6 April 2005 1 SYSTEM APPARATUS, AND METHOD FOR PROCESSI NG WAFER USI NG
SINGLE FREQUENCY RE POAER I N PLASMA PROCESSI NG CHAMBER 5 Backgs apiicbopd t he
Invention 1. Field of the Invention The present invention relates to the
manuf acture of sem conductor devices. More 10 specifically, the present
invention relates to plasma processing syst ens that enploy RF power to
process sem conductor wafers. 2. Description of the Related Art

Sem conduct or processing systens are used to process sen conductor wafers

for fabrication ofgy e i Al n [ based

sem conduct or pr océgygg’ﬁmﬁqg’eéﬁp Mﬂ?ﬁ(ﬂ(ﬁ on,

chem cal vap [ C I m t&r
rocesees ar PROCEBSSING WAFER USING SINGEE RREQUENCY B e
that include parallel plate reactors in a plasma processing chanber to
provide a controPQWER: INGPLLASVEA Bl%é@EﬁSﬁﬂGi(ﬁ BER the
parallel plate reactors typically enploy two different RF frequencies for
generating sufficient plasma density for 20 anisotropic etching and ion
bonmbar dnent energy for isotropic etching. Figure 1 illustrates a

conventi gnal plasma processing system 100 that uses two different RF
frequenci es for processing a sem conductor wafer 102. The pl asna

processi ng system 100 i ncludes a plasma processi ng chanber 104, a pair of
match networks 106 and 108, and a pair of RF generators 110 and 112. The

pl asma processi ng 25 chanber 1%d%buﬁﬂsoﬁthealmlimﬁati ¢ chuck 114 and a
shower head 120. The shower hea I ncl udes an upper el ectrode 122 and
is adapted t de(?i Jrce gas into the chanber 104 for generating
pl asma over ?’h%ﬁi/va eﬁem. e electrostatic chuck 114 includes a | ower

i Ol ) f in_pl far . i ng.
A gas 126 such asTRanFin neern e e BbRa s saBafEfordhe R e

t enper atur e gkcitibaly, the present invention relates to plasma processing systems that employ RF

power to process semiconductor wafers.
2. Description of the Related Art

Semiconductor processing systems are used to process semiconductor wafers for

fabrication of integrated circuits. In particular, plasma-based semiconductor processes are

15 commonly used in etching, oxidation, chemical vapor deposition (CVD), etc. The plasma-
based semiconductor processes are typically carried out by means of plasma processing
systems that include parallel plate reactors in a plasma processing chamber to provide a
controlled setting. In such plasma processing systems, the parallel plate reactors typically
employ two different RF frequencies for generating sufficient plasma density for

20  anisotropic etching and ion bombardment energy for isotropic etching.

Figure 1 illustrates a conventional plasma processing system 100 that uses two
different RF frequencies for processing a semiconductor wafer 102. The plasma
processing system 100 includes a plasma processing chamber 104, a pair of match
networks 106 and 108, and a pair of RF generators 110 and 112. The plasma processing

25  chamber 104 includes an electrostatic chuck 114 and a shower head 120. The shower head
120 includes an upper electrode 122 and is adapted to release a source gas into the
chamber 104 for generating plasma over the wafer 102. The electrostatic chuck 114
includes a lower electrode 124 and functions to hold the wafer 102 in place for processing.

A gas 126 such as helium is provided through a port 128 to control the temperature of the



6 April 2005 2 wafer 102. The plasma processing system 100 may al so incl ude
an el ectrostatic chuck power supply (not shown) for supplying P20 t he
chuck 114. Electrostatic chucks are well known in the art and are anply
descri bed, for exanple, in commonly owned U.S. Patent No. 5,789,904 by
Francois CGuyot and entitled "H gh Power Electrostatic Chuck 5 Contact,"

U S. Patent Application Serial No. 08/ 624,988 by Jones et al. and entitled
"Dynam ¢ Feedback El ectrostatic Wafer Chuck " U S. Patent Application
Serial No. O8If&50)251Thdplaghas progessmglystem g ‘mayscpigclide aNElecBOSIOR, chggk by

pect anpi ng. SR EhAeCheYEl AR oRRER Bl MRucClra TR IR Mg pee o
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RF power and a | ow freguency power, re pecigld for delivery to the
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pl asma density) I'n the space between the shower and the wafer
On t he ot her“Ihyaadijc FtﬁeibhctkwEfelcmechaRF Powki” TiSorRateht pplicFoyeveeinb MNor 112
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generates plaspa_and contribytes to the ion bonmbardment energy as well. The

RF mat chi ng WafenBraeessngSyspm-"108 are coupled to deliver RF power fromthe
20 RF generators 110 and 112, respectively, to the el ectrostatic chuck 114.
General IN), the rebherR genatatdes | H0BIdAAR a0 gpicalky aa:l@ugﬂdédg@!mrittmehigﬁ frigquemcht or s
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104 to mnimze refl ection of RF power fromthe plasm ﬁroce53|ng 25
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i npedance el ements in the RF matc I ng netvvor s 10 tuned to
provi de 15npetdjaMegemhtator 2: ¥ cph:demidaetlfr opecEtbe gexfera*the oREogbmreluaadmrﬂ efdr@y and
112, respect II‘CUI known in the art and
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M Howal d and filed on Decenber 22 1998 6 April 200
contributes to the ion bombardment energy as well,

The RF matching networks 106 and 108 are coupled to deliver RF power from the

20  RF generators 110 and 112, respectively, to the electrostatic chuck 114. Generally, the

match networks 106 and 108 are coupled to the RF generators 110 and 112, respectively,

by means of co-axial cables 116 and 118, respectively. The RF matching networks 106

and 108 are provided between the RF generators 110 and 112, respectively, and the plasma

processing chamber 104 to minimize reflection of RF power from the plasma processing

25  chamber 104. The RF matching network 110 typically includes one or more variable

impedance elements (e.g., capacitors, inductors). The variable impedance elements in the

RF matching networks 106 and 108 may be tuned to provide impedance that matches the

impedance of the RF generators 110 and 112, respectively. RF match network circuits are

well known in the art and are described, for example, in U.S. Patent Application No.

30 5,187,454 by Collins et al. and U.S. Patent Application Serial No. 09/218,542 by Arthur
M. Howald and filed on December 22 1998,



3 The use of both high and | ow frequency RF power fromthe RF generators
110 and 112 is designed to ensure adequate supply of plasma affpdl@005
bonmbar dnent energy. Specifically, when the RF generators 110 and 112 are
energi zed after a source gas 130 has been introduced into the chanber 104,
the high and | ow frequency powers fromtae RF 5 generators 110 and 112
facilitate generation of plasnma 132 and ion bonbardnment energy for
processi ng the wafer 102. The high frequency RF power., typically in the
range between 4 Maust af tash ligh and lognirgqyenas Fg%@féf?@rthﬂégﬁwaewm and
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Mouer el oot Rk berembihS! Srihli BORe g prgen 0KHG A 4t Toge ISR | oo
close top thQB%bﬁEm%tagﬂhit@{ew:ﬂ@r 2 b&@ﬁ‘r@a&imgﬁﬂ%ﬁor?@&ﬁﬁa%nﬁ%@ﬁé?gy.and the

aver age vol tage drops between the plasima and 20 el ectrodes 122 and 124

increase. The i NC{BASRE 0 0 LN fdr & ' e in
i on bonbar dnment energy t%bwae?ﬁ a%éh%;pg%ck?ésogogtsagéfz%ﬁégn%uﬁ4g§%ﬁf %élﬁgénsataaz?y,
however, onegeotratedenedr thabdakredésnl A2samlgl 24h eFigwe- ZA abjpvens gcheapfic aldegimnofof t he

pl asma processi ng ,syst 100.js the non-uniformty_ in wafer etch rate
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across the surface of a wafer. In such cases, however, the etch rate tends
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waf er decreases as 6 April 2005
20  electrodes 122 and 124 increase. The increase in the voltage drops, in turn, causes

increase in ion bombardment energy toward the electrodes 122 and 124.

Unfortunately, however, one of the drawbacks in using the two-frequency
approach of the plasma processing system 100 is the non-uniformity in wafer etch rate
associated with the low frequency RF power. In general, the use of high frequency RF

25  power alone generates substantially uniform etch rates across the surface of a wafer. In
such cases, however, the etch rate tends to be too low and the pattern profile is poorly
controlled due to insufficient ion bombardment energy. The use of low frequency RF

power increases the ion bombardment energy.

However, the use of low frequency RF power along with the high frequency RF
30 power in a plasma process system tends to result in non-uniform etching over the surface
of the waler. For example, Figure 2B illustrates a graph 200 of an etch rate as a function

of distance from the center of a wafer. As shown, the etch rate of the wafer decreases as



4 the distance fromthe center of the wafer increases. Thus, the etch rate
near the edge of the wafer may not match the design specifi catipil 200her eby
resulting .n a lower die yield. In view of the foregoing, what is needed is
a system and nethod for processing a wafer surface wi thout using a
separate | ow frequency RF power generatog in a plasma 5 processing system
to enhance the unifornity of mafer processing results mﬁthout reducing t he
etch rate on_ the wa h |y
Cpeaki no. e HRl o nodntPar e Vit FrBeal T Blsche SORAONEP s e b ORE
appar at us, anaemi)hm mfa®h tmmgaspmloanmftmewsmgmg :sa ngJeedferymmency RF
power in a plasnma processing chanber. It should be appreciated that the
present inventi onNnGw BEthS foBR)ifsWHaCH nebdcdUSTR kRikin WRY fethbd drulbdegsimSa @
process, an apparatus, a system a device, a nethod, or a conputer

readabl e medvafen s%@%waqhowtmw sepaesishlon FreaneacyoRF tpemep genserier inj aplesma on

ar e aescrdl baloRSkipyysloh ACERLARIRS Mok POR SIPRALATRL res il MR Fllheine
|nvent|on pro sma  processing ‘syst en1 cessing a wa usi ng
a single fremuemnyn&%hmﬁwa&n The plasma 10 proceSS|ng system i ncl udes a
nodul at ed RF power generator, a plasma processing chanber, and a match
networ k. The nodul ated RF power generator is arranged to generate a
nodul at ed RF power (e.g., energy). The plasma processing chanber is
arranged to receive the nodul ated RF power for processing the wafer and is
characterized by an internal inpedance during the plasma processing. The
pl asma processi ng chanber 15 includes an el ectrostatic chuck for hol di ng
the wafer in place with the electrostatic chuck including a first

el ectrode di sposed under the wafer for receiving the nodul ated RF power.
The pl asma processi ng chanber further includes a second el ectrode di sposed
over the wafer. The nodul ated RF power generates plasma and ion

bonmbar dnent energy for processing the wafer. The match network is coupl ed
bet ween the nodul ated RF power



20 generator and the plasnma processing chanber to receive and transmt the
nmodul ated RF power from the nodul ated RF power generator to tdigpmloagema
processi ng chanber. The match network is further configured to natch an

i npedance of the nodul ated RF power generator to the internal inpedance of
t he plasma processi ng chanber. | n another. enbodi nent, the present invention
provi des a plasma processing 25 apparatas for etchlng a wafer. The pl asna
processi ng apparatus includes a nodul ated RF power generator, a plasm
processi ng chanber, and a natchSﬁ Rl hel meul ated RF power
generator is configured to genera g frequency RF power.

The plasm proceSS|ng chanber is arranged to receive the nodul ated hi gh
frequency RF powdroadlp speakingi g Rreseniigyeion fills thase Spwls fy rewdingd YR&Rber i s
characteriz n t or
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generated for etchlng the wafer. The match network is coupl ed between the
modul at ed RANKOER agalserikedbelawid t he pl asma processi ng chanber to receive
and transmt the nodul ated high frequency RF power fromthe nodulated RF 5
power generator tlo Mh@ﬂwka9mﬁlpn@@&é@ﬁn@nbHmnba$ﬂﬂﬁw@nﬁm!@hthﬁwnphmn@
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processi ng chanber using single frequency power. The nethod i ncl udes:
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an electrost | r,oc g a iC
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t he nodul at eajraﬁgeqmwme;veamdmbmmtpcﬂ Rfrmwprfm:psnsessgg@lkea\nife:rarfdus theeactérized udi ng
a second el trod osed over the waf cei ving the nodul ated RF
pover . by 1 O 1) HERE FPOTaL; e HE e Bl Do HCoras AeaG 16

I on bonbar dmaahd@raaresuectrbaaﬁmum &% THBIdRH 20 € $aleR bh @Q@T@ﬁﬁ tHeQllecRHQMESHLBE t he
wafer in response to the nodul ated RF power. Pre rablé, t he nodul ated RF

power is a hinguding é(ﬁ'@ﬁéﬁl@?tfﬂfd&m@ﬁqﬂﬁ@lthﬁw%f fgnreggising IR@%VQ&RFPOWBF
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hi gh ion bo energ requency cont
decoupl e t hewsferch Theatmmodutat REepawen gbmerhies glaeni aﬁmemrgyomﬁﬁumaﬁta@ﬁﬁgysﬂoy, t he

use of the nodul ate 0 rovides a. high etch rate in conjunction with
a hi gh degr S8°UFS1% 8}‘? fgﬁ‘ Wf]ée E‘ i mgworkris o %P]Leﬁé’eweﬁ'éﬁlﬁ EP@E%‘%@ REPONEEL em
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both isotropic and anisotropic etching sinultaneously. Further, th

modul ati on ofO%eRdroRt ti mMedulpiasnRE pRFegenetaton i dhet ilassiayprocessing chamber. The

match network is further configured to match an impedance of the modulated RF power

generator to the internal impedance of the plasma processing chamber.

In another embodiment, the present invention provides a plasma processing

25  apparatus for etching a wafer. The plasma processing apparatus includes 2 modulated RF
power generator, a plasma processing chamber, and a matching network. The modulated

RF power generator is configured to generate a modulated high frequency RF power. The
plasma processing chamber is arranged to receive the modulated high frequency RF power

for etching the wafer. The plasma processing chamber is characterized by an impedance

30  and includes an electrostatic chuck for holding the wafer in place. The electrostatic chuck
includes a first electrode disposed under the wafer for receiving the modulated high

frequency RF power. The plasma processing chamber further includes a second electrode



25 decouples the ion flux fromthe ion bonbardnment energy, allow ng nore
precise control of etch profiles and overall plasma density. |faagidobs on,
t he use of the nodul ated high frequency RF power allows extension of the
process wi ndow of dielectric etch for enhanced pl asna processing. For
exanpl e, the plasma processing systemall ows oxide |ayers to be etched at
and below 0.18 mw th good profile cont r8l. These and other 30 advant ages
of the present invention will becone apparent upon reading the follow ng
det ai | ed desdisriopad @ therwhfert dayespepse e theanqdylatedrhighiireqicndy R gowerapiasios . | 6
ril 2005 7 Br.ie LRtion t | T, S L hvent.i M
Qg readily uh é(rmsE’%ocfﬁ%‘g}érﬁﬁgg%?{e&ﬁgﬁa%g&aﬁq%&? m%@%(%e?i g@%%ﬂ‘?ﬁn&t@gﬁrjﬂl}%mﬁ I on
with the accamplawmgerdﬂ)awioﬂgﬁtedaaiRlbokwiekgenemtcﬂraﬁdnthe pmsmemailwss}ngemrgmtt@ l'i ke
structural elenents., 5 Figure 1 illustrates a cqonventiona asma
processi ng Sy<i¥nRd gensidiede; mpslulpted %‘ﬁgifeq“ﬁﬁyfﬂfeaﬁ‘@?fcfir‘é‘g ‘F‘gt‘noﬂl‘]@l‘?és%'f ng a
sem conduct of,wal Rheralot 39 Mthe PhsRAMBcAsiRE NEIRLAC FhadhAM Abowshedd kit t ages
generated near the surface of the electrodes on the side of plasma. Figure
2B i | | ust r atesfigured tophatolf thammpadacercditle rasdudatddURic paveas geeralprsto divciepkdapne t he

10 center of fer. Figure 3 shows a flowhart of an exenplary nethod for
del i vering Fﬁfq%e\gﬁéstmatp&o?fgm?ﬁﬂgﬂﬁerprocessi ng chanber in accordance with one
enbodi nent of the present invention. Figure 4 i|lustrates an exenpl ar

pl asma processi ng‘“s’SFétaB?f}l?’h%{?b"g%‘f%y%“& rf@ldés'“"l"isr?fﬁ%ﬂrd%r%‘ifs%‘ilggﬂ_“Firffqlﬁ‘e%cy RF
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under the wafer for receiving the modulated RF power, and the plasma processing
chamber further including a second electrode disposed over the wafer; (c) receiving the
modulated RF power, by the plasma processing chamber; and (d) generating plasma and
15  ion bombardment energy in the plasma processing chamber for processing the wafer in

response to the modulated RF power.

Preferably, the modulated RF power is a high frequency RF power including an
average RF power for providing a high anisotropic etch rate, a peak RF power for
providing a high ion bombardment energy, and a modulation frequency configured to

20 decouple the etch rate from the ion bombardment energy. Advantageously, the use of the
modulated RF power provides a high etch rate in conjunction with a high degree of etch
profile control. Thus, the plasma processing system 400 of the present invention allows
optimum processing of the wafer for both isotropic and anisotropic etching
simultaneously. Further, the modulation of the high frequency RF power effectively

25  decouples the ion flux from the ion bombardment energy, allowing more precise control of
etch profiles and overall plasma density. In addition, the use of the modulated high
frequency RF power allows extension of the process window of dielectric etch for
enhanced plasma processing. For example, the plasma processing system allows oxide
layers to be etched at and below 0.18 pm with good profile control. These and other

30  advantages of the present invention will become apparent upon reading the following

detailed descriptions and studying the various figures of the drawings.



Figure 5B shows a graph of a high frequency RF power signal with 50% sine
20 nodul ation in accordance with one enbodi ment of the presentg pyeihs on.
Figure SC shows a graph of a nodul ated high frequency RF power signal with
20% duty cycle in accordance wi th another enbodi nent of the present
invention. Figure 6 shows a flowhart of ,a nmethod for nodul ati ng a high
frequency RF power in accordance with ode enbodi ment of the pr esent
invention. 6 April 2005 8 Detail ed Description of the Preferred

Enbodi ments An invention is | i ystem apparatus, and
nmet hod for processing a maggﬁijgki‘ 5 o egterty RF power in a

pl asma processing chanber. In  the_following description, nunmerous specific
details ate set fbiet RFESH! o¥ion oVilly B¢ raadily underénodubn thihdellaiag dlefeds t he
present inven.iam. .l PR e A gﬁﬁy 2 Ski | art,
that the pr e%gﬁﬁﬂllomﬁeﬁ%%ﬁrf tl?rﬁ;‘/‘g @éh%?c;cg?? C g&/‘?r?ﬁ%“g%’odggrlrlek@gérfk%ﬁ% %‘?ne{rﬂgse
speci fi c detdesignate like situvauralictestearsces, wel | known process steps have not
been described in detail in order not to unnecessarily obscure the present
i nventiorb. The prEgastl iilwwent i oshveiitdnh et ssmigdodesdigcs ybie@hhdt hegueo diffeRint power
to a plasma _10Q processing chanber to overconme the limtation of the
convent i onal RE{Tsguepsighier pOyessig e semicomliciopWalcht i ng a single, high frequency
RF anplitude, the average RF power delivered to the plasma controls the

pl asma density andgeRuiA tshevs erschematict diagmm ofaleath vltagesh genstawesk neparilie t he
RE peak. Povedy, Wi(Gh, s iRLaiiThgd. Bpidlg, modul ation depth, controls  the

i on bonmbardnment energy. In this nanné}, a single nodul ated RF power
generator can 15 .to control. both e _pl as density. and jon

bonbar dnent enerd@gwﬁ%gpgﬁggﬁg;i5?8%@%3?&CQGﬁ%ﬁﬁé?%"¥ﬁ%ﬂ8E§m§ﬂﬁéhgpﬂﬁe

uni formiy ofenwabfs wpencessing results. Figure 3 shows a flowhart of an
exenpl ary nethod for delivering RF power to a plasma processing chanber in
accordance w th ofgurene e Mowehart feanRixeHBREy hBYEN tdr Aeliverih) REBINROE a

provides a wafer between parallel reactive plates (e.g., eléctrodes) in a
pl asma plasma processing chamber in accordance with one embodimen: of the present invention.

Figure 4 illustrates an exemplary plasma processing system that employs a single
modulated high frequency RF power for processing a semiconductor wafer in accordance

15  with one embodiment of the present invention,

Figure 5A illustrates a graph of a modulated high frequency RF power signal
delivered to a plasma processing chamber in accordance with one embodiment of the

present invention.

Figure 5B shows a graph of a high frequency RF power signal with 50% sine

20 modulation in accordance with one embodiment of the present iavention.

Figure 5C shows a graph of a modulated high frequency RF power signal with 20%

duty cycle in accordance with another embodiment of the present invention.

Figure 6 shows a flowchart of a method for modulating a high frequency RF power

in accordance with one embodiment of the present invention.



20 processing chanber in operation 302. In nodul ating the high frequency RF
power, variables such as RF average power, RF peak power, ancs Kprilfpooer
nodul ati on frequency nay be nodul ated to obtain optinum plasnma density and
ion flux. Then in operation 304, nodulated high frequency RF power is
generated for use in the plasma processi R chanber. Preferably, the high
frequency RF power is nodul ated to generate desired 25 plasna density and

i on bonbardnent energy. Then in operation 306, the nodulated RF power is

provided to the pl agygapre e PREFRYTBAE gitgor k. In this

operation, the matc 70 s SHhe 2

i npedance, which , matches the inpedance (HJIId a nodul ated RF power gener ator
Lo the | mpedance A TRBCODI BIFCTHED SR g chaTRUP: PRFoER)EY AN 68 1of 1
response to ﬁrb&sﬁpgingfeedsé@:a ROYL freqichy RP pv@éan alpqumgﬁ%@ﬁ@ dehba. the
modul at ed high frequency RF power by generating desired plasnma density and
i on bonbar dribafolloyang descrptipe nameions SEgificTdpsailyer 60 fortrn order e peavide 4 n

operation 3 i 5 i gqur i L4 ustr at: |
o ocessi g Siguth §BisraiorE LR dinibli® 1L 3iF e v G R B0 3000
power for prehiledsh ig aa, sanibepraeatioveniad may 86 Bratticed adthonckanear\wltdi iese

enbodi nent of the present invention. The plasma processi n(t; system._ 400
i ncl udes a piPadia defailt laqthey 1estangese el GROWR Dipsess $teRe aRsrIel by deseribed in

modul at ed 5 B o LERANENS nREeRMPOLAERT Al Rlendiinilie Pl asma processi ng

chanber 404 includes an electrostatic chuck 414 and a shower head 420. The
shower head 420 i | .2 I i refe

grounded, and is g{rérﬂgg%gtdﬁ? %M@g&ggé%syid%%%?eﬁ agre%h&h$h'§)8&?ﬁ% %ﬁgi%’%aer 404
f or genellat i procepdins rhad@s OV evertduee \Waf Emitdish of hke ebeehtiasl alubl freqiunek 414

includes a | ower el ectrode. 428 .and functi ons hol d the wafer 402 in place
for 10 proce¥&FAy. BX 163@3%% s tiale o JEREARY §9mﬂmttaiédﬁlﬁwwsfa%1*§ OBt 432

to control tQREverb®BE Blah® ctrols e P@ RY dARRy anBuPhe IR B FRSWAPY Gystem
400 may al so include an electrostatic power” supply (not shown) for
suppl yi ng poheptheohandethe REpeaiopaveari whicthisclketezmined T the moatiulative dep®E contis

generator 4081 i.ah frequency RF power en tor 410 and a

nodul ati on cto?lior g[io;ﬁlcei)?isdﬁf%ﬂ&r%%' kﬁlg ) é‘%fﬁr&%@@@%@&%&i‘gé%?&?%%%‘?m?% ‘Ao is
arrangedist o gemed ab eohirghbdii @puplagya Bnspp\Rd ioPbehBiradbm @Gergtiara phana 13
MHz and nore preferably in a range between 4 MHz and 60 MHz. However, it
may al so genRSPESHENS hnbst thereby calipieing upidoravily vhWpler pigecssaa&salis ng suf fi ci ent
plasma density for processing a wafer. The nodul ation controller 412 is
coupl ed to provi désyeduhars ahlowckpiteisintesemplaryhnethod for delineniog RRFowswer a
generator 4 : i t | at.i r 412.20 provi des
signals to 3@%“&&‘3%&%@8@%‘%@&“%@% {ﬁrr%gueﬁ@f) ?i%{dl'h{ ?Cﬁ)tjethg g??éénvﬁln—l?oﬁlovver,
peak RF poweFhe maetblodipropideser wafedbetatdnquarallelerqargine platek fe.¢.edparvdes) iva plagma
nmodul at i signal s Brobmt.he nmodul '?onI controller 412 the RF power

gener at o 41JOGEHRE SEUBOCT 1B APCRERY NP ghiny magiatne, thepigh fispuengy R, ppwes og
into the mat@hfiabled Weh lss RFavera B! RF pARIp8wéA @ad RP pa_vb@r bdulRiof tﬁ'eaﬁan@ft wor k
406 is coupled to deliver the RF power fromthe nodul ated RF power

gener at or 4082} b Bp@iatpdweobigoptimym plaghe densiiy and joe flohuThensinpperthien 303

mat chi ng net - JnS I n | at e i frequency RF
power gener%?%drfat%gglggng%@éé%?gsE@%ﬁ%c@sjg&?tﬁg‘) @ﬁgﬁ%g? tﬁ%&’?atsgm ﬁfer?f’lg%

refl ecti on ofhaRBepoRexferalily,otie tHigh ficqemey Propessiingnaihmde gddratel B&irk

hi ng,n rk 406. i |l Kk in
mat ¢ Ss et}‘)’igsma de(i)lglty z?ndV\{%n bomggrmem energy. Then in operation 306, the modulated RF

power is provided to the plasma processing chamber through a match network. In this
operation, the match network receives the RF power and produces an impedance, which
matches the impedance of a modulated RF power generator to the impedance of the
plasma processing chamber in operation 206. In response to the modulated RF power, the
30  wafer is processed using the modulated high frequency RF power by generating desired

plasma density and ion bombardment energy in operation 308. The method then

terminates in operation 310.



30 the art and typically includes a plurality of variable inpedance

el ements such as capacitors, inductors, and the |ike. These vaApsioas

i npedance elenments in the RF matching network 406 nay be tuned to match
t he i npedance of the nodul ated RF power generator 408 to the inpedance of
the plasma processing chanber 404. Prefegably, the RF matching 6 April
2005 10 network 406 is configured to provide increased bandwi dth to

accommodat e t he dul %tiild hi gh f’ﬁ%ﬁ‘g enc% RF gower frotmt @Dtd”' ted RF

power generat or 4084 T UHEIRoK® B38M PEHERIESYERE hodUf et e°Hi §h

frequency RR;iRMVBbdbiteld Ash fﬂlgﬁﬁig Y ms&a&@o@aﬁﬂ@%elﬂ%ﬂm@r Wafd 0B i
e 402 to the

flows fromthe | ower el ectrode ~upper el ectrode 422 through the
pl asma 426. dcgordansp antheone edodimsat ¢fdbreprasest myventige: $he plagBHBrorespss syt d t he
waf er 402 f ofy,pl pr SS|.Ng..: i i ngl i , X] i ,
chem cal vap‘g)r0 | (g%%giat?lg%&( ﬁ’l\(}f)%?mg? h%ﬂbéeq%pﬁ’e;ﬁlfﬁgq}eﬁ?gptmg’oarnp %s%gﬁgés@?o ion
transit t5i nmehiglofreq@idndyORF pOwdrpeéerito0408 MEhe pia3ina (praxbssingechpba@4 iedidenait 0 one
of the electrodes 422 or It should be appreciated that the plasm

428, C
processi ng sSEHREHAUDENYCK 41Harbd ehqvise dead et Hic shpwereicad £60 fretides graprper
under st andi nge@fql Be A fsq;eéfgragg gtéér}ﬁdpd, SRE Y zlirra'nQé’cPl'BtﬂeE?be IR §as 4b41€

invention itself 1s not imte y particular type of wafer “processing
appar at us orinpytht ehambd 404 \fobgenatidipg ethshard2Gecn the avaferstii2t abliecelowfostatic

i t o I i t i m .to th dapt f
Renos &1 0. SRPERRs igrheesaroRFr gioAS ot ai b RS e Sar8 i i e tag,
reacti velg onpreéesdihg)g A BhEX30 BRANAL hefighl ¥ pkoviehaReRH 4 Ba€UBY Qo icOMrAtiGhi Ng

(MERIE), electron cyclotron resonance (ECR)), or the like. In this
conf i gur at i dAMPERMINBIHE atafatBontheoplpsta wrooessiag systave 48@ siay edsonipelyfieen on

brocessi ng cikanalt i SENROLGT PR Rooh BRIPaFlNERE AL MRS

the R poner o biecaprBEREATE sB%Tkensd0P B8 RONED LR Boonelen RFGHSRI U™

frequency RFpepeia®i 4d@hhd @ ndulator Bentpllasi®. 43R higelr&{uehdyeRF pbRerRicA&aBr
density and thus the ion flux to the wafer 402 in the plasma processing

chanber 1904.4184s prnged Incgenpraisdush feturaey Jdaroyssviseleralily grontershancl3eVbiz aedl by

t he nodul ati f; i RAYEEN s the
bi as vol tagel%]r(e flﬁ%ﬁb‘gﬁ%tg? %w%%g$%%39%6 po%rﬁ%{r\g%f’g??@% a]fsgg%éér%\%:y,

whi ch i s di sdnynglerstregderfoies raulléble dorveentratimpbutficienudasma dansityl foir ippotessirgz £hosen

such that the plasma density is. . appr.oxinmtely constant .between the
ol at on oLl i dsiRap g EiSro PR To bione RigHblaion e gt Hsh
tenper at ur e fr&ubfydRF poRet @ntrats 498! lln ohdemBRAmEAL tHRMEJBMBE RENrdIRT 412
preferabl%l ncreased to above 1 MHz. The nodul ated hi gh frequency RF power

from t he!hodtP¥tessigripbe Rieprratasneraig 44 &ranedwlatian dbwu 8t ejagsnRipewer,
adequat e pl agnp Iq-eﬂoc‘vbéry AR RF %epqm{aqm?q{quﬁg{r.g)ﬁn'rQsptoﬁ's% to the modulation

signals from the modulation controller 412, the RF power generator 410 generates

modulated high frequency RF power, which is fed into the match network via a coaxial

cable 440,

25 The RF matching network 406 is coupled to deliver the RF power from the
modulated RF power generator 408 to electrode 428 in the electrostatic chuck 414. The
RF matching network 406 is provided between the modulated high frequency RF power
generator 408 and the plasma processing chamber 404 to minimize reflection of RF power
from the plasma processing chamber 404. The RF matching network 406 is well known in
30  the art and typically includes a plurality of variable impedance elements such as
capacitors, inductors, and the like. These variable impedance elements in the RF matching
network 406 may be tuned to match the impedance of the modulated RF power generator

408 to the impedance of the plasma processing chamber 404. Preferably, the RF matching



pl asma processing chanber 404. Specifically, when the nodul ated RF power
generator 408 is energized after a source gas 130 has been i ng apgitpoesi i nto
the plasnma processing 6 April 2005 11 chanber 404, the average RF power of
t he nodul ated hi gh frequency RF power facilitates generation of high plasma
density fromthe source gas 424. The genﬁ{ati on of the high plasm density,
inturn, allows high etch rates for anisotropic etching of the wafer 402.
On the other hand, the peak RF power of t duI ated hi frequen F
power 5 i ncrish¥es 4Ppis %P%%“ftﬁ tosm%‘a%mstsﬁtegg’é d‘tlﬁ%atﬂoee? 6t9éhe41?8dlﬁé65

provi de opt | @R GATRGAFTn 60 Fioflla RORKNScl RfctiRf 895 402, Thus, the

peak RF power~of the“nodul ated high frequency ower facilitates

i sotropic or di ri‘;}ﬁt %rk%zﬁ& zﬂlsﬁln \Q@B&ful 1ghTﬁ}E%1fSéﬁ@y[ ﬁf“ p[){@fgr RepK RF

power allows a hig egree o} pro e cont ro e plasm
processi ng splsshenprd€Bsing cltahﬂ)em@tsmdta ¢unmeatnt floows fednh dwdowpt dlentrodpd@icwsbe ng of

t he vvafer 10 402 for Do i sot i c. and isotroicech'n. I n. addi ti on,
t he nmodul’at i GREHFIeE! h‘f?ghthfquéﬁdgmkﬁsw ggwelln TSPHOBR it g‘é"@o | @3¢the i on

flux from t headnNicR MRAA RN vaRP 09 Yor alatmf&emgewmrcﬁ%ael&ﬁﬂt redhifyf etch
profiles and overall plasma density. Further, the use of t'he nodul at ed high

fr equency RFoxidatien, dileiisak vapet degsisition (ﬁCVDheortthe)bbe sThé timbow cofrespordselotion c

etch for n sSna 15 Rroges e plasma

ot ocesel ng STARL RO B BoRETE FoR e RaBR ko sPEaR AP BEF o1 e 18 m
Wi th good préédtlogescamiorals. Hisgoiile bSAppredintsd (it &% phasthiagivbeSdi}y Sbtem 4u0dyl at ed
high fre ﬁgency RF power signal 502 delivered to the plasma processing
chamber Wo4 described dp dletrdlehsipin Ho Jaelisippurfersianding oft the 36Y9é1é9§ﬁ9c of theeRieFHh. | n

this graph 5QQsnibhe fitvaled él?eqiﬁ@&ﬁ%nm:sel@quﬁ?t ShAdR é)egrg)zhpdrt?c@ar%?}gigp\ﬁhfer

nmodul at ed sine wave. Accordingly, the nodulation 04 of e si
502, whi ch ipodefing@gpastus lve sdstsmamﬁentaethveedaptddefcmelalc iananyt suumgh whfet he

| 502, 100% h dul at f def i d
26 TR 102 rfeeh e sty it dhor BRD it TR AR s’ ROV VtoRtts 550
of a high fra&u@gtguclﬁﬁn@aggétctﬁhgrmsnﬁ%& CFt tlea'é@%) foh NEchiAWIES, In%nettdahﬁw se,

Fi gure SC shows a nodul at e h 25 frequency RF power

si gnal 552 vﬁntlhncze%aetateyowt@még (MEBI:E)oﬁﬂéFaW@éY twon rgrraners(E€Rboeli thehke. of t he
present invention. Besides these exenplary nodul ated RF power signals,

t hose skilled in Inhbisaonfigirhtion; geoyeduteion antrollke 432 eserthe depired tnasinlatiay

enpl oy any hj hfre C uIatl that a rovi de syfficient plasma

density and PR bR lﬂ%ge ﬁ%ﬁo eef"f’é’?w B BOBFT EPE @e]é‘f%%st ! I%Wa?rf’ge&fm%
met hod for rmﬂmlbattatmg Far biagipld, mequ@maﬁoREommt\m 41N mBACED (HEANERIRE PoREE
enbodi nent of Eh resent invention. The method begins in operation 602,

where an avereafRFRROWBwal RE powenmpiyationgirequenty: of the REPosd 1e e delivesadhi eve
20  The average power of the modulated high frequency RF power delivered to the plasma 426

determines the plasma density and thus the ion flux to the wafer 402 in the plasma
processing chamber 404. On the other hand, the RF peak power, which is determined by
the modulation depth of the modulated high frequency RF power, controls the bias voltage
(i.e., sheath voltage). The RF power modulation frequency, which is distinguished from
25  conventional frequency modulation, is chosen such that the plasma density is
approximately constant between the modulation peaks and preferably greater than 100
KHz. If the electron temperature is to be constant as well, the modulation frequency is

preferably increased to above 1 MHz.

The modulated high frequency RF power from the modulated RF power generator
30 408 simultaneously ensures adequate plasma density and ion bombardment energy in the
plasma processing chamber 404. Specifically, when the modulated RF power generator

408 is energized after a source gas 130 has been introduced into the plasma processing



6 April 2005 12 a specified anisotropic etch rate. The average RF power in
this operation is defined as the absol ute nmagni tude of RF powes Apwl 2005
delivered to plasma. Once the average RF power is thus set, the plasm
density will remain constant throughout plasma processing. To increase the
sheath voltage and thus ion bonbardnent gpergy, a peak RF power 5 (e.g.,
anplitude) to be delivered is determ ned and set to achieve a specified

ani sotropic etc file in ration 604. |l n an nbodi t, the.peak RF
ey ol b HagbeReed! o Sy R b G ik BEREROIEE o iBRES o
To decoupl e geRgrati®of high plasRideRgyi fRim BRdasE FROK2E NERO ¥enetilioRiof BRVEEH
nodul ation frequency as shown in Igl gure SA may be determ ned and set "in

oper ati on 60@asnRressitypinbe aldnwsthighridnieles Hirlapiaatirapieetelong ¢f thawalst4020 i on
borbar dnent energy to be independently controlled. Preferably, the
modul at i on fr equede theiathes hiuid, tiegrak RFpoghr sighe matlulated highdregneney iRF gowee fr om

f th ' | ' ter.than. the.
modulati on (PESTERaY oy & Ml LR Bt B g RE pRyidhi Pl e
subst anti al | poréfaREkNbnery agi@uing wagern@bediufahe phik MV p6RG T It MOWRAed Peak

RF power, and nodul ation fre ueeré maé be set either manually or 15
aut onmat i cal | Bigh Hequeacy B noueritesilitalshisepnie pr dicptionphetchipg Ae thetader 408y fheat es

in operatio ' this, i ' ri [

several pr e%rggzg] e\égr}%iégfr% %g ,hlﬂ%()ﬁsggr ié@grd gggﬁ ?ﬁeﬁg}% oﬁfsé, éog@?lfm g%,ﬁé%@{a?a%d

equi val ent s prhassifigbystem 800 of thhersenpevation hilowd optimming procedsingsdiabd dafek so be
noted that there are nmany alternative ways of 20 inplenenting the nethods
and app;lﬁ)at u‘g)gsfo‘b'?mlf fyar ‘é%‘?éjrﬂmsf’m}@ﬁf"‘l%‘ﬁé It is therefore intended that the
foll owi ng appended cl ains be interpreted as including all_such alterations,
permut ati ons, andneqditos, the medylatignyef theyhighifiequansy RE powepetisciivelp decouplse of

the present haY&NTLL Fronf the R bolbafhRh Bk rdyS alloWingRhére Q9R control of etch

profiles and overall plasma density. Further, the use of the modulated high frequency RF
power allows extension of the process window of dielectric etch for enhanced plasma
15  processing. In particular, the plasma processing system 400 allows oxide layers to be

etched at and below 0.18 pm with good profile control.

Figure 5A illustrates a graph 500 of a modulated high frequency RF power signal

502 delivered to the plasma processing chamber 404 in accordance with one embodiment

of the present invention. In this graph 500, the high frequency RF power signal 502 is a

20 100% medulated sine wave. Accordingly, the modulation depth 504 of the signal 502,
which is defines as the distance between the peak and trough of the signal 502, is 100%.

On the other hand, the modulation frequency is defined as 1/(T»-T}) or 1/T. In another
embodiment, Figure 5B shows a graph 530 of a high frequency RF power signal 532 with

50% sine modulation. Likewise, Figure SC shows a graph 550 of a modulated high

25  frequency RF power signal 552 with 20% duty cycle in accordance with another
embodiment of the present invention. Besides these exemplary modulated RF power
signals, those skilled in the art will recognize that the present invention may employ any

high frequency modulation that can provide sufficient plasma density and ion

bombardment energy.

30 Figure 6 shows a flowchart of a method for modulating a high frequency RF power
in accordance with one embodiment of the present invention. The method begins in

operation 602, where an average RF power to be delivered is determined and set to achicve



13 CLAIM5S 1. A plasma processing systemfor processing a wafer using single
frequency RF power, conprising: S a nodul ated RF power gener a April 2005
configured to generate a nodul ated RF power, the nodul ated RF power
generator includes, a nodulation controller having circuitry for varying
nodul ation depth of the nmpdul ated RF poywer w thout anplitude nodul ation
circuitry, and an RF generator coupled to receive control fromthe

nodul ation contrgller; 10 a process cha arranged _to receive
the nodul at ESPREIESAROORIC et%‘rfél‘?ggg‘f* ﬁlj“i‘g?eé}ag‘?"é‘if mn OPﬁFaé.‘QPrgs 1Bebasiing
chanber bei nﬂ)s&ln@rlﬁfghﬁﬁdez(ﬁqlftbbvﬁptd B R1i0&kd to ﬂﬁ%ﬁaﬁﬁﬁe therdvirded RE pBlASER
processi ng, the plasma processing chanber including an eIec%rosFatlc chuck

for hol di ng thiesehdlieeplasms gshsityevillirgroaie censtanb threugheut plagwk piogessingi ng a first
el ectrode di sposed under the wafer for directly receiving the nodul ated RF
power, and the 151“qoinas:m t]mersixeethszbn:ggecahdmiueionfhmntbhﬂmehrmlletgyi npead Rfemord

el ectrod i rou osed over, the n.the plasm
ona. i on BortasarrtERLiGg Sersd S RaREmed R s GASRern SN BPTTHE

response to §i&epioBRuh dpedibeO VR Ione @ﬂ@oﬁm@ﬁt R pRek RPPowePmRY 86 db@fewegn the
modul at ed RF power generator and the | asma processing chanber to receive

and transm ttetmﬁeOferﬂ!lllaélpééeRF dpssvibed inrfagnre AA. Toclepmynplel the énn TRR fpusmwthe ion

generator t t he rratc net wol urt her
configured ?t(’) et %e%?n&r%{ﬁggan e of%{z’ﬁ%mﬁ%ﬂdfﬁ'f%‘%mg ﬁf Wor\}vle"r 16%5%%5\ %’FL‘?O t he
i nternal i npédkamiredahd séten Pbastian m&m%mmgmadnamﬂaafueno% allbte tiseyioh @Ik Add
recited jn clalml wher ei n nodul at ed RF nodul at ed hlgh

frequency RAP JwEbardment spergy, 19 rbﬁdﬂé‘ﬁ’e&deé‘ﬁlé@mi"é@det Bfﬁfefﬁ’ﬂb they mpasiulagian er
for an ani Soltrécﬁ 1§tsﬁﬁfcfégtly $i r%l%‘;'a%ﬁ%ﬁé R gft Gfiel £6m he Eélﬁ’éélr_Bthhe Shei N

t he nodul at ed frequency power 1 nc es an average r and a
peak RF poweqegloBOO an electrode is greater than the modulation frequency. This ensures that the

plasma density will remain substantially constant. It should be noted that the average RF
power, peak RF power, and modulation frequency may be set either manually or

15 automatically in the modulation controller 412. The method then terminates in operation
608.

While this invention has been described in terms of several preferred
embodiments, there are alterations, permutations, and equivalents that fall within the scope
of this invention. It should also be noted that there are many aliernative ways of

20 implementing the methods and apparatuses of the present invention. It is therefore
intended that the following appended claims be interpreted as including all such
alterations, permutations, and equivalents as fall within the true spirit and scope of the

present invention.

25 What is claimed is:



4. The systemas recited in claim3, wherein the plasma processin .gﬁgber
mai ntai ns a constant plasm density in response to the average ﬁﬁgﬁ@ of

t he nodul ated high frequency RF power. 6 April 2005 14 5. The system as
recited in claim3, wherein the peak RF power is adapted to increase the

I on bonmbardnent energy in the plasma proggssi ng chanber for isotropic
processing of the wafer. 5 6. The systemas recited in claim2, wherein the
nodul at ed hi gh frequency RF power includes a nodul ation frequency adapted
to decouple [he etch rate fromthe iqng bpwpardnent energy. 10 7. The
systemas recited in claim®6, wherein the nodul ati on frequency of the
nodul at ed hi gh frequency RF power is greater than the tinme "or an ion to
travel froma center region of the plasma to one of the electrodes. 8. The
system as recited-in ch&lams proghsingshisterh dorf preepsung y wofer upiag moelg|fepduency 15 RF

power is gr h . . 9. A plasma processing apparatus for etching a
waf er, conp??iﬁ%%éugﬂﬂ%gﬁ%ited RF power generator configured to generate a

nodul at ed hi gh famgdidated RRpowavgengratoheontfiigohet &t gealeriafe aonodidategeRE pawer the

i ncl udes, 20 a nodylation controller including circuitry for varying
nodul at i on dB%PWR8fﬁ?R@W“ﬁ%Hﬂ?%{Eﬁmﬂ?bh frequency RF power, and an RF

generator coupl edh infbdaRAEH \BnteRE Mabing redduitrd efofodiyimt nAulaRs depth edf: the
modulated RF power without amplitude modulation circuitry, and
an RF generator coupled to receive control from the modulation controller;

10 a plasma processing chamber arranged to receive the modulated RF power for
processing the wafer, the plasma processing chamber being characterized by an internal
impedance during the plasma processing, the plasma processing chamber including an
electrostatic chuck for holding the wafer in place, the electrostatic chuck including a first
electrode disposed under the wafer for directly receiving the modulated RF power, and the

15  plasma processing chamber further including a second electrode that is grounded and
disposed over the wafer, wherein the plasma and ion bombardment energy are generated
for processing the wafer in response to the modulated RF power; and

a match network coupled between the modulated RF power generator and the
plasma processing chamber to receive and transmit the modulated RF power from the

20 modulated RF power generator to the plasma processing chamber, the match network being
further configured to match an impedance of the modulated RF power generator to the

internal impedance of the plasma processing chamber.

2. The system as recited in claim 1, wherein modulated RF power is a

25 modulated high frequency RF power adapted to produce a specified etch rate on the wafer

for an anisotropic etching,

3. The system as recited in claim 2, wherein the modulated high frequency RF

power includes an average RF power and a peak RF power.
30

4. The system as recited in claim 3, wherein the plasma processing chamber

maintains a constant plasma density in response to the average RF power of the modulated

high frequency RF power.



a plasma processing chanber arranged to receive the nodul at ed hi%@ﬁ
frequency RF power for etching the wafer, the plasm processin& Lefar
bei ng characterized by an 25 inpedance, the plasna processi ng chanber

i ncluding an el ectrostatic chuck for holding the wafer in place, the

el ectrostatic chuck including a first el ggtrode di sposed under the wafer
For directly receiving the nodul ated high frequency RF power, and the

pl asma processing chanber further including a second electrode that is
grounded ai d di sposed over the wafer, wherein plasma and ion bonbar dnent
energy are gener & ed faf lieliaf%cib@in@dif 3, WhereRPhE SSAORE fow& i§ heapilady! at ed
hi gh frequency RF power; and a match network coupl ed between the nodul at ed
RF power gene¢raasorthaneh bpmbarginers nenergyooedsipiigmehpintesting ghanelesi for isatdpic
transmt the podul a high frequency RF power fromthe nodul ated RF power
gener at or td"?ﬁ%ﬂn é@%%wﬁgﬁcessing chanber, the 6 April 2005 15 match
network IBeing further configured to nmatch an i npedance of the nodul ated RF

power generator tot i npedance. of. t he pl asma._processin .CE nber . . The
appar at us as reci%‘ed i ecsgg{?%a%ecﬁfﬁir‘r“ér“l‘fnﬁo‘dﬁ?rﬁ’f‘éﬁe 'Rf—‘?"ﬁ"ﬁe@i“g g’ﬁ‘é‘}eafyo]}lg 5
gener ates t hawipdidl@fced MbdiationSEH4eanRY BBEptaD YL ledoliflt theSetallapt Ebnl MePlopduce
a specified etch rate on the wafer for an anisotropic etching. 11. The

appar at us asPOMHR4REt 1878 ai m 10, wherein the nodul ated high frequency RF
power fromthe nodul ated RF power generator includes an average RF power
and a 10 peak RF power. 12. The apparatus as recited in claim1l, wherein
t he pl asi¥a proceski ng Therrastbras meditad & ¢leimad, vowestimhe midadatian deqeeinty of e
response to . e I fr n E power.
15713 The dBBSIRVERRI Bl 18" pltierp Bren il Ml b GERY BN i RS
adapted to denter egia of ke plamaboe ofzeofdinesiéctredsst gy in the pl asma processi ng
chanber for isotropic processing of the wafer. 20 14. The apparatus as
recited in claim 13, wherein the nodul ated RF power generator generates

the nodul ated hi gh freTHeasyemi¥s 1B@eRin LiaRk 6] Whdrbid Qe RedRAM @tth®hodhlaR@uUeNcy

adapted to decouple the etch rate fromthe 1on bonbardnent energy.
15  RF power is greater than 4 MHz.

9. A plasma processing apparatus for etching a wafzr, comprising:
a modulated RF power generator configured to generate a modulated high
frequency RF power, the modulated RF power generator includes,
20 a modulation controller including circuitry for varying modulation depth of the
modulated high frequency RF power, and
an RF generator coupled to receive control from the modulation controller;
a plasma processing chamber arranged to receive the madulated high frequency RF
power for etching the wafer, the plasma processing chamber being characterized by an
25  impedance, the plasma processing chamber including an electrostatic chuck for holding the
wafer in place, the electrostatic chuck including a first electrode disposed under the wafer
for directly receiving the modulated high frequency RF power, and the plasma processing
chamber further including a second electrode that is grounded aad disposed over the wafer,
wherein plasma and ion bombardment energy are generated for etching the wafer in
30 response to the modulated high frequency RF power; and
a match network coupled between the modulated RF power generator and the
plasma processing chamber to receive and transmit the moculated high frequency RF

power from the modulated RF power generator to the plasma processing chamber, the



15. The apparatus as recited in claim 14, wherein the nndulatiog ﬁg&gncy
of 25 the nodul ated high frequency RF power is greater than th ARr

an ion to travel froma center region of the plasma to one of the

el ectrodes. 16. The apparatus as recited in claim9, wherein the frequency
of the nodul ated RF power is greater thag 4 MHz. 30 17. A nethod for
processing a wafer in a plasma processing chanmber, conprising: generating
a single frequency RF power signal capabl e of haV|ng a varyi ng nodul ati on
depth; 6 ApPiFh Q@WkallG“}SrfBWed Fﬂ‘glg&f%‘? gyateh g impadagsic of the saqdutated RIhpRWETi n a
plasma proce&ab@%rmmﬁgmaﬁé@%m @d@&lagﬁkégsingcﬁw including a first

el ectrode disposed under the waf e pl asma processi ng chanber further

i ncluding a second el ectrode di sposed over the wafer; nodul ating the single
frequency RF po Si I t Y e ngle
frequency RF poﬂ Si gﬂ%lap%%atglggstlregk dmc gg?fa% éeﬁ%f]{&Svﬁ?dtR%é)% s er?rlﬁl%and a
speci fi ed rageaenafes ehecﬂnodlgatemmghﬁfeqnency &Fepamncmat hteadzptddltcapmdu&l:a pepeified
signal, by t rst. el ect e i.n the asma  processing chanber; and in
Feaponse 1o SHbRIRSRIEVER B AEPUSPBGBHAE Re hover i gnal | gener at | ng
plasma 10 and i on bonbardnment energy in the plasma processing chanber for
processing the wafer at the controlled specified etching rate, wherein in

response to the ay%rad@wRPP%BWé?S@FW¥M%°MH%H%WQF561WF&WdWﬁ@d@éﬁé?QRwaomer
signal a coms BokePhaRTR: HBAREY RFHTR BLAKRSL AR Bleds B REQPERFUNO

chanber. 15 18. The method as recited in claim1/ ere| a peak RF power
of the Wodureak&F RFepower signal is adapted to increase the ion
bonmbar dnent energy in the plasna processing chanber for isotropic
processi ng of the wafer.

12. The apparatus as recited in claim 11, wherein the plasma processing

chamber maintains a constant plasma density in response to the average RF power of the

modulated high frequency RF power.

15
13. The apparatus as recited in claim 12, wherein the peak RF power is adapted
to increase the ion bombardment energy in the plasma processing chamber for isotropic
processing of the wafer.
20 14. The apparatus as recited in claim 13, wherein the modulated RF power

generator generates the modulated high frequency RF power that includes a modulation

frequency adapted to decouple the etch rate from the ion bombardment energy.

15. The apparatus as recited in claim 14, wherein the modulation frequency of
25  the modulated high frequency RF power is greater than the time for an ion to travel from a

center region of the plasma to one of the electrodes.

16. The apparatus as recited in claim 9, wherein the frequency of the modulated
RF power is greater than 4 MHz.
30
17. A method for processing a wafer in a plasma processing chamber,
comprising:

generating a single frequency RF power signal capable of having a varying

modulation depth;



19. The method as recited in claim18, wherein a nodul ating fre%ueng¥(ﬁf
the 20 nodul ating operation is configured to decouple the etch AR AP0 m
t he i on bonbardnent energy. 20. A nethod for processing a wafer in a

pl asma processi ng chanber, the nethod conprising the operations of: 25
generating a single frequency RF power sijgnal; anplitude nodul ating the
single frequency RF power signal to define an anplitude nodul ated single

frequency RF power signal; and generating plasma and ion bonbardnent energy
in the plasma prdieydingg waiamysr an ;lecptro&ag%gtgxgmbatp}@émmfcgpssm,g asbpsnde to

the anpl it udge iREHi@IREEKS inefafel 4 SHUCRIEHITE digRsROWRder ShoRRfer, W[gﬁﬂsﬁat he
anplitude nodul ating operation-controls a value of a nodul ation depth of
the anpl it udgoerssiug eltamberiurthevipdludingynsacontdectrededipposekovgnthR™aiesak power of
the signal to optjm the. .| ' 1. A
met hod for pr ocesléll)(;\%ﬁ]glg\kgef Seﬂrléi ?ﬁ@iﬁ%%@ﬁ&%ﬁ 'géggﬁsagi}/onaongrﬁﬁpnié‘%régq{rl%eéolz‘feéd I n
cl ai m 20,5 whafrtb¢ mingla fregspen RF paweaRigasien agetrdRfa glasner denfitst dfcthapiaking uod a

nodul ated single  frequenc F power signal the generating operation

mai ntai ns a @gﬁﬁ?‘&ﬁ{e |e§°§p+ét§ew§f?@y in 5 the plasma processing chanber.
22. A nethod for pedeaghagodu@ll RF psweresiziagdby FheCtiRi Bleditbde WA EhE iplisma
frequency of the nodul ating operation is controlled to allow control of an

ion flux t oPrPfEsiBFmbsia™ he i on bonbar dnent energy, the control being
i ndependent of eaghe@bR'to tthOnodulated single frequency RF power signal, generating plasma

10 and ion bombardment energy in the plasma processing chamber for processing the wafer at
the controlled specified etching rate, wherein in response to the average RF power of the
modulated high frequency RF power signal a constant plasma density is maintained in the

plasma processing chamber.

15 18. The method as recited in claim 17, wherein a peak RF power of the
modulated RF power signal is adapted to increase the ion bombardment energy in the

plasma processing chamber for isotropic processing of the wafer.

19. The method as recited in claim 18, wherein a modulating frequency of the
20 modulating operation is configured to decouple the etch rate from the ion bombardment

energy.

20. A method for processing a wafer in a plasma processing chamber, the
method comprising the operations of:
25 generating a single frequency RF power signal;
amplitude modulating the single frequency RF power signal to define an amplitude
modulated single frequency RF power signal; and
generating plasma and ion bombardment energy in the plasma processing chamber
for processing the wafer in response to the amplitude modulated single frequency RF
30  power signal;
wherein the amplitude modulating operation controls a value of a modulation depth
of the amplitude modulated RF power signal and determines an RF peak power of the

signal to optimize the ion bombardment energy.



23. A nethod for processing a wafer in a plasm processing chanber, the
nmet hod conprising the operations of generating a single frequenéV“ gEMer
signal; anplitude nodul ating the single frequency RF power signal to
provide an 15 anplitude nodul ated single frequency RF power signal; and
generating plasma and ion bormbardnent engrgy in the plasma processing
chanber for processing the wafer in response to the anplitude nodul ated
single frequency RF power signal; wherein the anplitude nodul ati ng
operation further controls an average RF power 20 of the anplitude

modul ated single 41 eauRnEh FoRNELih JURle iy AR Bhedufh BAIRLORTRLLN 20

etch rates for priocessing essing a warer
a plasma proieetsn2g, whaebér reqmnsfemlahederagemlépcavmﬂfhp amiphtude motitietedsinglet ude

dul at t furth trol of 25 nodul on de t.h of
Moo 0 cRetai e o eheiRs EdePisfing opeaion st And R et s epShiR o

of the S|gnaﬁebgmggbkﬂkg@ngMMQanardnent energy in the plasma. 25. A
met hod for processing a wafer in a plasnma processing chanber as recited in

claim 23, wherein the nodul ating operation-controlled average RF power of

the 30 anplitude ﬁ)dmA‘tn?e%o'%]'f%t@cegglf‘%y@%)’as%cﬁ%g\i\ﬁ"élaﬁi ﬂﬂwhel%ﬁf ntains a

constant plasma density in the plas processing chanb
a frequency of the modulating operation is controlled to allow control of an ion flux

to the wafer and the ion bombardment energy, the control being independent of each other.
10
23. A method for processing a wafer in a plasma processing chamber, the
method comprising the operations of :
generating a single frequency RF power signal;
amplitude modulating the single frequency RF power signal to provide an
15  amplitude modulated single frequency RF power signal; and
generating plasma and ion bombardment energy in the plasma processing chamber
for processing the wafer in response to the amplitude modulated single frequency RF
power signal;
wherein the amplitude modulating operation further controls an average RF power
20  of the amplitude modulated single frequency RF power signal to control a plasma density

and etch rates for processing the wafer.

24, A method for processing a wafer in a plasma processing chamber as recited
in claim 23, wherein the amplitude modulating operation further controls a value of a
25  modulation depth of the amplitude modulated RF power signal and determines the RF peak

power of the signal to optimize ion bombardment energy in the plasma.

25. A method for processing a wafer in a plasma processing chamber as recited
in claim 23, wherein the modulating operation-controlled average RF power of the
30 amplitude modulated single frequency RF power signal maintains a constant plasma

density in the plasma processing chamber.



