21 MAR ?007 WD 20051066997 DUAL FREQUENCY RF MATCH BACKGROUND OF THE

| NVENTION Field of the Invention [ooot] The present invention ?%n{?rﬁﬂljl y

rel ates to senjconductor substrate processing systens and, nbr & :

parti cul 3YP 005089 %t ching circuits for matching the inpedance of a
plurality of RF sources coupled to a single electrode to the inpedance of a
pl asma. Description of the Related Art 100021 Pl asma enhanced sem conduct or
processi ng chanbers are V\% ¢ [ MC':'? e of integrated
devices. In nost plasm en aﬁ!‘egggr%j%onducﬁﬂ‘gg ers, multiple radio
frequency (RF) generators are utilized to formand control the plasma. Sone
pl asma enBACKGRODND OF THE'INWENTIONeed RF power fromnultiple sources to
a single electrode that couples the power to the plasma. However, in those
enbodi nenthield e generally requires separate feed structures

.g., t tch t i al bl to th
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feed structure to couple RF power rom sources to an-el ectrode.
BRI EF DES@Rpetamse Of & wiuiiy\oREF 1sookgs soupladttot Acsinglenelectrodevio ¢het he
above reci.ted,feat qufm%advant ages and objects of the present invention are

attained émaeé%"%e $800d in detail, a nore particul ar description of
the Invention, briefly summari zed above, may be had by reference to the
enbodi nents thereof which are illustrated in the appended drawings. It is

to be not &schiption of the RedatetdArhppended drawings illustrate only typical
embodi nents. of this invention,and are therefore not to b consi der ed
[initing 49001 s Flagma enbancad  PRmibAndURtar, DrosassINg: ShaTRETS oaliea Wigely

used in the manufacture of integrated devices. In most plasma enhanced
semiconductor chambers, multiple radio frequency (RF) generators are utiiized
to form and control the plasma. Some plasma enhanced processing chambers
feed RF power from multiple sources to a single electrode that couples the
power to the plasma. However, in those embodiments, each RF source
generally requires separate feed structures (e.g., separate RF generator, match
output, coaxial cables to the electrode, and the like).

[0003] Therefore, there is a need for an improved apparatus for semiconductor
substrate processing that utilizes a single feed structure to couple RF power
from multiple RF sources to an electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] So that the manner in which the above recited features, advantages
and objects of the present invention are aitained and can be understood in
detail, a more particular description of the invention, briefly summarized above,
may be had by reference to the embodiments thereof which are illusirated in
the appended drawings. It is to be noted, however, that the appended drawings
ilustrate only typical embodiments of this invention and are therefore not to be
considered limiting of its scope, for the invention may admit to other equally
effective embodiments.

[ooos] Figure 1 depicts an exemplary block diagram of the RF structure of the

present invention;



effective enbodi nents, [00051 Figure 1 depicts an exenplary bl ock di agram of
the RF structure of the present invention; 1 2 1 MAR 2907 WO 23@?/@ 997
[ 0006] FWE@%‘#% a schematic di agram of one enbodi nent of thé"' chii'ng
circuit 2 ﬁ Sent i nvention; [00071 Figure 3Ais a graph depicting the
tune space shifting due to shunt variation of conplinmentary frequency

el ements; [00081 Figure 3B is a graph depicting the tune space shifting due

to seriesjoog6)"PPIRIAé &Y haddhematic dRERAM NEIIEMRS YernbBaIEESH of tRIRMtehingCc 0091
Figure 4 Is a graph of the tune space of the variable shunt matching

circuit ofirgyiboithequasentioventian;; and 10oi ol Figure 5 is an illustrative

hemat i . ) ; h ,
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under st angardtion geddmpihen®irg fréGoené\aBhiings;have been used, where possible,
to designate identical elements that are common to the figures. DETAILED

DESCRI PTI [weglookmure KB 8 & graph depicting thgduaeaspgce ehifting due $erdetiesduct or
substrate i ' I n sem conduct or processi ng chanber.
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shunt  nat goba)g F?u‘f@:d is écgraﬁﬁucwﬂh@gtuhwp'a'éesewtﬁe%zafri%wehuﬁt frigtehifgf eed to

an el ectrode in pl asma enhanced sem conductor processing chanber. [ 00131
Figure 1 de@iitefthe preaentinventian; @&l di agram of a pl asma enhanced

mat chi g B070yP ERURE 3 1€ A R0 SPaBut fpaifEngt A Dinstit charedd: o « ne
processing chamber having one embodiment of a dual frequency matching
circuit,
[0011] To facilitate understanding, identical reference numerals have been
used, where possible, {0 designate identical elements that are common to the
figures.

DETAILED DESCRIPTION

[0012] The present invention generally relates to semiconductor substrate
processing in a plasma enhanced semiconductor processing chamber. More
specifically, the present invention is a dual frequency, variable shunt matching
circuit for coupling two RF sources through a single feed to an electrode in a
plasma enhanced semiconductor processing chamber.

[0013) Figure 1 depicts a simplified block diagram of a plasma enhanced
semiconductor processing chamber having a dual frequency, variable shunt
matching circuit. A plasma enhanced processing chamber 100 according to the
present invention includes a chamber 102, two RF power sources 104, 106 and
a dual frequency matching circuit 108, The chamber 102 includes a powered
electrode 110 and a grounded electrode 112. A single feed line 114 from the
dual frequency matching circuit 108 electrically couples the sources 104, 106 to
the powered electrode 110. The chamber 102 is otherwise similar to a
conventional plasma enhanced processing chamber.

[0014] The RF sources 104, 106 are independent, frequency-tuned RF
generators. The RF sources 104, 106 may be configured io provide RF power
to the chamber 102 in any desired frequency to controi characteristics of the



present invention includes a chanber 102, two RF power sources 104, 106 and
a dual frequency matching circuit 108, The chanber 102 i ncl uded JaMARoieT ed
electrodaa}iﬁﬁﬁﬂg,p.grounded el ectrode 112. A single feed line 114 fromthe
dual frequency ?chlng circuit 108 electrically couples the sources 104,

106 to the powered el ectrode 110. The chanber 102 is otherwise simlar to a
conventional plasma enhanced processi ng chanber. [0014] The RF sources 104,

106 are ipldewandeBoth frequenciey- mnsecbd?léelmwrmt eostrolllthe Reameu plesmd 04, 106
may be configured to provide RF {ao to. the chanber 102 in any desired
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char act erprevidisg highr frequery! ;mwentmencltmﬂ@lpmnﬂa andelisdodiate Bhsiaunees 104,
106 is capable of ~ providing hlgwﬁfrequency omer to excite the plasma and
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about 14.3MHz at up to 5000Wof either continuous or pulse ower. The
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mat chi ng sub-circuits in which the series elenents are fixed and in which
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provi des mo15] The dual frequency matching circuit 108 generally includes two
matching sub-circuits in which the series elements are fixed and in which the
shunt elements provide a variable impedance to ground. The matching circuit
108 includes two inputs that are connected to the independent frequency tuned
RF power sources 104, 106 at two separate frequencies and provides a
common RF output to the processing chamber 102. The matching circuit 108
operates to match the impedance of the sources 104, 106 (typically about 50Q)
to that of the chamber 102. In one embodiment, the two match sub-circuits are
L-type circuits, howaver, other common match circuit configurations, such as
and T types can be employed.
[oo16] Figure 2 is a representative circuit diagram of one embodiment of a
dual frequency matching circuit 108 having dual L-type match topography. The
matching circuit 108 generally includes a low frequency (first) tuning sub-circuit
202, a high frequency (second) tuning sub-circuit 204, and a generator isolation
sub-circuit 206. First sub-circuit 202 comprises variable capacitor C4, inductor
L.y and capacitor C;. The variable capacitor Cq is shunted across the input
terminals 2104, 210B from the 2MHz source and the inductor Ly and capacitor
C, are connected in series from the input terminals 210A and 210B to the
common output terminal 212. In one embodiment, variable capacitor C¢ is
nominally variable from about 300pF to about 1500pF, inductor Ly is about
30uH, and capacitor C; is about 300pF.



common RF output to the processing chanber 102. The matching circuit 108
operates to match the inpedance of the sources 104, 106 (typicghhﬁqagﬁpt
500) to“h?@% &%9}pe chanber 102. In one enbodi ment, the two match" *

sub-ci rcul il L-type circuits, however, other comon match circuit
configurations, such as IT and T types can be enployed. [0016] Figure 2 is
a representative circuit diagram of one enbodi nent of a dual frequency

mat chi ng porgui Thé Ogersratorgisdiationl stiyircoitt 206 toopeorisashy. |atder t@Ebb@yng
circuit 108 general]y includes a | ow frequency (first)_tuning sub-circuit
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800pF. 216B from the generator isolation sub-circuit 206 and the inductor L. and

capacitor C3 are connected in series from the input terminals 216A and 216B to
the common oufput terminal 212. In one embodiment, variable capacitor C, is
nominally variable from about 400pF to about 1200pF, inductor L. is about
2.4uH, and capacitor Cs is about 67pF.

[0019] Typically, in the current state of the art technology for impedance
matching, either the series and shunt elements are varied, or the elements are
fixed and the source frequency is varied to achieve an impedance match
between a source and the load (e.g., the plasma). Where the series and shunt
elements are varied, the elements responsible for matching one of the source
frequencies can impact the load impedance seen by the elements responsible
for matching the other source frequency. For example, Figures 3A and 3B
show how the tune space for 2MHz and 13MHz shifts when the other
frequency’s match elements are varied. In Figure 3A, the shunt components
(e.g., capacitors C4 and C4 in Figure 2) are shown to have little or no effect on
the other frequency’s tune space (as depicted by overlaying lines 302 and 304,
and 306 and 308). However, when the series component corresponding to one
frequency source (e.g., inductor Ly and capacitor C, or inductor L, and
capacitor Cs in Figure 2) is varied, the tune space for the other frequency shiits.
Figure 3B depicts the effect of varying the series component at 13MHz. When
the 13MHz series component is varied, the 2MHz tune space shifts. This is



[0018] Second sub-circuit 204 conprises capacitor C3, inductor L2 and

vari abl e capacitor C4. The variable capacitor C4 is shunted ad¢mMagsigimnput

t erm nal at(g ﬁ 216B fromthe generator isolation sub-circuit 206 and the

i nduct or 8‘69 apacitor C3 are connected in series fromthe input
termnals 216A and 216B to the common output termnal 212. In one

enbodi nent, variable capacitor C4 is nomnally variable from about 400pF to

about  1208swn bPeHESIiTt ik Ink& 3UBaMd 3884hichams Icyes inbﬂéPC?» is about 67pF.
[0019] Typically, in the current state of the art technology for inpedance
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Figures lgrgdebrdy dfeRe bbﬁer‘dioﬁsl’@fn@ﬂ fo'BitaBIRAC e dinutil tBRingiledtion of
the matching circuit and the variable shunts (capacitors C, and Cy) will set the
radial tuning direction. These two tuning mechanisms (frequency tuning and
shunt tuning) operate in perpendicular directions in the tune space and can
independently tune to the optimal condition given the appropriate time response
for an autotuning algorithm. As such, this form of tuning prevents unstable
feedback between the two systems that may cause an un-tunable condition.
[0022] Examples of plasma enhanced semiconductor processing chambers
that may be adapted to benefit from the present invention include, but are not
limited to, the eMax™, MXP®, and ENABLER™ processing chambers, all
available from Applied Materials, Inc. of Santa Clara, California. The eMax™
processing chamber is described in United States Patent No. 6,113,731, issued
September 5, 2000 to Shan et al. The MXP® processing chamber is described
in United States Patent No. 5,534,108, issued July 9, 1669 to Qian et al., and
United States Patent No. 5,674,321, issued October 7, 1997 to Pu et al. The
ENABLER™ processing chamber is described in United States Patent No.
6,528,751, issued March 4, 2003 to Hoffman et al.
[0023] Figure 5 depicts a partial schematic, cross-section view of a
capacitively coupled, plasma enhanced processing chamber 500 suitable for
use with the present invention. In one embodiment, a process chamber 500
includes a grounded chamber body 502 and at least one coil segment 518



by shunt conponent tuning w thout the undesirable side-effect on the other
frequency's tune space. Consequently, the conplinentary frequgqq%[qt.;d@e
space repnins_unaffected, and a zero reflected power tune space c¢an be

real i zed"RBEPYPPY ge i npedance range. [0021] For exanple, Figure 4 depicts
a plot of the tune space seen using the matching circuit 108 of Figure 2.
This configuration can be contained In either a fixed match conditi on,
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[0025] The gas inlet 532 may comprise one or more nozzles or a showerhead.
The gas inlet 532 may comprise a plurality of gas distribution zones such that
various gases — which, when ignited, form a plasma 510 — can be supplied to
the chamber body 502 using a specific gas distribution gradient. The gas inlet
532 may form an upper electrode 528 that opposes the support pedestal 516.
[0026] In operation, a substrate 514 is disposed in the processing chamber
500 and held to the support pedestal 516 by the electrostatic chuck 526. A
process gas is introduced into the chamber body 502 through the gas inlet 532
by the gas source 508. A vacuum pump, not shown, maintains the pressure
inside the chamber body 502 at operating pressures — typically between about
10 mTorr io about 20 Torr.
{00271 The RF source 104 provides about 5000W of RF voltage at 13.56 MHz
to the cathode 527 through the dual frequency, variable shunt matching circuit
108, thereby exciting the gas inside the chamber body 502 and forming a
plasma 510. The RF source 106 provides about 5000W of RF voltage at a
frequency of about 2 MHz to the cathode 527 through the dual frequency,
variable shunt matching circuit 108. The RF source 106 provides bias power

that both self-biases the substrate and modulates the plasma sheath. After a



i ncl udes a grounded chanber body 502 and at | east one coil segnent 518 5 2
1 M1R 21JC7 WO 2005/066997 di sposed proxinate to the exterigry @y %ﬁp
chanber émg&%mﬁThe process chanber 500 al so i ncludes a wafer support
pedestal 51 I'sposed within the chanber body 502 and spaced apart froma
gas inlet 532. The wafer support pedestal 516 conprises a cathode 527 and
an electrostatic chuck 526 for retaining a substrate 514 beneath the gas

| nl et 532peridd024] tities, areché odbwictioncbick BB&cifis Epdp6it,Pthé Plasmanas supply
520 to develop an electrostatic force that holds the substrate on the chuck
surface. exifgusheode 527 is coupled to a pair of RF bias sources 104, 106

sources 1B TOMMIEHRE Tehedkiid 7 ceB e so b ol fhtieL SHitoclEnt, A g g
f requencyprekeht invention)t ofhek Hind duhenenitodiMentard thepwentioh falyween about
0 and about . 5000watts. The dual frequency, variable shunt matching circuit

108 mat chdevisechwithadt depading fropmethabasiescope, thepeof; andbe scapadheregédance.
A single ..f 4 lLe m bot h sources to the support pedesta
516. [Oofg]d%ﬁgﬁé%%BW&ag‘@%eﬁ%@%ri se one or nore nozzles or a

shower head. The gas inlet 532 may conprise a plurality of gas distribution
zones such that wvarious gases - which, when ignited, forma plasm 510 -
can be supplied to the chanber body 502 using a specific gas distribution
gradient. The gas inlet 532 may form an upper el ectrode 528 that opposes

t he support pedestal 516. [00261 In operation, a substrate 514 is disposed
in the processing chanber 500 and held to the support pedestal 516 by the
el ectrostatic chuck 526. A process gas is introduced into the chanber body
502 through the gas inlet 532 by the gas source 508. A vacuum punp, not
shown, maintains the pressure inside the chanber body 502 at operating
pressures - typically between about 10 niforr to about 20 Torr.



[ 0027] The RF source 104 provi des about 5000Wof RF voltage at 13.56 MHz to
the cathode 527 through the dual frequency, variable shunt matzchl ng Ci rcwt
108, thereby exciting the gas inside the chanber body 502 and ch‘«ﬁl

pl asma 510. The RF source 106 provi des about 5000W of RF voltage at a
frequency of about 2 MHz to the cathode 527 through the dual frequency,

vari abl e shunt matching circuit 108. The RF source 106 provi des bias power
that both self-biases the substrate and nodul ates the plasma sheath. After a
6 2 i MAR 7007 WO 2005/066997 period of tinme, or the detection of a

speci fi cWaatissilalimedtisie pl asma is  extingui shed. 10028] Wile the foregoing
is directed to the illustrative enbodi nent of the present invention, other
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mat chi ng ﬁat&%e}rm%ﬂgﬁ of a pair of RF sources coupled to a single

el ectrode to t'he I npetance of a plasma in a semn conductor substrate
processing chanber, conprising: a first sub-circuit for matching the
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a second RF source to the inpedance of
the plasma, the second sub- circuit connected to the first sub-circuit to
forma comona getpnd subalreuits foromatoﬁtﬁgt tlnet h@edeha:tdfod&secmlﬁﬂ rsignae first
and second SL{ %I rcuits h fur& r| se atﬁ ast qne non-

generated by a second source e |mp ance of the p asma, e second sub-
circuit connected to the first sub-circuit to form a common output that is coupled to the

electrode;

wherein the first and second sub-circuits each further comprise at least one non-
variable set of series components and at ieast one variable shunt component connected
to ground.

2. The apparatus of claim 1, wherein a match tune space of the first and second RF
sources is controflable by the shunt components.

3. The apparatus of claim 1, wherein a match tune space of the first and second RF
sources is controllable by varying at least one of a first and a second frequency of a
signal respectively generated by the first and second RF sources.

4. The apparatus of claim 1, wherein the first and second RF sources each have a
50 Ohm output impedance.

5. The apparatus of claim 1, wherein the first and second sub-circuits are fixed in a
predetermined configuration prior to performing a particular process in the processing
chamber,

6. The apparatus of claim 1, wherein the impedance of the first and second RF
sources may be matched to the impedance of the processing chamber during

processing by at least one of:



vari abl e set of series conponents and at | east one variabl e shunt conponent
connected to ground. 2. The apparatus of claim1l, wherein a nmatch tune
space of the first and second RF sources is controllable by thq-§mMm?m
conponents. 3. The apparatus of claim1l, wherein a nmatch tune space o Zhe
first and second RF sources is controllable by varying at | east one of a
first and a second frequency of a signal respectively generated by the
first and second RF sources. 4. The apparatus of claim1l1l, wherein the first

and second RF sources each have a 50 Ohm out put inpedance. 5. The apparatus
of claim1, WBME A eRY e \@luesplya SerpREPNS 9h i firstiped sapandssubeirciits a

pr edet erduring @péeranidn GRth& pioeBssiig thamber:Rer forning a particular process in the
processing chanmber. 6. The apparatus of claim1l, wherein the inpedance of
the first and second RF sources may be matched to the inpedance of the
processi ng cHaRpg thafreavrycy of edeass phg)offhe fitst anskibe seernddIF s@irgesy MAR 2007
varying at | east one value of a conponent of the first and second

sub-circyits ﬁ'lér%pﬁgra%ecff%%iir?@ ﬂkh‘%@@“?}ﬁ@w ng chanber; or varying the

frequency of at least one of the the second RF sources. 7. The
apparatus of claim1, further conprising: an isolation sub-circuit for
preventing panesolstignosubeairctit fmpesviehting pdwer seppliedStona pither ©f tenfifstRindsour ces
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single electrode to the i npedance of a plasma in a sem conductor substrate

processifg cippateéus for ongichisg tee inspeplancee ot b ircéfaRB esoucesTzbupledigo at | east a
first el 5&% 8Q§trode6\oft}!1é ﬁﬁpelggncseo racaasrrella |Snea(1: (s)gnqicoRr'I:duSc?ol# rsﬁgStra?ep grocessing
chamber, comprising:

a processing chamber comprising at least a first electrode;
a first RF source;
a second RF source; and
a dual frequency matching circuit, comprising;
a first sub-circuit coupled to the first RF source; and

a second sub-circuit coupled to the second RF source and connected to
the first sub-circuit to form a common output that is coupled to the first electrode,
wherein the first and second sub-circuits each further comprise at least one non-
variable set of series components and at least one variable shunt component
connected to ground.

g The apparatus of claim 8, wherein a match tune space of the first and second RF
sources is controllable by the shunt components.

10. The apparatus of claim 8, wherein a match tune space of the first and second RF
sources is controllable by varying at least one of a first and a second frequency of a
signal respectively generated by the first and second RF sources.



a dual frequency matching circuit, conprising: a first sub-circuit coupled
to the first RF source; and a second sub-circuit coupled to thq1q@$omﬁfRF
source and connected to the first sub-circuit to forma comopn output that
is coupled to the first electrode, wherein the first and second
sub-circuits each further conprise at |east one non- variable set of series
conponents and at |east one variable shunt conponent connected to ground.
9. The apparatus of claim8, wherein a match tune space of the first and
second RF sources is controllable by the shunt conponents. 10. The

appar at udl.of TheappnagatuspictlaimmB, avhergin thetfiisiaind secendogubtdirsuits aretfixechih second RF

sources | ; } i second
frequencE/Jég?{égi;"h%%| Sﬁ@‘gﬁﬁeﬁég C'[B ?tﬂ%@h@?ﬁ%@@%?’oérﬁ% ilbgbe gﬁegse'c nd RF
sour ces. clamber. MAR 2007 11. The apparatus of claimB, wherein the first and
second sub-circuits are fixed in a predeterm ned configuration prior to
perform a i r Qe i . I T
appar at uzﬂof ﬁ'ﬁ%f"h%&%h@ﬁ%ﬁ?%@%? a%ﬁgﬁé‘{]ﬁ%mﬁ rs g@na&'s%ggo% RF
sour ces peureastis metched ta the inpedstae otthe prackssing deessr dyringheintassing by iahg
processi pdefhheds |east one of: varying at |east one value of a conmponent of
the first and second sub-circuits during operation of the processing
chanber; or varying the frequency of at |east one of the first and the
second RF souvargsg al BasiThee spipandbusngionentanfrth firsiaad esenonchsutdciatuits r equency
mat chi ng,circuit_.fur r | ...an isolation sub-circuit for preventing
power SuB%rhgeo&e%arngﬁqogﬂgﬁéorc(\éggpgi E*Za%?‘?eﬁg‘? and second RF sources from being
coupled to the other of the first and second RF sources. 10

varying the frequency of at least one of the first and the second RF sources.

13.  The apparatus of claim 8, wherein the dual frequency matching circuit further

comprises:

an isolation sub-circuit for preventing power supplied from either of the first and
second RF sources from being coupled to the other of the first and second RF sources.
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