kpi ece hol der in chanber assenbly 10, and a controller arrangenent 16

responsi v nsors for various paraneters associ 1.5.h chanber
assenbl y %8%2g?ﬁgeriving control signals for devicggbgg%@%%ing t he pl asna

i n chanber assenbly 10. Controller 16 includes mcroprocessor 20 which
responds to various sensors associated with chanber assenbly 10 10, as well
as circuits 12 and 14, and signals fromoperator input 22, which can be in
the form for exanple, of a keyboard. M croprocessor 20 is coupled with
menory system 24 including hard di 8 26, random access nmenory (RAM 28 and
read only nenory, (ROM 30. M croprocessor 20 responds to the various
signals supplied to it to drive display 32, which can be a typical

conput e ARl d)ﬁESééllPTmﬁFdfﬁé‘Dﬁﬁvﬂﬁé ROM 30 store prograns for

control Pr-ngjll'%re—cp?ra'rron’-of-—nrmmcessor 20 and preset data associ ated
wi t h di f f er diie woelgigoe prdcessar Hesipatediadie 4 incheled oacumch plasnedhpotessingssenbl y 10.

The di fferent recipes congern. ecies and flow .rates lied to

chanber CIRTEAFSETPY B G 7 05 ARG & Pagane of SisiRg LRRRBBBIRE of A

sour ses chaardesbmbly 70 foCal pladma 3tadith detond Hicull 48 YsMappRitlg R bia té ae i nteri or
and initial values of -variable reactances

of chanber 20. assenbly 10, - )
i ncl udeWOTkﬁleﬁ%lh@%fﬁgch%mﬁaégmew 10gnd & popizollepargangenant 16 respaagive hanber

assenbl YerkBrs! iG)aHERDafMRIRS asdRiiaMbihEhIRb&! asséi'%]% B @R 8kiiving oWtrbindr i cal
side wall 42 and netal, non-magnetic base 44, both of which are

el ect r i glgnaigfor gevines @ectingiths lasma i chembareasamblyyiRr Eontrolipmi@deelut®si s fi xedl y

posi ti Oﬁ\gf’o : : - : 4 i ndow 46
are rigi %boe%%bggél g@mﬁg&gg@% %’? ﬁi@'s%?/'%éhsl alégt%)({[aetégggﬁs)ﬁ‘%& sb%[ %ﬁgﬁg | e a vacuum
to be edd isiwellaediranits h2 and ihé andisignale fromfopetatortigut 27) whitthavaabe irpthas ma

X s P f Pl B BB WSy o BT v,
cl ose pinokding hyrdidisk2Berangqre iactas enentdry (RAMIRS 40 reddirly r8mosr(REMICE ri €
o o e S BB G Sl s BBy e el oy, 200°
13. 56 Muliich tan bd@ tybiebiclohputepindaii@ber 40, to
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



excite ionizable gas in the chanber to plasma, schematically illustrated in
Fig. I by reference nuneral 50. It is to be unders d that f t he

pur poses of the present invention, coil 48 can be 5@%98%@%% a powered
or grounded el ectrode that extends parallel to 5 electrode 56 and can be
| ocated i n chanber 40. The upper face of base 44 carries holder, i.e.
chuck, 5 rkpi ece 54, which is typically a circul ar sem conduct or
waf er, a2W§3%§ﬁ%tlar dielectric plate such as used Fﬁ?ﬂﬂﬁ?ﬁﬁpane| di spl ays
or a netal plate. Chuck holder 52 typically includes nmetal plate 56 that
forms an electrode.(a reactive elenent). Electrode 56 carries dielectric

| ayer 58 and sits 10 on dielectric layer 60, which is carried by the upper
face of base 44. A workpi ece handling nechanism (not shown) places

wor kpi ece 54 on the upper face of ddelectric layer 58. Wirkpiece 54 is

cool ed by supplying heliumfroma suitable source 62 to the underside of
di el ectfialds usapkyr atz® RF Bequenausuches Bl Miiado dre intevior efharpei 40.40 ect r ode 56

db L vi. l.i. qui ' dui t
(not ers Shiedfle e 3o oS8 iy SeB Ui e Ba TR B2, P00,
58, DC refesnce ntrGeralfipllf ie® e uderstobl thatfot thaga(posdsrooﬂrgrpraeﬁum\t(enmr( n \c/)\; t rs] hown)

t | ectr 56 t I , . e. huck, t uc .

Wgr Ep?g@@%gi’agg@dg@gc‘?w'm é@gwgrﬁgcﬂﬁugfﬂk'"%%,régﬁg’%gﬁéﬁﬁ%nﬁ%ﬁ??g‘gﬁ% gases from
one Pr EBHdds 98 bA¢ sarbise bbﬂ@d inndhambBedo, nt er i or of chanmber 40 through conduit
70 and port_20. 72 in sjdewall 42. For convenience, onl%gone as source 68

i s shown i nThe yppet facg of base 4Acaprgs hgldery |y shugkoeriior watkpigse af Whidhigre are

sever al vy gasily SQiEdaSeRfcofiidicwaiRdr, §%&iﬁ§ﬁar dRoidbtric pPAtE BadH &b ussHfiyas SFe, CH4,
C,2 and"HBr, dilutants such as Ar or , and 02 'as a passivation gas. The

i nt er i canef dispmsir e mefal pleleu ddcly oldes 524ymiently irichules metal glalg 6 et for
chanber "5 4 0568 o R erpory Eiéibache s AR R EY G 12,1 0
r esfonds digedriclaygn &0, whidhds carietissbenpp@ofade of hass 44 WAiwoekpizsa gendli6g suppl i es
i condlrensn RarBPyLy B SR EICH.E P UreaE RS PLUBee s 8
wor kpi eWerkbidcebis essledlby supplymgtheliund flord asuigibid sdurmdi 62atb ithecuralersitiesifr ed  gas
QA Rt NG
: 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
25 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



stores for desired flowrate and the nonitored flow rate signal gauge 76
derives to control valve 74 accordingly. Vacuum pu 80, connected to port
82 in base 44 of chanber 40 by conduit 84, evacuatggsteﬁ@“?q‘?f@?q)%r of the
chanber to a suitable pressure, typically in the range of one 5 to one
hundred mllitorr. Pressure gauge 86, in the interior of chanber 40,
supplies g.c cessor 20 with a signal indicative of the vacuum pressure
in chanbewofgfgﬁkgnory system 24 stores for each red)l%B’gE"g’f’géﬁz a signal

i ndicative of desired vacuum pressure for the interior of chanber 40.

M croprocessor 20 responds to the stored desired pressure signal nenory
system 24 derives for each recipe step and an electric signal from pressure
10 gauge 86 to supply an-electric signal to vacuum punp 80 to maintain the
pressure in chanber 40 at the set @oint or predeterm ned value for each
reci pe step. Optical spectronmeter 90 nonitors the optical em ssion of

pl asma Sterdsyfor desjrechitivrgte and tgpmpcitireddsionr rgle signiat gavge B9 detives i eantrel and

coupl ed 5!? tzém 308 ﬁirometer via window 92 in side wall 42. Spectroneter 90
respond¥ BT REC % %al energy emtted by plasma 50 to 15 supply an

el ectric si grsuuinQump@opesrmectss &y pas2 ivibaseops otamgbier 20by eswainds, to t he
signal that spectraoneter 90 derives, to detect an end point of the process
(ef't her USRI NG B FPBRS ©RavaHe Rt D e B? FPHS SeMnor kpi ece
54. M crpBR®RasEed nifofrcTREsfe ghiel 48 1P iENlerioPECEHARE 80, APpRy | ves and a
signal menory system 24 stores i1ndicative of a characteristic of the

out put BTcreRfacesp 2P e signaldndicalivenf &he wapyum pigsBIRIinshamberdd. Mepny 20. the
menory W | oSy gl e | p has been
Conp) ot Sificin2 ARG BPGcR oy A0 sl MR &1 delfba | PRIBE ™D Cyot om
24 to sthepnigden efichambert4Ov iMicreproggasoc2itegpongistit thefriored dpsiet guessuei pe st ep

and initd | r.kni i I n chanber
20 or "o SR e PN P R 1ot SRR FRBACIAMRIFRER, "o "2 new
wor Kpi egeugeoBa teesupplycdn, elécitid sigral td yaduast pugag BO e ohindaio tHeepressite mer i es of

reci pe Excit an riving coil 48 includes

const an?ﬁ"'%? essélg %gﬁ‘%t epécgrfflpé grei!%%irmm iﬁ'%‘éoge%%ﬁéﬁéﬁgte%t put power and
typi cal l'y hayptiegl speftioamte90Ynonitcrs i dptigal eblisionof pidéida 60 by Rspaivy anplifier
B e e e i e oG kDL gty bt 2L 11 e
out put  POYRY wal4 Sttt PstYaspiAdO & A8 B8t &lfeldy ERiBePRPEAsma 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




10 of anplifier 102 changes froma first value to a second value in a few

m croseconds or |ess. The output power of anplifie [ e range
bet ween 100 and 3000 watts. Amplifier 102 typicall %O# teﬁ?@%@% out put

i npedance all of which is resistive and none of which is reactive. Hence,
the i npedance seen | ooking back into the output termnals of anplifier 5
102 is ty q&&%y represented by (50 + 10) ohns, and gﬁﬁ‘ﬁm 6 |s chosen to
have a rac efistic i npedance of 50 ohns. For any reci pe,
menory systen124 stores a signal for desired output powers of anplifier
102. Menory system 24 supplies the desired output power of anplifier 102
to the anplifier by way of m croprocessor 20. The output power of anplifier
102 can 10 be controlled in an open | oop manner in response to the signals
stored in nenory system 24 or contt®l of the output power of anplifier 102
can be on a closed | oop feedback basis, as known in the art. The out put
power obf amglifierf 102rchdrges fram afisbvaiesid @asetonddwina im afalvinyicrosdvandgesf [es. a f uncti on

Syst om 200 HEE e PDgPOR 2 0y R et SBE (0RO P58 BRI ar'e ot b e

15 in m@mrmcamsmeera KYohmneutpdivhp&dantd ail plovdh ig pdsistiad aﬁdrﬁcbnéafermmlm The
out put gower of anpljfjer 102 drives coil 48 via cable 106 and _mat chi ng

net wor kIS regaive. l\)ﬂ?‘?ﬁﬁ e impetance geamigoking back g He puipyh terrings gkamgpiifier » i nci udes
two serigs;id @Fﬁal]y‘ ra@dréa@h@a BRIGER!6) SARachy %aae%a @eﬁoslemo Mveell as a

shunt leg includi'ng fixed caga0|tor 114. I ncl udes i nput and out put
term nap@ré@glséﬂﬁdﬂﬁwncerféf?ﬁé MBvel y connect ed to 20 one el ectrode of

capaci tor 1, %ﬂglplér(ﬁc&a Q’b&lﬁ%‘h érﬁ&ﬁrrsggt@?-noﬂ sctSrreb%ss@‘%ggcﬁ'&egfredlﬁﬁpu aving a

grounded secon ectro e val capaci tor
sel ect epovars obsplifietdéd. MemotysysonmPdsupplias e gagnkd optpet/paym bﬁlamﬁlﬁen oned

Hol | and ct.ric notor 8 and, 120, of the ste
type, (Z%’%)ﬁhe ?@'altge E)éya‘f@) t%pg%oprﬁ{:%ﬁs%foogli\&ogfbu&@weé OE%'HPIE'S t')@;céf'mval ues of P
papag i t be soritrbRadiinen bjén lodsphmehrwrinn@bponsgai the s:@ﬁelllé ﬁﬁli’eﬂ rfemtamotycsﬁatamnt ain an

[ ean nte| nce._.see 00 rom t he out put
toF m nafEoUEnErH e Bipousner R SIS 2 £55 b3 A EPSHIOR (TGRS FRERb & 106

i Nt o t hgs kAsHP the M THR! Gutlt pawe} biférﬂ;ﬁllﬁéroﬂlz |§‘@%r&3@ll\1’td§ﬁarﬁffcﬂ ously
described (50 + j0O) ohm output inpedance of anpliftier 0 ohm

char act @18ngeq as p ﬂ%@@&&é@ﬂ%ﬁs preprograpyeed changss it a fasipe starosre woerss ys0214
PCT/ Uso%éﬁ)l%@%%stem 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,




11 m croprocessor 20 controls nmotors 118 and 120 so the inpedance seen

| ooking fromcable 106 into matching network 108 i s close possi bl e
to (50 + jO) ohns. To control notors 118 and 120 toapr%eﬁﬁem%ﬁragiﬁatched

condition for the inpedance seen |ooking into the output term nals of
anplifier 132 and the inpedance anplifier 132 5 drives, mcroprocessor 20

r esponds g 046892'1?' s from conventional sensor arrangﬁgﬁggoﬂiggéol ndi cati ve of

t he i npeda seen | ooking fromcable 106 into matc rk 108.

Al ternatively, sensors can be provided for deriving signals indicative of
the power anplifier 102 supplies to its output term nals and the power

refl ected by matching network 108 back to cable 106. M croprocessor 20
responds, in one of several known manners, to the 10 sensed signals that
sensor arrangenent 104 derives to control notors 118 and 120 to attain the.
mat ched condition. Crcuit 14 for supplying RF bias to workpiece 54 via

el ect r oddcrgodeasor20 conilsmatbis A8 asdt@ddodhe isipeddnae séam lookingfiom deble Circuit 14

i ncl ude onst re RF source 1 constant out put power
e Coe Ta PR abhing BSSLR {0k 1S 00U 5 pasalad B 0P eSS Mt o 15 b6 M
The out put ofo sPtHIGRLIdS 91818y €8 8Infiitain Bintsddhed coiMiohdbd thélinyidb@dd € gain
power arrpllfler 132, having the sane characteristics as anplifier 102.

Anpl i fi apemigoking,inja fhe oulgyf t?EE'"%{S ehameliiet 32rand o impedaneecawlifiey 133 r ect i onal
coupker gh34, mféﬁﬂ‘cﬁ‘.eés%pz@@g SHRG $6iGiSbls Fsth ¥WevEntibRS-schétr GRbieriagl Yeur k 138

includes a series |eg conprising the series combination of fixed inductor

140 andmﬁmh@bqﬁetheam&ﬁan@ seenoolgrg {em|cabls 146 damatehing peiwprc1Q®di ng fi xed
i nduct o ' ; : L.ch are

pr et or ablrTANER" 5Bl 6 GBARRL fofork 8 sighl Bt e B pgheLamifs
respect n&k‘sqppllesdo its etﬂpm tesminals apd g;‘nw;hcmvef reflentev tnjrmmtclmngmtworkZOB baxk put

' | t
Lot olpuCatte 06 RSO A esoineE, B R SRR ewm iy, 18 H o
mat qbi ngeﬂteﬂ\&@hhlslﬁeﬂ sedsor Grrangdntunt 4041 dkriveg to/ Cdritralmofls DB ami2®etc66. The RF

energy c p lies to electrode 56 is capacitively coupled via
di el ect P4 Q'f" '21% OMF%pi ece 54 and a pl asma sheath between the

wor kpi ece ar(ﬂrcﬁllt %msapglymgmmmﬂ o rycama 2RctrdieTs0=8 aRbAMUEdY W th
chuck 52. The RF energy that chuck 52 couples to plasma 50 establishes a

DC. bi a8omewhaisimilgr @swﬁwt ﬂ«'{-’re Cinetlibyi b icluges @&ﬁﬂapt Weow gEsowsei88n 50 and
1000 vohiing d BEnstént BLBSt ptiverahd B/pRETy Kty MR RCNAPAeh 4sHob KiB03/09562

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



12 resulting fromthe RF energy circuit 14 applies to el ectrode 52

accelerates ions in plasma 50 to workpiece 54. Mcr, 0Cessor responds
to signals indicative of the inpedance seen | ooking 8%(98%"3?6?8%36 into

mat chi ng network 138, as derived by a known sensor arrangenent 5 139, to
control nDtors 148 and 150 and the val ues of capacitors 142 and 146 in a

manner t hat descri bed supra with regard of capacitors
112 and 1 gogésoﬁgtchl ng network 108. For each procggyﬁg’é@s%e step, nmenory

system 24 stores set point signals for the net power coupled by
directional coupler 134 to cable 136. The net power coupled by 10
directional coupler 134 to cable 136 equals the output power of anplifier
132 mnus the power reflected fromthe | oad and nmat chi ng network 138 back

t hrough cabl e 136 to the termnal s1df directional coupler 134 connected to
cable 136. Menory stem 24 supplies the net power set point signal

associ afesyiting ffﬁmdh‘? Eﬁﬂe@mmfcaltﬁﬁlemdﬁs trcaledlrgdle QSGGCQMT@%Q%W 34 al so

respondgogd)wg&hggé%_l gnhal s directional coupler 134 supplies to 15 power
sensor arrangehent 141. Power sensor arrangenent 141 derives signals

i ndi cative Mit:mvmqsaﬁorﬁ@wpoms tasjgnils iinslicaligoofdhel inmdence efdndeekdng by cabl e

136 bac I gpﬁ! essor 20
respondlgm{ﬂ%Le seﬁtopm ﬁ'liﬁsg ett‘géﬂggure i %ghig%nn%%r%bréﬁéﬁgnggﬁgnt 141
deri Yes 139 ccbntnmbmstorsebmsangmm mcbthevalmtmfaapammrs 42 aink148lih putanperver of 20
arrplifle.r 12an ower efI a ntrol the
power ?src.p ”R@i“" cg{q THO?B&RB?GHB&A%P‘?”%?PW% % al so
grad'ual hmdwrms cally changed as a function of tine as changes in a recipe
are ordered by rrem)9e/e§systems 24. The dypam c changes in the output power

are stored ifor RBTTGCESS EolprieR. MmMeTRON BYRRBE4 stpres Sﬁd\%‘F sigRainiopthe 8/b1 i fi er
132. 25p60& Qupldacn,elifdtReHap cOipIdredar s Bt 15, 2fhe hﬁpb&ﬁéﬂ doupRa

F{Q \Aépnl y nmenory
30, stores preprogranned val ues for controlling t out put " po
anpl1Pf i directionel saeplen 13430 cahle %eqt@lsﬁhesputaﬂt ROMET a@n@@emsaomwﬁleso

O e e e U R R
chanber temmlnab o disdyitional heupjen hé4 carinacted:tm dablé8 36N Nkmonayetam %mpﬁ)ﬁess uppl ies to
the pl aﬁﬁangto péﬁgrt S&b [%mt s%)nal V\ngc%étg(? 2t}114cnl:c) | llﬂsp 2/m0|c9rggr%cessor 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



13 to change gradually as a function of tine in accordance with a
preprogranmed predeterm ned function, such as the hegaticgh %unctions
170 and 172 illustrated in Figures 2 and 3 or the §ﬁ%%p Oher FifRt i on 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 outpd?ﬁggégégof anplifier 102 and/or 132 that F%ﬁ@ggﬁp 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
anpl i fi g uélae% @rrepli errthé%%pﬂqéai rfmmwmmaa@éatm Féh%% kHRE6Hs {7dadhgone second
w | not usua grow de the desired rounding effect previously di scussed
in thi s1ER)Qflﬁ1@mrﬁs And 8 arerespctivalepwaraly ene dp‘@m\w@w Hgectedsihstangrlovi 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 oot AR BB BOBL iyl SRk BLSS St RBhAGP 1S et 50

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




14 power P1 to plasma 50. During a recipe step of interest, nenory system

24 and m croprocessor 20 control the gain of arrplié'gsr f?ﬁ_ﬁ?&tg lhcrease the
power supplied to electrode 56 as indicated by lin f Pé/g]di rected,

gradual ly increasing and substantially continuous ranping function 170.
Ranpi ng function 170 continues until the 5 recipe step has been conpl et ed
at tinme T2 . Thereafter, nenory system 24 and mcro rocessor 20 mai ntain
the gain Bp ﬂﬁﬁ?lfler 132 constant so that el ectrod&C ‘@ﬁﬁﬁlles const ant
power P2 to plasma 50. Menory system 24 and m croprocessor 20 control the
gain of anmplifier 132 and the power electrode 56 supplies to plasma 50 to
gradual ly and substantially continuously decrease the plasnma power al ong
ranpi ng function 172. 10 Ranping function 172 extends from a constant val ue
P2, at tinme Tl, to a constant valuet4Pl, at tine T2. The power decrease
fromP2 to P1 is perfornmed in the same manner described for upwardly

di rect egowempi rig plasnet 5@n DUy aTieeips| styyesf interestmpemgryf systdm @dsarid’0 and 172

are determned b e i tude and . _du I Qn_of ch step change in the
oo of TIPrssh A6 Sorial e i of SRS o iera IR PRESCRRRIROR of "each
step Ch@lé@@oden 56N8s GRdicatedl bampkad, llﬁ:rwaikﬁ@ cﬁt@éte@ Ql@ﬂt\allyuinafeaéiﬂgl ael change are
t he sane; Is to _be understood, however, that, different step changes in

the gai ﬁutzﬁﬁanhal.lvmqnfimpﬂs ragpinadknelion 4 /9. Refmairg fuetiopd 70wantiwes YAt g, o
di ffer e%cudéaﬁﬂpt%eb@éﬂdcdﬁwééd o t.m\éa*rzlesrheFéaasﬁ 'rﬁéln&@“sﬁfenﬁz'zﬁuérﬁi 4 is

enpiricall'y detived and results froma series of experinments perforned
on test nvmmcpn&aweommm@e geiaof uplii|F 33earstant eq ij@ctrad@l 56 puiplies

nmeasur e It isto
be. ander 2R BowRIP: bigfestBer Jsftipbystaif il Phic RIS OB 11

pur pos egaiawtiampiifier rmhgndihé b@u@’r&lectredtpﬁﬁi smmlllesytoqbasmeﬁﬂl tb graruathnanccan be

enpl oyed,, as.necessary. The art ar function 174 s bgfween a
const ant SRR BuRlGsly, SEce IhE PRt Fladi et ShhERn fiach 28
respect Raglbylgguﬂnmbﬁtﬂz)?ﬁ?‘rdﬁmmta constedt edigk B2t e T mé totaccanbtagt Gélme V\:;[ hef

t enpor al., boynda 0 tion 17 tion 174 decreases slowy from
power E@e?% rf#the PRYET [ggsedlfro ;f'g’sigﬁ P@‘%’“ﬁ hg SpMIE MANIEE power

| evel P&eg’ﬁﬁged fwﬂpwgﬁwrdﬂ&té@raﬂwmh@ﬁﬂh7ﬁ’4 at time T4. Reference is now
made to Figures 5 and 6 of th ravvll_mtg137 respectlvel schematic draw ngs of

an illustr atTh@es!@eﬁpfdawau&ﬁlaﬁﬂogﬁ A (R ant & 2s5re determingd éautﬂzeéaa@?ﬁi ¢ @%bt ching 30
Sept enbgya/GH3r d4eh QebAB8Rde’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



PCTI US02/ 09562 15 operations in accordance with one enbodi nent of the

present invention. The pre-etch structure of Figur I hel.ud i1icon
substrate 202 having a top face coated by thin fil mgogef’{é&?ﬁ EQQ%e | ayer

204, typically having a thickness of 150 angstronms, which in turn is
covered by a thin filmsilicon nitride |ayer 206, typically having a

t hi cknessyaf 5 angstrons. Layer 206 is coated pi taxi al bottom
anti-reflg@tyégggoating 208, typically having a th?%bﬁ%@@mgf 570
angstrons, in turn covered by two spaced photoresist strips 210. The
structure of Figure 5is initially processed by reducing the height of
photoresist strips 210 to formtruncated photoresist strips 212.

Phot oresi st strips 210 are reduced in 10 height by supplying a typical

phot oresi st etchant from gas sourcet68 to the interior of chanber 40 under
the control of a program hard di sk 26 stores and which is read to

m cr opr opergtians i @ccoiange with eoe smpodimieat gfitloy prasent inventicax dTtel ke st ores and

m cropr r e r ' ; 1. 4 ectrode 56 and
the. vacaming of ERufeed ey soliyRON Bl MR Rbd o s BT BLTEH et " d
di sk 26sititar eddeclayemreXd4 1 fypioaityt hawing rd fhickedss @f t1 5O engtatisn@hi2B id turb® et ched by
openi ng_val v 74, connected t.o hydro hrom. de, (HB[) and o n (02)
sourcesc%‘f?resd§8¥ Rafny H ?'5%085\/@3‘?? %‘YS? g&%é&%“@&é@?“é’sa kp%ssz??_(}/&it t he sane
tines dasgetdMsarichysi 200 R @eASHIh 3 cpRikidl BbitorA GMtLRiRUINe GRAtiAP 2bBE pressure
in chanper 40 is 1l litorr., Sinmultaneously, hard disk 26 causes the gains

s 3 mll . .
of anpPPrAlhaving2 tRigkness of 479 apgstaqmss in tmcoueyefl bYbVQ SPacehphqtiasii t h 500
watts ofyifFoower at 20. 13.56 MHz while electrode 56 is supplied with 178
watts of Fépovver at 13.56 MHz; the 178 watts of RF power supplied to
el ectrode 5@ hestidduref BigursiSds indiplly promgsedbyyedudingthd height efipltoresist el ect r ode.

Opt i cal gFpes{y 18 TEhikuraa: g%gﬁgkﬁéﬁ’@f% 3{pe PﬁBﬁgéﬁﬁgstﬁ%@oairgpﬁ%gé% ilnayer 208

occurs. l\ﬁﬁroproce.ssor 5 menory system res gnal from
opt il@al hejghidyreopplyiog adppica) pbotomssisbetehand fromi gag solircea B8 o #@Sinteyio36F per cent, a

| \ . \ : o o
Uon ¢ raRY 90, undie: B Aol SR AL A HER ik B GBI s Lo o ot em
24 causmiw@ﬂgﬁ:msngnﬂm.ri SendiiayeusFOGhd @rdzgarat thhe taidn disk S2eTedred aidm | ar
nmatter to that

spectr om@focﬁﬁs%gﬁ%{'gg B b&l’%%ﬂgﬁ‘ga Itog‘i(:]ﬂ“#@Fagﬁggﬁ'}r%gﬁ?fza?\%éﬁ‘g\t’éé%’%p} s ?ln
responsi dhembers40 toahmingonbidnte 10éxt,fthe! prdgRen B Retdelisk A dtSred @it enber 2005
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 elactrode 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 fayer 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




VO 02/ 080214 PCTI US02/ 09562 16 while the chamber 40 pressure is 10

mllitorr, the RF power supplied to coil 48 is 1000 tts .an e RF power
supplied to electrode 56 is 155 watts, resulting in39\$@9@”&ﬁf28@€ havi ng 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

per f or med ing a suitable mxture of fluorine-based etchants argon
and oxygeh‘}a%{)(z)’&ﬁ#igw from sources 68 into chanber 40, %ngolz/g%fzhe chanber is
mai ntained at a pressure of 7 mllitorr,. and 1400 and 400 watts RF power
are respectively applied to coil 48 and el ectrode 56. The application of
400 watts RF power to electrode 56 results in the electrode being at a DC
voltage of -145 V. 10 M croprocessor 20 and nenory system 24 then cause a
br eakt hrough of silicon oxide |ayet6 204 by causing 100 sccmCl2 to be
applied for five seconds fromgas sources 68 to chanber 40, while 500 and
120 wat whilathe chambec 40 prdssura fspl0 mitlitdrg theoRF pd@eraswhpliesl toacoil d8ds HE0

M croprocgssor ,, 2 nd menor, tem,24,.th cause the in _etch operation
For | D5 veRaArb e ERokereUBNY A GRuE Bpit b Gl el B3bP pBHER0Er f of ec.
The mai haghgh DOpeiaabi-an0V.is perfornmed for 65 seconds in response to a

suitable m xture of HBr/Cl 2102 flowi ng. from L%gs sources 68 to chanber 40.

During the GYCHORESREROT 20 Z6¢, IRMBUYSIBT 4/uiAR SRYFS Sfiipen nipidedayisr €09 10 chanber 40

at 13 mpb bidrlidhedtidle 0xdbondt. Ple SaPbt:H isﬁferf&%d%#l@@ﬁéil%a Giffable4@ixibd h 1000
watts and anplifier 132 supplies electrode 56 with 5 watts so that the DC

bi as voPf #pane-pgsest etehanis argereambonygen Bolpw framp seureem$d istg Simmdrer dle 65 second
S ioh o b ; ‘L Dt .
aln e g@mﬁf}i}%ﬂéh&%& ?%ﬁpﬁﬁéc{'a‘fgf}rés@in%tﬁ? rﬁlmfogréélgizﬁggsana 406%;&%?3 I on

i ndi cat pornt 2 gure 7, s 'y a trench ti1nal base 214.
The fi nabwertard raspectivelycpplsd tscdili 4bandldsiodad® Tielappitation nf 400 wett212 and

Do 2hp PP B USRS o o RS g M RENGRAR HES 2O 22°
nendly syst eicidprqresdon 2nahd mefrionedysisht 24 thepenadd @ brekkihroligh ©eeiiceds. Duri ng
{he 52 SBTORor Al Sh80, REEAHs Y ST E sSnaT Pl Baghde, P essure
suppl i egs t® charinberd80,04HK8 1500andt 1200RatiRdreSreaittivelys HbplieB 16 cail MBugRy of HBr/ Oz
const anteile o?ﬁ% 5%§pt enber 2005
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




WO 02/ 080214 17 PCT/ US02/ 09562 flows from sources 68 into chamber 40, while

the power that anplifier 132 supplies to electrode adual decr eases
from 200 to 100 watts. The gradual decrease in the 3@%\?@{9"%?‘?&126% lifier

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 reacﬂ,%camsﬁzd he etchant gases are purged froth]ggﬁ%%ﬁ?@r whil e the

chanber pressure remains constant as does the powe d to coil 48
and el ectrode 56. Then workpi ece 54 can be renoved from chanber 40 for
further processing. If it is desired to provide a rounded corner, that is a
gradual transition, between the top portion of silicon substrate 202 and a
| ayer deposited thereon, the power applied to 10 el ectrode 56 and/or coi
48 can be sinmilarly varied while th¥ gas species and the flow rates thereof
I nto chanber 40 are nuaintained constant, sinultaneousl*imﬁth the pressure

in  chafleys frarp speieas AB fdo cleamheadl. widledhe spwer BakaranBers32supelirssiot ed | ayers
| ! . . )
can a S&F&goggﬁeg%%@gﬂggﬁr%e@w dz;ooatedxowaiésfﬂg%ggyd%:ﬁfée&éaeawmey. varying

t he powe or electrod mal nt al ni ng
const anpowdnéhaj asplifiee t3Zsmipplich b didarade 56 ie i 1H@l0stsips amadh hdvingwedyalisbsure in

chanber ecause:. af the.fast o] ti f 1,fier and 20
132, thgﬁg%‘ﬁ&&%"ﬂdﬁar&%ﬁg A g"t}‘@e ggﬁé@@%lﬁ%f@% zyrﬁ%ssqeeﬁﬁ%t‘cé%’aneousl y
change theestciintyasdsedre pliges frofn the ahamb&Owiiile the okaniser pedsatievieainsi gh

t hr oughput , processi of workpjece 54 and nor ccurate control of

wor kp! oI e et PRied BPhe8 Siedodmangt THaIOErras ot ded by
varyi ngh@repRive bR chalbbr ASodeahdripiwetah@ or chamber pressure. Wile there
have been described and illustrated specific enbodi ments of the invention,

it will be difdadesiredito pravidearewmded sreiethalds aigragugifrapsiione efwarmihe: s

speci fi galndaMion | ,g?,ql ' geparting from
t he trufeassplgﬁlrolntdf gﬁ?j&rrs%{gg%t%? th ﬁ?lﬁ E}d\ygﬁ%p{ﬁh’eﬁﬁ ee |§%%\b(?‘&lé};%?g appended

cl ailfrs. elpgrode B8 @ptler cail48 combe similaslyyatied whilgtthe gas speaiepanddop o wasl i fiers 102

o0 122G s A2 2 L el QiR 35 s 0
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.




1. A nethod of etching a workpiece in a vacuum pl asma processor chanber

conprising converting a gas species into an AC etchant. pl asnma t is
applied to the workpiece while a feature of the m%%ﬁg@@%fegz@(g’?ng f or med,

the AC etchant plasnma always being the dom nant material applied to the
wor kpi ece while the feature is being formed, the vacuum chanber being
subject to operating at different pressures while the workpiece is being
processed, the gas species being sulfect to flowing into the chanber at
different flow rates while the workpiece is being processed, gradually
changin@LAmgsa pre-programred basis, the anount of AC power supplied to
the plasma during etching of the workpiece, wherein a gradual transition
in the shape of material in the workpi ece being processed occurs in

response to the gradual power change, the gradual power chanpge, occurring
during the gf]adﬁgpetf"_?cgﬂfs%?'?'%aiw?”i SHApRSHHT Pﬁ@ﬂgﬂ%ﬁﬁ%ﬂr.ch%vb% met hod of
et chi ngcamy¥MRINgRioRGtingNa a¥ 3L RoASTRCRIPBRSHINME BRI RCAppIIEQ P TS NY

converti ng( a gas species into an AC etchant plasma that i's applied to the
wor kpi eWerkpigpe nhiley af feaitiigr of Bp waskpiggsr ik piemgdoinedp dhen §Cr eiechand plasme AC et chant

| asma I ; i i KRl e i.le.the feature
P25 SRR e B g Lot b e YL BBl '
di f f er eformed, diss vacesmwhambert beingraublept leapeiaingoet differen poessgree dihild the gas

species _being subject to flowng into the chanher at different flow rates
TR Lo T WE b RIERE oo, 4 P8 st por UhRd P Joina it e Fahodr

pr e- pr og @erest flolastes whidiealkidced$ bbikg PRIOBSses UgBliify chéhdilgeoPkasma during
etching of the workpiece, wherein a gradual transition in the shape of

mat er i aPeARCIrRBEMRD PR diescarprinhgf Afr Bevwey stpplied tocthe glapiva dednspicing of t he

gr adual ¢ : ; I %@ad? Lk A t he

gr adual tth ?ﬁg}:é{(&?@ﬂ%ﬁn%ﬁ%@ﬂi@ﬂéﬁgp 9’??:% * ter ?%Ité.?i%@mr{?'hvg&kr%%ggmgf claim1l
or 2 wheresssed hecusy indestonpitethe graslugleponet ananganthe graduel Eivengeangs nade i n

(a) the i ( [e [ r,.(c).the flowrate. 4. The method of

any of ?%gﬁ@gg%n&tﬁ%g%{}%i ﬁ%ﬂs\?ﬁeﬂngtlhgsrt‘%g O)E\ ew}’_"i s supplied by an

el ect rode cofipl Amgetieor KGteHirerh wotkpldce lird a tvacupinasla®emb prddassce kbaissr. 5. The
met hod of claim4 erein the electrode is resgonsi ve to an, AC power

sour ce PHARTSEY LONYEHNGrg 993, SRRESF NP At SRRt Ripted tedis arrfied 19 B8t r ode bei ng
on a holeRpietPWhiletd ¥BatiR df icBEGkpic? iS8BhEHRRED, 4ROAC LRnént pHRfaRIingod of claim

4 wherein the electrode i s responsive to an AC power
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.



source that supplies RF plasma excitation voltage to the el ectrode, the

el ectrode responding to the RF voltage to supply RE ectric. field to the
plasma to excite the gas to the plasma. 7. The net ﬁ8§j>98?e"&eé?h@§4 wherein
the AC power is supplied by a coil coupling an RF plasma excitation

el ectromagnetic field to the chanber 8. The nethod of any of clains 1-7
wherein the species is ionized into a plasna that etches the material to
formthe feature, the gradual powerl1%hange, the species and .the
continuous application of the plasnma to the workpi ece being such that the

material is .shaped to have.a  rqunded c r that includes e forned
feature in r&s pg-ﬁgéneﬁ%c’dcﬁgﬁﬁﬁé e ﬁ‘g q?%ﬁix}eeﬁ MSTPRETHE t@ta@H%(EPO‘?’%'sul ting
from t heogtadhat suppies REhplagaa Scitalie voRideo @e eledtdted e elketrdtiet he

et chi ng, \Ahitﬁl?ﬁ occurs in response to changes in the ionjzed plasm etchant
resul ti fgFPPRYTE forike BF yatroe thaveel Ringage i dtorthrplagamic exginBe §#9i cat i on of
the pl asipiddnd he wor kpiece, forms a trench wall including the rounded

comer, the trench and the rounded corner being included in the forned
features. 10.7. TAbBe metheddf glrines Awherginiibeeh@ ipawerhie surpliedibyia col goeplings at an

i nter Se%hi#’blégmagexgm% e@&g)n?aé]?gfceﬁeﬂft ﬁ\etcﬁgrgﬁé}: 11. The nmethod of claim8

wherein the Tounded coner 1s an intersection of a wall and a surface
intersecting the wall, the surface extending generally at right angles to

the wall. 12._ The nethaod . of any.of clains 1-11 wherei.n the gradual change
el udes st ofls T RRDTEHOS b e iyt WAE oGy B ReoRE SATAUIG 2BETBRal et (.
t he powgiat ERAG Mk Mbtétal B fofd et fadtire ik lopdtRial Swen endgE etht lRpeticalipat 1 second.
13. The method of claim 12 wherein the power steps are a fewmlliwatts and

remai n #18 @niwrye aprlicplione theglasgisda theiwerkpigqeskainshimch thpt tha et § storing a
CoNpUt €lsniHaA4 ﬁévefaor()u%tcﬁme“hglgn&o‘égmﬁrﬁ{ ol ture GPRALSSALL {or},glaﬁie%h' ng of a
wor kpi ece 1n a vacuum pl asna. processor c arber- Wher e a gas species is
conver t édhé isnigecplagk@z elchdmi resulingfsore thetgnelualhamdeechdnge.ng capabl e of operating
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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



power applied to the plasma while the workpiece is being etched; and (b)
the application of the AC etchant plasma to the wo%égl ece V\h%b&&/a feature
of the workpiece is being formed, the AC etchant pPASREEMBEL s. be the
dom nant material applied to the workpiece while the feature is being
formed, the stored signal for controlling the amount of applied AC power
causi ng gradual preprogrammed changes in the anmount of AC power supplied
to the etchant plasma during etchi mf of the workpiece, the stored signal
causing gradual power change being such as to cause a gradual transition

e, TR Bhed O bl | O RESEL RSB BR ShTB o BoBBRR"SE {0,
gr adual of thensC tetahant plagniee tostha prorikdiecehghileed fsatupd of théSworkpissenipWellg | Ncl udi ng
t he menor f claim14. 16. A plasma processor including the conputer of

cl i m 18med, &S Rk, Pgime 6 s Bt TenoDBRS TR Peled 1o 15 or e

pr ocess Qork@lece Ghild the biudig rbe:hg fdnfiBd, ATREHE SigRAIREHBRI NG heldhfoupt & €S Signal s
for causing (a) the vacuum chanber to operate at different pressures while

t he - wor RpRlied &G rovres icasinst ekl PrapragapMasiohengss ipthetamougbef Appewds type and

the flo ' ; I ' { | l8,~0€i Ng

et ched, \é{tjéﬂé{%ﬁ%g{cgﬁgﬁgﬁggg@ieﬁlg cgt%%\‘g%u@?cepg]\%/es\r{@%{%%%gg?dgﬁlgoccur whi | e
no changedial poweiechangd lzEing dueh aplechess a ¢hadludl rengitios fsttie shape of matetilde f | ow
rate. 18..The rrermzﬁl.of tﬁ_l@gi_m 14 or 17,o0r the cq?‘gpuher of claim15 or 17 or
the pr8cE8HFHRReC KOS dp rSPoGiReioef Sralal R YL §195 QI €U HEr ol et chant -
speci es geidoglporer dhangd tb @céih aigitha\raligal trAssitioR indé Ssede of the ARitdial. pr ocessed
and the gradual power transition so as to cause the workpiece to be etched

to have a rolhdédoBBHEFinclyding the memopuehylalh 1¢omput er or processor of claim
18 wherei n the AR F’%"gg@fﬁ"c‘”ﬁigﬂfge%grﬁ’h@%@"ﬁﬁgc' es supplied to the

chanber while the workpiece Is cesse and t he gradual power
transition sd7.adhe empnsel cidie Wookiheewmeputer ioé caint he dr the prasesser oft rench wal |

i ncl udi pg: r.. 20. Th ry. or . ter ar progessor of
claim 1§g%g§e‘&rg&%‘ﬁgﬁer %ﬁrﬁﬁuet%{ prggrla%glsggﬁr%tsyoé%s F'ﬁﬁ%i‘gcﬁugﬁg 3?) ®wal | and a
base of vat:uUmeTlmhxbleb. opthete Bedifsrgntqiressuiris aHlld gy wdﬂqr)]iedie it Sheiig étéhed][ 20 orfthe
conmput er cl ai or 17 or 18 qr, 19 or 20 or .the processor of any o
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or the conputer of claim15 or any of clains 17-21 or the processor of

“cl ai m 16°%F whilgnoghargeds mgde in(thepraciss(bj e 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




30 Septenber 2005 21 gradual change includes steps having power changes in
the range of a few milliwatts to severals watts an& havig@% 586 tions in
t he range of about one mllisecond to no nore than SR FEPERBRd0D3. The
menory or the conputer or the processor of claim22 wherein the gradual
change includes steps having power changes in the range of a fewmlliwatts
to several watts and having durations in the range of about one
mllisecond to no nore than one setbnd.

gradual change includes steps having power changes in the range of a few milliwatts to -
severals watts and having durations in the range of about one millisecond to no more than
one second.

23. The memory or the computer or the processor of claim 22 wherein the
gradual change includes steps having power changes in the range of a few milliwatts to
several watts and having durations in the range of about one millisecond to no more than

one second.



