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Field of the Invention 5 The present invention relates to a systemand a
nmet hod f owodeloB44esi ng reactants to a substrate in a pl asPaTarsoze®si ng
system for sem conductor substrates such as sem conductor wafers. Mre
particularly, the present invention relates to a systemand a nethod for
injecting gas froma localized region over the center of the substrate to
maxi m ze processing uniformty and efficiency. 10 Background of the

| nventi on Vacuum processi ng chanbers are generally used for etching or
chenical vapor depositing (CVD) of ndterials on substrates by supplying
process gas to the vacuum chanber and applying a radio frequency (RF)
field to the gas. The nmethod of injection 15 of process gasses into the
chanmber may have a dramatic effect on the distribution of chemcally
reacti ve speci es above the substrate surface and thus the overall process.

Shover head gas i njPENABLRMULTIZGNEGASINIRUTICN SY®TEM! € commonly used
to ensure even distribution of the process gas over the substrate. In the

case of inductively coupled plasma etch chanbers, for exanple, the
evolution, of etched features is largely 20 governed by the spatially
dependentd NP se reactive species over the substrate and the

distribution gg% RREQGhY Gnrlofl F1atel b £16fter? nd B hRPlch Aefiverbds Feadithient No.

4,691,662 to al . di scloses -a pl'asma m cr owa ppar atus for

et chi ng angsidspariihiagladnik pocewing sPaas Sogasitenduetr Bybstang yidsasmount ed  on
a side wall of a processing chanber, extending over a portion of the
subst r at eemicplucits vdersntMNks pastiabalyg e prgseny Hmentien rejates i syswseand gas

posi 1 onBaIPearp e 7 aror afurledt et 8L 3L BE e NFED
per pendi giakaizé gr&eﬁir@l@rﬁfdrﬁﬁts a%%ffﬁiiéh%ﬂe” (rather than process) gas is
injected through the center of the chanber ceiling. The gas supply nozzl es

at uper
Background of the Invention

Vacuum processing chambers are generally used for etching or chemical vapor
depositing (CVD) of materials on substrates by supplying process gas to the vacuum
chamber and applying a radio frequency (RF) field to the gas. The method of injection

15  of process gasses into the chamber may have a dramatic effect on the distribution of
chemically reactive species above the substrate surface and thus the overall process.
Showerhead gas injection and diffusive transport systems are commonly used to ensure
even distribution of the process gas over the substrate. In the case of inductively
coupled plasma etch chambers, for example, the evolution of etched features is largely

20 governed by the spatially dependent density of these reactive species over the substrate
and the distribution of energetic ions incident on the substrate.

U.S. Patent No. 4,691,662 to Roppel et al. discloses a dual plasma microwave
apparatus for etching and deposition in which process gas is fed by conduits mounted
on a side wall of a processing chamber, extending over a portion of the substrate. U.S.

25  Patent No. 5,522,934 to Suzuki et al. discloses a gas injector arrangement including a
plurality of gas supply nozzles positioned in a plurality of levels in a direction
substantially perpendicular to the substrate wherein inert (rather than process) gas is

injected through the center of the chamber ceiling. The gas supply nozzles at upper



WO 03/ 034463 PCT/ US02/ 32057 -2 levels extend further toward the center of
the substrate than those at |l ower levels. The injection holes are |ocated
at the diwpaBiosnds of the gas supply nozzles. These syst e®sT/snE3®iT ecti ve
in delivering the process gas to the regi on above the substrate. However,
because the conduits extend over the substrate surface between the
substrate and the 5 primary ion generation region, as the ions diffuse from
the generation region toward the substrate the conduits can cast shadows
of ion nonunifornmty onto the substratze surface. This can lead to an
undesirable loss in etch and depositionh uniformty. O her appr oaches enpl oy
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et al. |IIustrates a plasm D tool including a gas inlet conduit nounted
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Herak et al. illustrates a plasma CVD tool including a plurality of gas injection conduits
15  that feed separate process gases. One set of conduits is mounted in the lower chamber
wall with gas delivery orifices located just outside the periphery of the substrate support
and at the distal ends of the conduits. These conduit arrangements can cause process
| drift problems as a result of heating of the ends of the conduits.
"New Approach to Low Temperature Deposition of High-quality Thin Films by
20  Electron Cyclotron Resonance Microwave Plasmas," J. Vac. Sci. Tech, B, Vol. 10,
pp. 2170-2178 (1992) by T.T. Chau et al. illustrates a plasma CVD tool including a gas
inlet conduit mounted in the lower chamber wall, located just above and outside the
periphery of the substfate support. The conduit is bent so thaf the injection axis is
substantially parallel to the substrate. An additional horizontal conduit is provided for a
25  second process gas.. The gas injection orifices are located at the distal ends of the
conduits. Injectors with the orifices located at the distal ends of the injector tubes may
be prone to clogging after processing a relatively small batch of substrates, e.g., less

than 100. This injector orifice clogging is detrimental as it can lead to nonuniform

distribution of reactants, nonuniform film deposition or etching of the substrate, shifts



be prone to clogging after processing a relatively snmall batch of
substrates, e.g., less than 100. This injector orifice clogging is

det ri ment\ab 0a®34463 can | ead to nonuni form distribution of PCEFASIZABRST

nonuni form fil mdeposition or etching of the substrate, shifts W 03/034463
PCT/ US02/ 32057 -3 in the overall deposition or etch rate, as well as
econom c inefficiency vis-a-vis tool downtine due to required mai ntenance.
Vari ous systens have been proposed to i nprove process uniformty by
injecting process gas at sonic or sugersonic vel ocity using, for exanple,
a single nozzle ained at 5 the centér of the substrate as disclosed in

commonl y-owned U.S. Patent No. 6,230,651 to Ni, et al. OQher schepes utilize
a showerifdbiovaralhAgrosiion agieth rateyas tefl g erenomi¢ edligiencyus-a8i98] gned t o

produce su 1emﬁogmecto rgéﬁﬁﬁ'ﬂﬂngg%ﬂc% second design can inprove reactive
neutral densit ove e su rate but requires the presence of a

conducti ng gamdjs%wterhyhmnbeaﬁq)rmfséd & EyEbemrobess inifeymite by agectingduct i ve
coupling and can be a 10 source of process contam nation. U S. Patent No.
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t he r eacmabinhciesndesigned oupidng dulperssoibsnjeation. THik ScoRddesign Bim indprétet, 055 t o

et antTeHAYC FEUEAEAUOR GG SRRyl BRI TRE SO GeeRIct (RAg e
b trat
substratg, deji]ﬁbLF%Za!nﬁ%ﬁaw sﬁ;@féﬂ &rﬁﬁhg}@t ﬁggdﬁ*éﬁﬁdd@ﬁ% F&@Tﬁxg%ﬁ Ren B gstrate,

with ea nozzle tip g a gas ution ori the drstal end.

u. SloPat@utcengréce%a)mnaﬁbﬂo Asnmussen et al. discloses a plasna CVD
apparatus includi ng supersonic nozzles for directi n% excited gas at the
substrate. U.1&S. PateahNoNG.278,9P840 dlrgsancet gt glisciasesathe adyanegeodfdnjepiing ed
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cl 0ggi NG Ohotes that the attainment of sonic velocity in the nozzle promotes an explosive
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discharge from the vacuum terminus of the nozzle which engenders a highly swirled

15  and uniform dissipation of gas molecules in the reaction zone surrounding the substrate.
U.S. Patent No. 5,614,055 to Fairbairn et al. discloses elongated supersonic spray
nozzles that spray reactant gas at supersonic velocity toward the region overlying the
substrate. The nozzles extend from the chamber wall toward the substrate, with each
nozzle tip having a gas distribution orifice at the distal end. U.S. Patent No. 4,943,345

20  to Asmussen et al. discloses a plasma CVD apparatus including supersonic nozzles for
directing excited gas at the substrate. U.S. Patent No. 5,164,040 to Eres et al.
discloses pulsed supersonic jets for CVD. While these systems are intended to improve
process uniformity, they suffer from the drawbacks noted above, namely clogging of
the orifices at the distal ends of the injectors, which can adversely affect film

25  uniformity on the substrate.

Several systems have been proposed to improve process uniformity by injecting

process gas using multiple injection nozzles. Commonly owned U.S. Patent No.
6,013,155 to McMillin et al. discloses an RF plasma processing system wherein gas is

supplied through injector tubes via orifices located away from the high electrical field



the orifices at the distal ends of the injectors, which can adversely
affect film25 uniformty on the substrate. Several systens have been
proposed WO mfprex¥e process uniformty by injecting proc®e3/upaz3si ng
multiple injection nozzles. Comonly owned U.S. Patent No. 6,013,155 to
MMIlin et al. discloses an RF plasma processing systemwherein gas is
supplied through injector tubes via orifices |located away fromthe high
electrical field WO 03/034463 PCT/ US02/ 32057 -4 line concentrations found
at the distal tip of the tubes. This arrangenment mnimzes clogging of the
orifices because the orifices are |oCated away from areas where buil d-up

of process byproducts occurs. 4,996, 077 to Moslehi et al.

U. S.. Patent No.
di scl osdieganeanigtionsfoustatghe gistal tip i dbmhese THERTTAREMTE MIALIZES ng gas
injectors atra I: r ide uni f orm
i st i Do aaff et OE RECHRAS ke Rk s BUPHIPARaL SUBLHAERL, |
reduce pﬁ@}@,&k@bﬁﬁm@md&{lﬁon, and the injectors are oriented to direct the
non-pl asma gas onto the substrate surface to be processed. U S. Patent No.
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to int r(l;kgh%e ggﬁémi nto the chanber. S rriTIbarI y,gl U. S. Paten No..g4, 992,301 to
Shi shi gugdinjedtecado. rediice glaotids corsampinatia,i ang tod injestars eed oerdedsioppregt thabes wi t h
gas em ssion holes along the | eng 15 tube. U S Patent No.
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secondary suppl'y injects 'gas’a eriphery o e substrate. The gas
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supply l'ines that may carry 20 different gas m xtures. Other systens
conpr i siinjgcliodbyenieng a gagltg@@ab@gs.aﬁae injection holes extend along the
longitudinal side of a wafer boat supporting a plurality of substrates to introduce gas
into the chamber. Similarly, U.S. Patent No. 4,992,301 to Shishiguchi et al. discloses
a plurality of vertical gas supply tubes with gas emission holes along the length of the
15  tube.

U.S. Patent No. 6,042,687 to Singh et al. describes a system with two
independent gas supplies. The primary supply injects gas towards the substrate and the
secondary supply injects gas at the periphery of the substrate. The gas supplies
represent separate assemblies and are fed from separate gas supply lines that may carry

20  different gas mixtures. Other systems comprising independent gas sources and
independent gas flow control are disclosed in U.S. Patent Nos. 5,885,358 and
5,772,771.

With the industry trend toward increasing substrate sizes, methods and

apparatus for ensuring uniform etching and deposition are becoming increasingly

25  important. This is particularly evident in flat panel display processing. Conventional
showerhead gas injection systems can deliver gases to the center of the substrate, but in
order to locate the orifices close to the substrate, the chamber height must be reduced
which can lead to an undesirable loss in uniformity. Radial gas injection systems may

not provide adequate process gas delivery to the center of large area substrates typically



i ndependent gas flow control are disclosed in U S. Patent Nos. 5, 885, 358
and 5,772,771. Wth the industry trend toward increasing substrate sizes,
met hods awo 03@appes at us for ensuring uniformetching and dep®aiSv2/aesar e
becom ng increasingly 25 inportant. This is particularly evident in flat
panel display processing. Conventional showerhead gas injection systens
can deliver gases to the center of the substrate, but in order to | ocate
the orifices close to the substrate, the chanber hei ght nust be reduced
which can lead to an undesirable loss_.in uniformty. Radial gas injection
systens may not provide adequate proéess gas delivery to the center of

| arge area substrates typically 03/03446% PCT/USOZG%§057
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5,531,834 (Is iZuka et &l asma amber arrangenents supplied
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inductively coupled plasma in the ch paratus and, systens for
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U.S. Patgntvlosy & mfde Rel: 582850 Brhmate 3P 5295 657 @814 380338 5. 425, 810.
(Paranjpe et al.), 5,540,800 (Qian) and 5,531,834 (Ishizuka et al.) disclose plasma

chamber arrangements supplied process gas by a showerhead and powered by an

15 antenna which generates an inductively coupled plasma in the chamber. Apparatus and
systems for providing a uniform distribution of gas across a substrate are disclosed in
U.S. Patent Nos. 6,263,829; 6,251,187; 6,143,078; 5,734,143; and 5,425,810.
In spite of the developments to date, there still is a need for optimizing
uniformity and deposition for radio frequency plasma processing of a substrate while
20  preventing clogging of the gas supply orifices and build up of processing by-products

and improving convective transport above the substrate.

Summary of the Invention

The invention provides a plasma processing system which includes a plasma
25  processing chamber, a vacuum pump connected to the processing chamber, a substrate
~ support on which a substrate is processed within the processing chamber, a dielectric
member having an interior surface facing the substrate support, wherein the dielectric
member forms a wall of the processing chamber, a gas injector extending through the

dielectric member such that a distal end of the gas injector is exposed within the



In spite of the devel opnents to date, there still is a need for optim zing
uniformty and deposition for radio frequency plasma processing of a

subst r at ewatiBlost4620 preventing cl oggi ng of the gas suppl yPemidsoradsand
build up of processing by-products and inproving convective transport
above the substrate. Sunmmary of the Invention The invention provides a

pl asma processing system which includes a plasma 25 processing chanber, a
vacuum punp connected to the processing chanber, a substrate support on
whi ch a substrate is processed within_the processing chanber, a dielectric
menber having an interior surface faé?hg the substrate support, wherein the
dielectric nenber forns a wall of taggprocessin chanber, q %gs i nj ector
ext endi MEOGeRYIBY Ghambe, theigas yeqtorcingludingra RIgEaky pheas PUHLSSUPPIXRE of the gas
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outlets into the grocesm ng chanmber, and an RF energy source which
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chanper to energize the process g into a 5 plasma.state to process the
subgg r ath .Sn?fﬁéatg)}%PW?SéE%F@fgg?tgp@e & S&ﬁn&tlﬁ %rgﬁeﬁﬂﬁ% aﬁ‘r‘%&@‘?ﬂ%ﬁ 8al vapor
deposi t i @Bmfcsy8IBr YepSsitintdysLBNSH £ Migh| RANH Sh&hd Aohify Sy8eh. The RF ener gy
source can conprise an RF antenna and the"gas injector  can inject the

process gas tTiwalRH eaengyisomcy cpl esnprigeancRBtinennz anehe gas gectdravaber . The
gas outlets can be located in an axial end surface of thggﬁc’l S ipjector thus
t
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angled gageralgdsaiusle( fuks.akosing@nes thegisandieaatinduieactdnter ganolgett 0 t he
axial direction. The injector outlets are positioned to inproved uniformty

of react(Pwexisgospextgnddls inme axiph diredion perpasidicylas t¢ e espppAdysurigcapfiit to
feed ea(\ﬂtl]e gﬁcbs er% angl5a ;i)hrfliaﬁ%rt (i)toa%gfe(angeﬁ outlets (off axis zones) extending at an acute
angle to the axial direction. The injector outlets are positioned to improved uniformity
of reactive species over the substrate. A single gas supply is split to feed each of the
15 injection zones.

Gas injection can be partitioned between one or more than of the injector outlets
using variable flow restriction devices in each of the separate gas lines that supply the
different injection zones. By independently varying the setting of the flow restriction
devices, the ratio of flows through multiple zones can be varied in order to create jets

20  of varying size and at various angles with respect to the axis of the process chamber.
This balance between on and off-axis injection determines the convective flow field
downstream from the nozzle tip. This flow field can be used to modify the total flow in
the chamber, which includes convective and diffuse components. As a result, the
spatial density dependence of reactive species can be modulated with a goal of

25  improving process uniformity.

The gas injector can inject the process gas at a subsonic, Sonic, or supersonic
velocity. In one embodiment, the gas injector includes a planar axial end face which is
flush with the interior surface of the dielectric window. In another embodiment, the

gas injector is removably mounted in the dielectric window and/or supplies the process



Gas injection can be partitioned between one or nore than of the injector
outlets wusing variable flow restriction devices in each of the separate
gas |ineswDhaw3sgapply the different injection zones. By iPodapsensst |y
varying the setting of the flowrestriction devices, the ratio of flows
through nultiple zones can be varied in order to create jets 20 of varying
size and at various angles with respect to the axis of the process chanber.
Thi s bal ance between on and off-axis injection deternm nes the convective
flow field downstreamfromthe nozzl; tip. This flowfield can be used to
nodify the total flowin the chanber/” which includes convective and

di ffuse conponents. As a result, the spatial density dependence of
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outl ets can be or 0 i nject process ga an acute angle relative
to a pl aviadpwral l el to an exposed surface of the substrate. In the case 5
where the gas injector is renovably mounted in the openi n% in the

di el ectric wigowvenion alsoovidescr wWefiod f plaspiadguecessipa sUPsEal bet ween t he

gas injector. and.th i.el ric i - The. i ny .on al vides a
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a sybst natiftesidP P@ificel oF aaiflEQEE Biehib@r ERHTRER wall§TtBé ProcdRindnchhmber | or
surface of a dielectric nmenber formng a wall of the processing chanber
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f E:{m :r (glfaé ?@F&%%(atqulgé@ﬁé}%t é( Eli%{]e%i:r{]cgmgrill gruglrclhtﬂ?a? adcf-isef‘zlﬂee%tdroif (t:herrgeagber such
injector is exposed within the processing chamber, the gas injector including a plurality
of gas outlets supplying process gas into the processing chamber, and energizing the
15 process gas into a plasma state by inductively coupling RF energy produced by an RF
energy source through the dielectric member into the processing chamber, the process
gas being plasma phase reacted with an exposed surface of the substrate. According to
a preferred embodiment of the invention, the outlet holes in the injector are fed by
multiple gas supply lines, which are fed by a single gas source. The fraction of total
20  flow through each of the supply lines may be varied with a control valve arrangement,
e.g., a network of valves and throttling elements located outside the plasma chamber;
thus, the flow pattern in the chamber is modulated by varying the ratio of conductances

for each injection zone within the injector.

25  Brief Description of the Drawings

Figure 1 illustrates a plasma processing system according to the present
invention.
Figures 2 a-b show details of a two-zone injector supplied process gas by a

single main gas supply which is split to independently feed gas to both injection zones.



injector is exposed within the processing chanber, the gas injector
including a plurality of gas outlets supplying process gas into the
processi yoohasdaes , and energi zing the 15 process gas i nt ®Ca/yshza2es’ st at e
by inductively coupling RF energy produced by an RF energy source through
the dielectric nenber into the processing chanber, the process gas being
pl asma phase reacted with an exposed surface of the substrate. According to
a preferred enbodi nrent of the invention, the outlet holes in the injector
are fed by nultiple gas supply lines, which are fed by a single gas
source. The fraction of total 20 floﬂﬁihrough each of the supply lines may
be varied with a control valve arrangenent e.g., a network of valves and
throttling elfaE@RtC Fhnve 2BV QNS iectoRBrqyided it pm Mseirically papductinge f | ow
pattern(kﬂmﬁgﬁthanber is nodul ated by varying the ratio of conductances
for each 1 hyectron zone within the injector. 25 Brief Description of the
Drawi ngs Fi gurigurds Bla-¢IsHovab&SdistriphiasieFfaefsaa @aShaetis¥siconpes pREsMaNg to the
present invention. Figures 2 a-b show details of a two-zone injector
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conduct iar@te Qeh gfodegcket . Figures 3 a-c show gas distribution effects in an
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Figures 8 a-b show that mean etch characteristics can be tuned by adjusting

process gas flow ratios.

15  Detailed Description of the Preferred Embodiments

The present invention provides an improved gas injection system for plasma
processing of substrates such as by etching or CVD. The injection system can be used
to inject gases such as gases containing silicon, halogen (e.g., F, Cl, Br, etc.), oxygen,
hydrogen, nitrogen, etc. The injection system can be used alone or in addition to other

20  reactant/inert gas supply arrangements.

According to a preferred embodiment of the invention, a gas injection
arrangement is provided for an inductively coupled plasma chamber. In the preferred
arrangement, a gas injector is centrally located in an upper wall of the chamber and one
or more gas outlets direct process gas into the chamber above a semiconductor substrate

25  such as a wafer or flat panel display to be processed. The gas injector in accordance
with the invention can improve center-to-edge uniformity and mean etch or deposition
characteristics, e.g., critical dimension (CD), CD bias, profile and/or profile

microloading.



ratio. Figures 8 a-b show that nean etch characteristics can be tuned by
adjusting process gas flowratios. 15 Detailed Description of the
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i njection systemfor plasma processing of substrates such as by etching or
CvD. The injection systemcan be used to inject gases such as gases
containing silicon, halogen (e.g., F, d, Br, etc.), oxygen, hydrogen,
nitrogen, etc. The injection systemcan be used alone or in addition to
other 20 reactant/inert gas supply aprangenents. According to a preferred
enbodi nent of the invention, a gas iﬁPection arrangenent I's provided for

an i nductively coupl ed Iasma chanber refer arrangenent, a gas
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react i vepreguse pegomnacet he substrate and the distribution of energetlc I ons
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outlets designed to create jets of varying size and at varying angles with respect to the
axis of the process chamber, e.g., the injector outlets are preferably positioned to
improve uniformity of reactive species over the substrate. Optimal gas injection and
hence optimal process performance can be achieved by adjusting the ratio of flow

15  through the injector outlets. In a preferred implementation the ratio of flow through
on-axis and off-axis outlets may be varied. This balance between on-axis and off-axis
injection determines the convective flow field downstream from the nozzle tip. This
flow field can be used to modify the total flow in the chamber which includes
convective and diffuse components. As a result, the spatial density dependence of

20  reactive species can be modulated. The injection scheme is thus tunable, and
furthermore minimizes significant contamination of the injector and gas injection lines .
via diffusion of plasma species generated in the interior of the chamber by maintaining
at least a minimum flow of process gas through the outlets. For example, it may be
desirable to maintain choked flow through the outlets. The injection scheme also

25  provides the ability to tune gas injection for optimized performance with a single set of
hardware. For example, for different etch applications (and different recipe steps
within an etch application) that demand different ratios of on-axis to off-axis flow for
optimum uniformity, the gas injection scheme allows for variation of this ratio without

tool modification.



10 performance can be achieved by partitioning process gas injection
between injector outlets designed to create jets of varying size and at
varyi ng awgloa®34as h respect to the axis of the process clramisn2/3®57., the
injector outlets are preferably positioned to inprove uniformty of
reactive species over the substrate. Optimal gas injection and hence

opti mal process performance can be achieved by adjusting the ratio of flow
15 through the injector outlets. In a preferred inplenentation the ratio of
flow through on-axis and off-axis oui|ets may be varied. This bal ance

bet ween on-axis and off-axis injection determ nes the convective fl ow

field downstreamfromthe nozzle tip. This flow field cag. Fe used to
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har dwar e. "For exanple, for different etch applications (and different
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on-axis to off-axis flow for optimumuniformty, the gas indqg tion schene
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i nj ector Ich or above surface o e upper chanber

wal 110 Fomderai®tieambiches GRE tb PraebOlargeCbstCMdsur Splutaliey bf nisirers. menber
having gas outlets in sidewal | and a single gas outlet in an axial end

thereof, the B@ﬁsmmhetr@? sapeitys auken Bd apgle W &tcation ais flowing oyrd the ¢ he
cxposed ANURER 5l b8 B8 SO Brate B SR gL,
i nj ect orprheseigdesifB! Frlidsthdte! Hethe case of single wafer processing, the number,
size, angle of injection and/or location of the outlets within the chamber can be adapted
15  to a particular antenna design used to inductively couple RF energy into the chamber,
the gap between the upper wall and the exposed surface of the substrate, and etch
process to be performed on the substrate.
Figure 1 shows a plasma etch reactor 10 such as the TCP 9100™ made by Lam
Research Corporation, the assignee of the present application. According to the
20  invention, the gas injector is mounted in an opening extending through the dielectric
window. The vacuum processing chamber 10 includes a substrate holder 12 providing
an electrostatic clamping force via electrostatic chuck 16 to a substrate 13 as well as an
RF bias to a substrate supported thereon and a focus ring 14 for confining plasma in an
area above the substrate while it is He back-cooled. A source of energy for
25  maintaining a high density (e.g. 10"!-10" jons/cm®) plasma in the chamber such as an
antenna 18 powered by a suitable RF source and associated RF impedance matching
circuitry 19 inductively couples RF energy into the chamber 10 so as to provide a high
density plasma. The chamber includes suitable vacuum pumping apparatus (not shown)

connected to outlet 15 for maintaining the interior of the chamber at a desired pressure



upper chanber wall. However, nore than one gas injector can be provided in
the upper wall of the chanber, especially in the case where the plasm is
gener at edwby3asseant enna separated fromthe interior of tReTalsamd®s? by a
dielectric layer or window 10 and/or the chanber is used to process |arge
substrates or a plurality of substrates. The nunber of gas outlets and/or
the angle of injection of gas flowi ng out of the gas outlets can be
selected to provide desired gas distribution in a particular substrate
processing reginme. For instance, in yqi_case of single wafer processing,
the nunber, size, angle of injection“and/or |ocation of the outlets within
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performed on the substrate: gure 1 ws a plasma etch reactor 10 such as

the TCP Pifessigeaebby 10.and fdrasehs ehcuCor wall at theop dhthe psedegsigeclaimtiche
pr esent a&pl ication. According to the 20 invention, the gas injector is
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for confining plasma in an area above the substrate while it is He

back- coobgihdrigakliner 38 exfendn énogythe ovin@®v 2fiand simoungs shensuplsirate holdey 12e. g.
1011-1012 ionf/crrB%. | asnma.in.the chamber such as.an antenna %ﬁqpowered by
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density plasma. The chanber “i ncl udes vacuum punpi-ng apparatus (not
show{) clanmeot ethet clampirgetedianisor whai He dack-ogplinpds employedr Podcethgaschanmber
at a desired pressure WO 03/034463 PCT/ US02/ 32057 -11 (e.g. bel ow 50
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processi gbveaNPRhire 1 or have other configurations such as non-planar and/or non-uniform
thickness geometries. A high density plasma is ignited in the space between the
15  substrate and the window by supplying suitable RF power to the antenna 18. After
completion of etching of an individual substrate, the processed substrate is removed
from the chamber and another substrate is transferred into the chamber for processing
thereof. /
The gas injector 22 can comprise a separate member of the same or different
20  material as the window. For instance, the gas injector can be made of metal such as
aluminum or stainless steel or dielectric materials such as quartz, alumina, silicon
nitride, silicon carbide, etc. According to a preferred embodiment, the gas injector is
removably mounted in an opening in the window. However, the gas injector can also
be integral with the window. For example, the gas injector can be brazed, sintered or
25  otherwise bonded into an opening in the window or the gas injector can be machined or
otherwise formed in the window, e.g. the window can be formed by sintering a ceramic
powder such as Al,O,or Si;N, with the gas injector designed into the shape of the

window.



10. A gas injector 22 is provided in an opening in the w ndow 20 and
includes a 5 plurality of gas outlets such as circular holes (not shown)
for del i wepioag@3qsdcess gas supplied by the gas supply 23PCe/ushy3yspcessi ng
chanber 10. An optional conical or <cylindrical liner 30 extends fromthe
wi ndow 20 and surrounds the substrate holder 12. In operation, a

sem conduct or substrate such as a wafer is positioned on the substrate

hol der 12 and is typically held in place by an electrostatic clanp, a
mechani cal 10 clanp, or other clanping mechani smwhen He back-cooling is
enpl oyed. Process gas is then suppkﬂ@d to the vacuum processi ng chanber 10
by passing the process gas through the gas injector 22. The w ndow 20 can
be pl anar andigiresidiaftoshomt 41 erkbabgenisof tgmhvmnﬁlqn wheyeinghg iggctofadde ot her

fi ti ch 1- pl d/.or.. - uni f ..t hi tries.
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chanber for processing thereof. , The gas intj;ngct qfr. can conprise a

22
sepaf at dnjpetimieoutlst 26 kESUPRIYEPTOFEAighs & 2 FRCONG EORROSTHICH PIOCEISHAS 3§ ndow. For
i nstance, the .gas .inj . he . | Hd
ta i oSuptig A Aol el R WAl eRlontlRLAL (GHEQBRrae BEDAREOT,

ni tride,cy8bbisGHNicaaniti Me safé proobsc@isde Y, procés grefromregasantiofbldent , the gas
injector is renovably mounted in an opening in the wi ndow. However, the
gas i nj edtick onaar mosopropess gases gracompined): HEorxamBle, RS SasxRPIVE2 43Re gas
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wi ndow. pided3h @2MEINPEPatARORAsIARS That sAplFitpudifferent mjastiongonesn Eebodi nent
of the id%¥i%2§ ngzP ar\ll(\{1 3e6rbe(i:arr]1 bter!c,gt Iing{ma ltyoorr o%%rated automatically by suitable
electronic controls. By independently varying the settings of the flow-restriction
devices 36a and 36b the ratio of flows through the two outlets 24 and 26 can be varied.
15  Alternative implementations include multiple outlets and variable flow-restriction valves
and/or networks of fixed restrictors and valves, which would enable the total
conductance to each injection zone to be adjusted to one or more preset dynamically
controlled values.
In the Figure 2a embodiment, the center gas injection outlet is shown as a
20 continuation of central bore 25 which allows the bore/outlet 24,25 to be used for
interferometry measurements. For example, the upper end of the bore 25 can be sealed
by a window 27 arranged to communicate with monitoring equipment 29 such as a
lamp, spectrometer, optical fiber and lens arrangement as disclosed in U.S. Patent No.
6,052,176, the disclosure of which is hereby incorporated by reference. In such an
25  arrangement, the on-axis outlet has a larger diameter than the off-axis outlets, e.g., 1
cm on-axis outlet diameter and 1 mm diameter off-axis outlets. In the Figure 2b

embodiment, the on-axis outlet has a smaller diameter than the bore 25. The relative

sizes of the on-axis and off-axis outlets can be selected to achieve a desired gas flow



provides nulti-zone gas injection. In the enbodi nent shown, the injector 22
includes on-axis injection outlet 24 to supply process gas to a first zone
to which wo®msmesseyas is supplied in an axial direction pecparsdy/sobar to
the substrate surface and an off-axis 5 injection outlet 26 to supply
process gas to a second zone to which process gas is supplied in an angl ed
direction which is not perpendicular to the substrate. Both zones can be
supplied with the same process gas (e.g., process gas froma gas manifold
in which one or nore process gases are conbi ned). For exanple, main gas
supply 32 can be split with a T-connSctor 34 to feed both i njection zones.
To control the gas flowin 10 each line, flow controllers such as variable
f 1 owe.r edtistiibttian Hewéxempleaahe ttad cBBH-secionplearep phthedfi-axie gullciveant e separat e
gas lines that supply the different injectign zones. . The dev] 36a and
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injector. As shown in Figure 2c, the conducting shield 40 can be designed as a tubular

15 element such as an annular ring or an open ended cylindrical jacket. The shield can
optionally comprise an electrically conductive coating on the side and/or top (e.g. 40')
of the injector. The conducting jacket may be electrically grounded or floating in order
to further reduce electric field strength inside the injector depending on the proximity of
other grounded and RF driven conducting surfaces.

20 Figures 3a-c illustrate the impact of injector flow ratio on reactive species
densities in an inductively coupled plasma reactor which includes a gas injector 22
mounted in an opening in the window 20 (increasing reactant density contours are
shown by arrows A and increasing product density contours are shown by arrows B).
In Figure 3a, the flow restriction devices (not shown) are set to direct the gas supply

25  mostly through the on-axis outlet. In Figure 3b, the flow restriction devices (not
shown) are set to direct the gas supply mostly through the off-axis outlets. In Figure
3c, the ratio of the supply gas flow through the on-axis outlet and the off-axis outlets is
tuned to produce flat density contours for both the reactant and product reactive

species. These diagrams do not account for interaction between the injection flow



-13 distribution. For exanple, the total cross-sectional area of the
off-axis outlets can be |ess than, equal to, or greater than the total
Cross- secwpon@b4463 ea of the on-axis outlet. Accordi ng toPan/tSobsdsnent of
the invention, the injector can be provided with an electrically conducting
shield that mnimzes plasma ignition within the gas passages 5 of the
injector. If the injector is made of a non-conducting material such as
gquartz, a plasma discharge within the injector can be sustained by
electric fields generated by the antenna. Reactive species generated
within the injector may cause undesi 1'4pl e deposition on or etching of the
injector interior. Thus, referring to Figure 2c, in order to mnimze the
f or mat i ahistGbutiusamsl piwnaj'gglcwéiog/égl,lsﬁ}’rﬂféﬂgorTlEzmmiiﬁt Herepryyivgligatgnis a 10
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injector. As shown in Figure 2c, the conducting shield 40 can be desi gned
as adt ulpiithg plasme PBEEGRCIGP]CIES an annul ar ring or an open ended
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further reduce electric field strength inside the injector depending on the
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of f-axi s out |'Biesmost preferred mounting arrangement for the gas injector is a removable
15 mounting arrangement. For instance, the gas injector could be screwed into the
window or clamped to the window by a suitable clamping arrangement. A preferred
removable mounting arrangement is one in which the gas injector is simply slidably
fitted in the window with only one or more O-rings between the window and gas
injector. For example, an O-ring can be provided in a groove around a lower part of
20 the gas injector to provide a seal between the gas injector and the opening in the
window. If desired, another O-ring can be provided in a groove in an upper part (not
shown) of the gas injector to provide a seal between the gas injector and an exterior
surface of the window. |
The gas injector advantageously allows an operator to modify a process gas
25  supply arrangement for a plasma etch reactor to optimize gas distribution in the reactor.
For example, in plasma etching aluminum it is desirable to distribute the process gas
into the plasma rather than direct the process gas directly towards the substrate being
etched. In plasma etching polysilicon it is desirable to distribute the process gas into

the plasma and direct the process gas directly towards the substrate being etched.



tuned to produce flat density contours for both the reactant and product
reactive species. These diagranms do not account for interaction between

t he i nj ecwoor/084463v WO 03/ 034463 PCT/ US02/ 32057 - 14 di stripowtison3zasd pl asma
generation/density profile. The inpact of reactant utilization is also not
shown. It is reasonable to assune that such interactions do exist and can
al so inpact plasma and reactive neutral density profiles over the
substrate. The ratio of flows through the injector outlets can be chosen
to optimze uniformty of one or nore, _5 of the plasna and reactive
species. According to a preferred enbbyi ment, the gas injector includes a
single on-axis outlet and a plurality of off-axis outlets (e.qg., 3 outlets
ar r angedFuather pptimization mpydnyoles selechpg 4183 dggtonphishextendsp desirethe out | et
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in te okieEaMon sdhefRSI ALsh exaiiid@he ProckddGas @in keludea0dded00 seom gf gove in
an upper part (not shown) of the gas injector to provide a seal between
t he gas mixterctadClaamntl BELex @y ansrN, euB€hcel,ofndilhe w ndow. The gas i nj ector
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process gas into the interior of the chamber such that the gas is provided in a desired
distribution scheme. As an example, the process gas can include 100 to 500 sccm of a
15  mixture of Cl, and HBr or Cl, only, or HBr only, with or without a carrier such as He
and/or an additive such as O,.
In processing a semiconductor substrate, the substrate is inserted into the
processing chamber 10 and clamped by a mechanical or electrostatic clamp to a
substrate support. The substrate is processed in the processing chamber by energizing a
20  process gas in the processing chamber into a high density plasma. A source of energy
maintains a high density (e.g., 10°-10" ions/cm’, preferably 10'°-10'* jons/cm’) plasma
in the chamber. For example, an antenna 18, such as the planar multiturn spiral coil, a
non-planar multiturn coil, or an antenna having another shape, powered by a suitable
RF source and suitable RF impedance matching circuitry inductively couples RF energy
25  into the chamber to generate a high density plasma. However, the plasma can be
generated by other sources such as ECR, parallel plate, helicon, helical resonator, etc.,
type sources. The chamber may include a suitable vacuum pumping apparatus for
maintaining the interior of the chamber at a desired pressure (e.g., below 5 Torr,

preferably 1-100 mTorr). A dielectric window, such as the planar dielectric window 20



25 supply arrangenent for a plasma etch reactor to optim ze gas
distribution in the reactor. For exanple, in plasm etching alumnumit is
desi rabl ewD®3@34663 i bute the process gas into the plasnma Parhsp2/sdan direct
the process gas directly towards the substrate being etched. In plasna
etching polysilicon it is desirable to distribute the process gas into the
pl asma and direct the process gas directly towards the substrate being

et ched. WO 03/034463 PCT/ US02/ 32057 -15 Further optim zation may invol ve
selecting a gas injector which extends a desired distance below the inner
surface of the window and/or includesl®a particul ar gas outlet arrangenent.
That is, depending on the etching process, the nunber of gas outlets, the

| ocat i orofomifotre thjisknessior emen-plepar dislesiictwiadawiinpravidedhesvenn the HEMM2he si des
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t he anglxlﬁ-oégssih icBshb@no.s preferably larger for larger size substrates.
The gas 1 njector can be used to plasma etch al um num by injecting the

process gas Amphosipply supplying praesstgae inth drebehamber includes thehgsas dgriectots provi ded
in a desired 10 distribution schene. /As an exa cess gas can

le, th
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pol ysilicon by injecti process gas Into the inte r of the chamber
such t hagiffthatiglagnidevelop betshedn ithe gus degsitoreshd e shambertinerioscfFerre. As an
exanpl e, the process gas can include 100 to 500 sccmof a 15 mxture of O 2
and HBr exampie2 vith the gas inigstororilaypresspictpior varhwd the ehambes Anteiiiatds He
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processed in the processing chamber by energizing a 20 process gas in the
pr ocessi cu tetvantvared twotpovidhisgpersimicsilow apeashrautlel source of ener gy
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the gas outlets. In the case of deposition of materials such as doped or undoped silicon
dioxide, such a design prevents plasma decomposed gases such as SiH, from entering

15  the injector from the interior of the chamber. This avoids subsequent formation of
amorphous silicon residues within the gas outlets. The plasma processing system
according to this embodiment can provide an increased deposition rate and improved
uniformity on the substrate, compared to conventional gas distribution systems, by
concentrating the silicon-containing process gas above the substrate and by

20 preferentially directing the process gas onto specific regions of the substrate.

According to the invention, etch uniformity of metal such as aluminum,
conductive semiconductor materials such as polysilicon and dielectric materials such as
silicon dioxide including photoresist and selectivity to underlying materials using
halogen and halocarbon based chemistries can be improved. In contrast, conventional

25  injection through a showerhead incorporated in or below a dielectric window can result
in nonuniform etching across the substrate, e.g., “center fast resist etching”, which can
lead to poor control of the etched features and profiles, and differences in features at
the substrate center and edge. In addition, polymer formation on the showerhead can

lead to undesirable particle flaking and contamination on the substrate. Other problems



in the chanber. For exanple, an antenna 18, such as the planar nmultiturn
spiral coil, a non-planar nmultiturn coil, or an antenna havi ng anot her
shape, poweroad34ays a suitable RF source and suitable RF i kp@dsnra20sat chi ng
circuitry inductively couples RF energy 25 into the chanber to generate a
hi gh density plasma. However, the plasma can be generated by other sources
such as ECR, parallel plate, helicon, helical resonator, etc., type
sources. The chanber nmay include a suitable vacuum punpi ng apparatus for
mai ntaining the interior of the chanber at a desired pressure (e.g., bel ow
5 Torr, preferably 1-100 mforr). A dl%sl ectric wi ndow, such as the planar
dielectric window 20 WO 03/ 034463 PCT/ US02/ 32057 -16 of unjfaorm thickness
or a noraspdciaied withshewerhiead giraraswents ipileds he adgidon €qsts assosited i 18 and

the interior.of th L,ocessi ng ¢ r1 d_f I top of
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chamber el dss efféis PSasihded &osior ofl R GhbwetheaD Q¥ Rition HE pREME &5 hegases
i ncl ude react’ive gasses and optional carrier gases such as Ar. Due to

smal | orshbiweehead zes amtbtnomgegr bevweayaibe shawerhend and|the geerfyring sindow, lack
differential can devel op bet wegn t he qas i njector .and. the chanber interior.
For JexatfIteceshiensaahiity 250gess diftopican SoMrasb dRE IYECUONVIG4EAS ang ¢ he
chanber | ' I es f t r
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gas out | ghlss. Photekesikt thxideheldctitgies are topicdllycenlpfl-4 hethgsescasest, mdese 5-can be
contoured to provide supersonic flow at each outlet, Injecting the process

gas at sbhweulddegiesirgble nfihpigas injerdorpcaargingrte dhs BRARIOLEANRIOVighe gas

outlets..ln the casg of . it teri C d or undoped
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species, such as atomic chlorine and fluorine, and polymerizing species, such as C,F H,

gases, e.g., CF, CF,, CF,, etc.

15 As the substrate size increases, so does the need for center fed gas. Inmjection
systems supplying gas from gas ring arrangements cannot provide adequate process gas
delivery to the center of large area substrates typically encountered in flat panel
processing. This is particularly true in bottom-pumped chamber designs commonly
found in plasma processing systems. In the case of plasma etching, without center gas

20 feeding in accordance with the invention, etch by-products may stagnate above the
center of the substrate in which case transport is essentially through diffusion alone.
This can lead to undesirable nonuniform etching across the substrate. According to the
invention, process gas is injected within the plasma region facing and in close
proximity to, the center of the substrate. For instance, gas outlets of the gas injector

25  can be located far enough below the inner surface of the window such that the gas
outlets are immersed within the plasma. The gas outlets are preferably located such
that there is adequate diffusion of the ions and neutral species in order to ensure a
uniform etch or deposition rate. Accordingly, the gas injector can be located in a

region where the azimuthal electric field induced by the TCP™ coil falls to zero, which



concentrating the silicon-containing process gas above the substrate and by
20 preferentially directing the process gas onto specific regions of the
substrat ew0 0808a63li ng to the invention, etch uniformty offCraisat/3®erh as

al um num conductive sem conductor materials such as polysilicon and
dielectric materials such as silicon dioxide including photoresist and
selectivity to underlying materials using halogen and hal ocarbon based
chem stries can be inproved. In contrast, conventional 25 injection through
a shower head incorporated in or below a dielectric window can result in
nonuni form et chi ng across the subst rdfe, e.g., "center fast resist

etching", which can |ead to poor control of the etched features and
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wi ndow, 4 86k - ReRf iPERGET huk SPRRIABIHALY. process drift, etc. In contrast,
cPlion Via a gas nr

edge inj injectio Ing can result in "edge fast etching”

and pol yner deggsiteiipmegdedidae ifjbasbsiowswal irtlepdridehiosetestion of theaenwde
selectivities are typically only 1-4 in these cases, where_5- 10 woul d be
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provide a nmuch nore uniformflux of reactive internediates and chemni cal
radi cal sdvantageeus bixstsedbeatingrthagas outietsodlosditn gheptbhtrase dpcreaspedices, such as

ctoni o cit orine 20 1! MRl 0% o RN RS BSEER B BT e
the need, {ar.£ei faiddtodfDrovif BeldeBPery of the reactants, the gas injector
facilitates efficient transport of etch by-products out of the substrate region, which can
15  favorably impact etch uniformity and profile control, particularly in chemically driven
applications such as aluminum etching.

The gas outlets can have any desired shape such as uniform diameter along the
entire length thereof or other shape such as conically tapered, flared surfaces or radially
contoured surfaces. The gas outlets can be oriented to inject the gas in any direction,

20 including directly at the substrate, at an acute angle with respect to the substrate,
parallel to the substrate or back toward the upper plasma boundary surface (at an
oblique angle with respect to the longitudinal axis of the nozzle), or combinations
thereof. It is desired to achieve a uniform flux of chemical radicals and reactive
intermediate species onto the substrate surface to facilitate uniform etch and deposition

25  rates across the large area substrate. If desired, additional gas injection arrangements
can also be provided near the periphery of the substrate or from other chamber walls.

Preferably, no sharp corners exist at the distal end of the gas injector in order to
reduce local electric field enhancement near the tip. However, there may be cases

where such field enhancement can be advantageous.



systens supplying gas fromgas ring arrangenents cannot provi de adequate
process gas delivery to the center of |large area substrates typically
encount erwo 03f344bmt panel processing. This is particul ar IPETIUSOR33087
bot t om punped chanber designs comonly found in plasna processing systens.
In the case of plasma etching, w thout center gas 20 feeding in accordance
with the invention, etch by-products may stagnate above the center of the
substrate in which case transport is essentially through diffusion al one.
This can |l ead to undesirabl e nonuniformetching across the substrate.
According to the invention, process™gas is injected within the plasm
region facing and in close proximty to, the center of the substrate. For
i nstance, gas outlets of the gas EXPAMKLE 125 can be | ocated far enough

bel ow the inner surfa f .the.w ndow such L I are
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to ensure a uniformetch or deposition rate. Accordingly, the gas injector
can be Ipofilesdor mgate etch@ramessvbereint Rigueezdanshomaltheeffect of bighpeoetakinduced by
the TCPTM coil falls to zero, which WO 03/034463 .PCT/ US02/ 32057. -18
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process gas and 1 nproves process gas delivery to the central region of
| ar ge arresultsOndupse h).e ¥ndert the minedrElow diosditioha ileeemean pichslapthuvdsf ormity.

This configuration is o . advant ageous,_heca catjn he gas outlets
close t 02%3%%“52@0’%‘%(&11@?%&‘?’%%&“%6@& Ongyp%\?eq{’tl k%g({(}f)})anib%gf’fyfﬁf‘g? PGB to
di T 1 usi Vigeh L3S0, flow MExfuPIhlotdTRW Gt £10VscBRAE al dHamber pressure of

10 mT. The RF antenna (top) power was 800 W, with a -155 V bias on the bottom

15 electrode. The injector angle was 60°.

EXAMPLE 2
Silicon etch depth statistics (mean, standard deviation, and range) were
measured as a function of on-axis:off-axis gas flow ratio. Figurc(es Sa-c show etch rate
20 profiles for a gate etch process wherein Figure 5a shows the effect of higher on-axis
gas injection and Figure 5c shows the effect of higher off-axis injection. Predominately
on-axis flow conditions produced an etch depth of 1299 A+27 A (+2.1%) and a range
of 74 A (+1.0%) (see polysilicon etch results in Figure 5a). A mixed gas flow
condition produced an etch depth of 1295 A+23 A (+1.8%) and a range of 76 A
25 (+1.0%) (see polysilicon etch results in Figure 5b). Predominately off-axis flow
conditions produced a dramatic improvement in etch uniformity (see polysilicon etch
results in Figure 5¢). Under the off-axis flow conditions, the mean etch depth was
1272 A+14 A (+1.1%), with a range of 41 A (£0.53%). The silicon etch used an

HBr/0, flow mixture at a chamber pressure of 40 mT and a bottom electrode



substrate. In addition to inproving the delivery of the reactants, the gas
injector facilitates efficient transport of etch by-products out of the
subst r at ewpegiosnaed whi ch can 15 favorably inpact etch unif @cCwiusy2/aedr profil e
control, particularly in chemcally driven applications such as al um num
etching. The gas outlets can have any desired shape such as uniform
dianeter along the entire length thereof or other shape such as conically
tapered, flared surfaces or radially contoured surfaces. The gas outlets
can be oriented to inject the gas inmgﬁy direction, 20 including directly
at the substrate, at an acute angle respect to the substrate,

parallel to the substrate or back foward the u%) pl asma_bo ﬁ%dary surface
(at an GBPRERTECLEGOS. \/WherRE arfprEta (1QR) PONET Wahd2oQ &Y .riith 3320 ¥iblasn nozzl e)

or c_onbl &?E’Sﬁfgliﬁ%écgﬁgg égtlﬁjséﬁr g@é(ﬁg 59 achi eve a uniform flux of

chem cal erne |ate species onto the substrate
surface to facilitate uniformetch and deposition 25 rates across the | arge
area substrate. If desired, additional gas injection arrangenents can also
be provided near the periphery of B¥eM® rate or from other chanber
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etch results in Figure 4a). Predom nately off-axis flow conditions

pr oducedpignidetd eHCRefpriation ob$24 B, stapdard ziespgion Al & maApd ramge £ 50 nam (1.7
% (see polysilicon etch results in Figure 4c). A m xed gas flow condition,
EXAMPLE 4
Figures 7a-b show photoresist trim CD variation as a difference between pre-
15 and post-etch for two different gas flow ratios. The use of tunable injection results in
better CD uniformity. The process used a Cl,/O, flow mixture with 100 sccm total
flow at a chamber pressure of 5 mT and a bottom electrode temperature of 60°. The
RF antenna (top) power was 385 W, with a -34 V self bias on the bottom electrode.
The injector angle was 45°. In particular, the results shown in Figure 7a provided a
20  mean CD variation of -49.3 nm, standard deviation of 2.5 nm and range of 9.1 nm
whereas the results shown in Figure 7b provided a CD variation of -47.6 nm, standard

deviation of 2.0 nm and range of 7.5 nm.

EXAMPLE 5
25 Figures 8a-b show polysilicon gate critical dimension (CD) variation as a
difference between pre- and post-etch for two different gas flow ratios. Figure 8a
demonstrates that the mean CD variation can be adjusted solely by adjusting the gas
flow ratios. A two step process using a Cl,/HBr/He/O, mixture was used: in step 1

the chamber pressure was 15 mT with 400 sccm total flow, 575 W antenna



10 in contrast, produced a dramatic inprovenent in etch uniformty (see
polysilicon etch results in Figure 4b). Under the m xed fl ow conditions,
t he mean woaeb/oslgps h was 213.52.3 nm (1.1%, w th a rangePofl/usn}/§2037 7 nm
(0.6% . The polysilicon etch used a Cl12/HBr/Q2 flow m xture at a total
flow of 420 sccm and a chanber pressure of 10 nil. The RF antenna (top)
power was 800 W with a -155 V bias on the bottom 15 el ectrode. The

i njector angle was 60. EXAMPLE 2 Silicon etch depth statistics (nean,
standard devi ati on, and range) were asured as a function of
on-axis:off-axis gas flow ratio. FigQ lss 5a-c show etch rate 20 profiles

for a gate etch process wherein Figure 5a shows the effect of hi h
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two diff creased’on-"axis flowis own in Fig

6a i1 CofRinSRMIK tdHeParRane dmdblmdntssdifdueds MoWR, the abbl@déseribéd The use
of tunable injection results in better COuniformty. In particular,
embodiments should be regarded as illustrative rather than restrictive, and it should be

appreciated that variations may be made in those embodiments by workers skilled in the
art without departing from the scope of the present invention as defined by the

following claims.



the results shown in Figure 6a provided a nmean CD variation of -3.9 run,
standard 10 deviation of 2.1 rimand range of 7.5 run whereas the results
shown i n Wogana6h provided a CD variation of -3.4 nm stramdsoz3mevi ati on
of 1.6 nmand range of 5.9 nm EXAMPLE 4 Figures 7a-b show phot oresi st
trimCD variation as a difference between pre- 15 and post-etch for two
different gas flow ratios. The use of tunable injection results in better
CD uniformty. The process used a C12/02 flow m xture with 100 sccmt ot al
flow at a chanber pressure of 5 nil and a bottom el ectrode tenperature of
60'. The RF antenna (top) power was2385 W with a -34 V self bias on the
bottom el ectrode. The injector angle was 45 . In particular, the results
shown irMEIfgILiSQaAMEAD_Eé;d a 20 mean CD variation of -49.3 nm standard
deviation of 2.5 nmand range of 9.1 run whereas the results shown in
Figure 7b provided a CD variation of -47.6 nm standard deviation of 2.0
urn and range of 7a31RM, thE syt chibpuéigs: 8a-b show polysilicon gate
critical dinension CDgH ariation as a difference between pre- and
post-etch for two adplhdma pracessam dhamhem;at i os. Figure 8a denonstrates that

the nmean CD variation can be adjusted solely by adjuysting the gas flow
rati ds. A two ste&WHEM%W@e%fe&&tﬁﬂBF?‘%é?‘%&c “ij%eﬁ’re was used: in step
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el ectrode. |n partd diglegiric memsberdwyingandnigyiar furfacedegios 1 sybstatded a nean
CD variation of. 0.1 ru standard devi ati o 2.4 rimand range of 9.5 nm
wher eas YRR ‘?’léi%rﬁlln_ttée gﬁ% 15 Weﬁ% Y Vfﬁﬁ]lo‘afth%amé;ewglé}a@%’on of 13.3
nm gf andard devi af p@Nnfktor extindiil ﬁﬁsungomgen&éctﬁe $heniBer $it th@rLH9Ngy has
described the principles, preferred enbodi nents and nodes

end of the gas injector is exposed within the processing chamber, the gas injector

including a plurality of gas outlets supplying process gas at flow rates that are
independently varied between at least some of the outlets into the processing chamber;
and

15 an RF energy source which inductively couples RF energy through the
dielectric member and into the chamber to energize the process gas into a plasma state

to process the substrate.

2. The system of Claim 1, wherein the system is a high density plasma

20  chemical vapor deposition system or a high density plasma etching system.

3. The system of Claim 1, wherein the RF energy source comprises an RF
antenna and the gas injector injects the process gas toward a primary plasma generation
zone in the chamber.

25

4, The system of Claim 1, wherein the gas outlets include a single on-axis
outlet in an axial end surface of the gas injector and a plurality of off-axis outlets in a
side surface of the gas injector, the on-axis outlet and the off-axis outlets being supplied

process gas from a single gas supply via first and second gas lines, the gas lines



of operation of the present invention. However, the invention should not be
construed 10 as being limted to the particular enbodi nents di scussed.
Thus, thewawewaeHeescri bed enbodi nents shoul d be regarded @sTiushbustsati ve
rather than restrictive, and it should be appreciated that variations nmay
be made in those enbodi nents by workers skilled in the art wthout
departing fromthe scope of the present invention as defined by the
followi ng clainms. WO 03/034463 PCT/ US02/ 32057 -22- WHAT IS CLAIMED IS: 1
A plasma processing systemconprising;, a plasm processing chanber; 5 a
vacuum punp connected to the processi4¥g chanber; a substrate support on

whi ch a substrate is processed within the processing chanber; a dielectric

menber Hacludige flowi eansollers which arevideadispblhsassiioye ¢ Beon-axinhplet | wher ei n

the dielectri farns a |1 of the processing chanber; 10 a gas
i nj ect or™ ?&egﬁﬂrﬁﬁg&ﬁﬁ?%@ﬁ‘ﬁlst%g\éﬁiel ectric menber such that a distal end of
the gas injector is exposed within the processing chanber, the gas injector

including a plurality of gas outlets supplying process gas at flow rates
that are i ndependBrt dygteunof Edirhdt whercimthe| gassutless melusle a ¢eates ges et s i nto

the processing chanper; .and 15 an RF ener ource ich inductively
couples Wﬂebwg?r@}ng H‘r%’t@%ﬁt‘ﬁ@m@? BerRendiS ar%éﬁﬁee?xpé)ﬁ%ﬁ,?lﬁfa&etoﬁgec hanber to
ener gi ze ' B Skt HQnRiREOSSId Bensubat rate. 2.
The systSélt%ptg%tg@g?%&f%ﬁaﬁdgﬁe@ﬁglgﬁée&gyst erﬁéHlds ga hingC dengi ty plasma 20
cheni cal divezfioi, e pasert gasouslgsicesivimg prodesgpasdmppliddybyh disstezaelivhamithsy st em
3. The systemof Claim]l, wherein the RF energy source_conprises. an RF
ant enna &gépdi 498 OYHRSs IeRERARDPIOCASEARS FOMhR G5B gaslige, dhe Heiand seeppd Bas y
pl asma 9IS rrgéeﬁvci‘rrllg process gas from the same gas supply.

10

6. The system of Claim 1, wherein the gas injector injects the process gas

at a subsonic, sonic, or supersonic velocity.

7. The system of Claim 1, wherein the gas injector includes a planar axial
15  end face having an on-axis outlet therein and a conical side surface having off-axis
outlets therein, the on-axis outlet receiving process gas from a central passage in the
injector and the off-axis outlets receiving process gas from an annular passage

surrounding the central passage.

20 8. The system of Claim 1, wherein the gas injector is removably mounted
in the dielectric window and supplies the process gas into a central region of the

chamber.

9. The system of Claim 1, wherein the gas injector includes at least one on-
25  axis outlet which injects process gas in an axial direction perpendicular to a plane
parallel to an exposed surface of the substrate and off-axis gas outlets which inject
process gas at an acute angle relative to the plane parallel to the exposed surface of the

substrate.



zone in the chanber. 25 4. The systemof Caiml1l, wherein the gas outlets
include a single on-axis outlet in an axial end surface of the gas

i njector wod3a3qabural ity of off-axis outlets in a side secfrase2sfst he gas
injector, the on-axis outlet and the off-axis outlets being supplied
process gas froma single gas supply via first and second gas |lines, the
gas lines WO 03/034463 PCT/ US02/ 32057 -23 including flow controllers which
provi de adjustable gas flowto the on-axis outlet independently of the

of f-axis outlets. 5. The system of Oa%{ml, wherein the gas outlets include
a center gas 5 outlet extending in & axial direction perpendicular to the
exposed surface of the substrate and a plurality of angled gas oytlets

ext endi ng at Hh acmees}’éﬁﬁgl%f@]élmﬂewélﬂe&l eap HYeGoniS TemavIh MoUNKds out | et

recei vi ng process ie i’ t gas
outlets @é@eef)?ﬁw %ﬁﬁ élggeeé ‘g]fn% 6%‘mdsae\zac()nrll 3’%45} 1?&0%?&%%%‘??/?@5'}? ¢ g%sd second
gas Ilqgﬁcfoggg&mermelg&g@%ﬁd@as fromthe sanme gas supply. 10 6. The system
of Caim’, wherein the gas injector injects the process gas at a

subsoni c, sonic, or supersonic velocity. 7. The syst em of C a| m 1, wherein

the gas injector incl udes?aif Ian ace havin = axi s

r axial ﬁgﬁ/end
out| €t therein-and ¥ 8k léfnag éVLalj'FfeéQ:gle PGSO FAmP iﬁsﬁ‘& t her ei n,
the on- aﬁiﬁé]éﬁlﬁ}] 'm%tf Iﬁ%@h 14 Bf 623 BngRshifal 661 gncpﬁl@tgra@hnjea&sﬁg%tsl e t he

i njector an -axis outlets feceiVving process gas froman annul ar

passage pratess (gumtdxwragi 4 beinmenplagina pasaagen zal iB thelthandygst em of C aim 1,
wherein the gas injector is renovably nmounted in the dielectric w ndow and
supplies the process gas into a central region of the chanber. 9. The

systemof O ajm 1, Tﬂgns%t%hpoil B 33 whakeiEh Qirngier}ﬁéliﬂ%% s@ﬂplgl ?saﬁ)tlit ft5 °on-

10  multiple gas supply lines to feed the gas outlets.

13.  The system of Claim 1, wherein the ratio of gas flow through at least

some of the gas outlets is independently varied using variable flow restriction devices.

15 14.  The system of Claim 1, wherein the ratio of gas flow through at least
some of the gas outlets is independently varied using a network of valves and throttling

elements.

15 The system of Claim 1, wherein the gas injector is further provided with
20  an electrically conducting shield which minimizes plasma ignition within gas passages

located in the gas injector.

16. A method of plasma processing a substrate comprising:
placing a substrate on a substrate support in a processing chamber,
25  wherein an interior surface of a dielectric member forming a wall of the processing
chamber faces the substrate support;
supplying process gas into the processing chamber from a gas injector

extending through the dielectric member such that a distal end of the gas injector is



25 axis outlet which injects process gas in an axi al

perpendi cular to a plane parallel to
and of f - awDI3gaseduUt | et s which i nject
relative to the plane parallel to the
03/ 034463 PCT/ US02/ 32057 -24 10. The
injector is renovably nounted in the
a vacuum seal is provided between the
wi ndow. 5 11. The systemof Claiml1,

direction
an exposed surface of the substrate
process gas at an RCUIUSOABRYSE
exposed surface of the substrate.
systemof Claim1l, wherein the gas
opening in the dielectric w ndow and
gas injector and the dielectric
erein the RF energy source conprises

)

an RF antenna in the formof a plana
gas injector injects the process gas toward a primary [i)l asma generation
zone i n etpesechwithiarthe processing dynbetn the 84 ijesior mthn&arp WaltyRf128s mai n gas

supply is lit jnto 10 nultinpl.e nes to feed the gas outlets.
13. The 8‘9’?&%1’8}“@ RIOHYSE gam&«glen‘%? gesa'#glt%lh%mﬁ gas flow through at | east

sone of the gas OUdeﬁﬁoﬁlﬂgsmb mRePeRIenhE prowasd @ to1at REst\oreioRitecorftleaw
restriction devices. 15 714. The systemof Caim1l, wherein the ratio of
gas f| owindependghtlyaof the flsw sumef thé pravessgzes toat lleéﬁttsmﬁgthen@éﬁlﬁm@ﬁtsl;y vari ed

u5|n a network of valves and throttlin Th st.em Claim
erei n the gasCihPlEUEdfe P@C?ﬁrﬂaﬁél?Og‘rfgwllfgsgatﬁn%wn‘?”f&v%ﬁ Cé\l%llﬁgr ally

conduct i ﬁlﬁ&] ssages

| ocat ed ‘F&%@ngdgaagm @giﬂﬁbﬂ&%}?%ﬁlﬁrﬁt ooéhg?éh%egésag# %?giggggﬁ%gﬁa substrate
conpri si p@cepirgcdhamber, shmpﬁoteés@ambeiag@mﬁmqmaa eagtpd mithi an exppsedcessi ng
chanber, 25 wherein an interior surface of a dielectric nenber formng a
wal | of 8UHERCH b EresIbFERC.chanber faces the substrate support; supplying
process gas into the processing chanber froma gas injector extending
through the dielectric menber such that a distal end of the gas injector is

10 17.  The method of Claim 16, wherein the RF energy source comprises an

or non-planar spiral coil and the

RF antenna in the form of a planar or non-planar spiral coil and the gas injector injects
some of the process gas through an on-axis outlet to a central zone in the chamber and
through off-axis outlets to an annular zone surrounding the central zone.

15 18.

the process gas in a direction other than directly towards the exposed surface of the

The method of Claim 16, wherein at least some of the gas outlets inject

substrate.

19.

inner surface of the dielectric window and the gas outlets inject the process gas in a

The method of Claim 16, wherein the gas injector extends below an
20

plurality of directions.

20.

at a subsonic, sonic, or supersonic velocity.

The method of Claim 16, wherein the gas injector injects the process gas

25
21.

processed in the processing chamber by depositing or etching a layer on each of the

The method of Claim 16, wherein individual substrates are consecutively

substrates.



WO 03/ 034463 PCT/ US02/ 32057 -25 exposed within the processing chanber, the
gas injector including a plurality of gas outlets supplying process gas
into the Wwomsessbhg chanber; controlling the flow rate of PChAISpr/eWELs gas
to at | east one of the outlets independently of the flowrate of the
process gas to at |east one other of the outlets; 5 energizing the process
gas into a plasma state by inductively coupling RF energy produced by the
RF energy source through the dielectric nenber into the processing
chanber, the process gas being plas hase reacted with an exposed

surface of the substrate. 10 17. The™rét hod of C aim 16, mherein the RF
energy source conprises an RF antenna in the formof a planar

non-pl anar spiZal Bsimetaediof Klaigd$, Whpesdn Bie gapjgeqiar ox igip atq?é‘trﬁlr ocess

h h | d h h
g?fs ;xrg’ug re tgln g @er%ﬁﬁﬁlﬁetgas Ogﬁe&q@rét%%éfd%gsst%e centra?gzongn 15t urgoug

The net 'Uégvé?:fn il 8kpBsdPsuriae e the sabsttf@ahd GRMReflbr futtacgas tiruditletsici nj ect
the process gas in a direction other than directly towards the exposed

surface mémbdre substrate. 19. The nmet hod of C aim 16, wherein the gas

i njector extends below an 20 inner surface of the dielectric w ndow and
t he gas outlets inject the process gas in a plurality of directions. 20.
The method ofysd aifelGemyd6f éla‘ﬁntl%e“ﬂﬁ&lﬁ meeg“ag%uet@hmﬁ@ 4 bhl Heess gas
at a subsoni ¢, 'soni'c, or supersoni¢ velocity. 25 . The nethod of Caim
16, wheragiisgas il ud distbeid of s gas mje:cmrszmdmplumhw oﬁanfcﬁaesgasi oitets he
processi ng chanber by depositing or etching a | ayer, on each of the

subst r atsggroupding sheoauaas srsconrtigsabe gffenxis ga.sg)@tlets mjecting the process gas in a

plurality of different directions.

10
24.  The method of Claim 16, comprising plasma etching an aluminum layer
on the substrate by injecting a chlorine containing gas through the gas outlets, at least
some of the gas outlets injecting the gas in a direction which is not perpendicular to the
exposed surface of the substrate.
15

25.  The method of Claim 16, comprising plasma etching a polysilicon layer
on the substrate by injecting a chlorine and/or bromine containing gas through a central
gas outlet in an axial direction which is perpendicular to the exposed surface of the
substrate and through a plurality of angled gas outlets surrounding the central outlet, the

20 angled gas outlets injecting the gas in directions oriented at an angle of 10 to 90° to the

axial direction.

26.  The method of Claim 16, comprising plasma etching a silicon oxide
layer on the substrate by injecting a ﬂuorme containing gas through a central gas outlet
25  in an axial direction which is perpendicular to the exposed surface of the substrate
and/or through a plurality of angled gas outlets surrounding the central outlet, the
angled gas outlets injecting the gas in directions oriented at an angle of 10 to 90° to the

axial direction.



22. The nethod of Claim 16, wherein the gas injector extends into a central
portion of the chanber and the gas outlets inject the process gas in

mul ti pl e woma®344bet ween t he exposed surface of the substr&Cce/tsnd3zse
interior surface of the dielectric nenber. 5 23. The nethod of O aim 16,
wherein the gas outlets include a central on- axis gas outlet in the distal
end of the gas injector and a plurality of off-axis gas outlets

surroundi ng the on-axis gas outlet, the off-axis gas outlets injecting the
process gas in a plurality of differﬁJ}]t directions. 10 24. The nethod of
Claim 16, conprising plasma etching afi‘al um num|ayer on the substrate by
injecting a chlorine containing gas through the gas outl e{s,_ at | east sone
of the gas ou?i-et sThametod of Glaa Hncomprising nlasaia) ehing p PRLySHicAR fayer

per pendi r t . acq, of . : t hod
o G ai rt B subfhght By e BRIE N RIHer R orbi e HORRLA o o e (G

subst r at gasthntletinesit x4 ddeSidrOWhiaR iapetbeiditulant ik &pokal surfge ofithet hr ough a
central "gas outlet in an axial direction which is perpendicular to the

exposed swstraic andfthrohgh a plubality of engled gahowlstsrsuzrophding|the sengel ewilgt.clie gas
outl ets surroundi t.he central out.let., the angl ed outl.ets_.injectin
The ohg delor s g g he B P dipccliony afefedd MlsRg I ot g ©°t' M

di recti of\iai&frectihe Method of Caim 16, conprising plasma etching a silicon
oxide layer on the substrate by injecting a fluorine containing gas
through a central gas outlet 25 in an axial direction which is

perpendi cul ar _to the exh))gsed surface of the %ubstr%'{_e ana/or t}Hough a
plurality of Zhgl edhgasthedaf &lamsle.coumpgisHg REsEaiehipg e SBIEPROFYet he  angl ed

300 co tfielr 4B AFichTgy 1 b B hRRAE L83 Psfe AR Bullt 10 TO

10  in an axial direction which is perpendicular to the exposed surface of the substrate

and/or through a plurality of angled gas outlets surrounding the central outlet, the
angled gas outlets injecting the gas in directions oriented at an angle of 10 to 45° to the

axial direction.

15 29.  The method of Claim 16, wherein a single main gas supply is split into

multiple gas supply lines to feed the gas outlets.

30.  The method of Claim 16, wherein the ratio of gas flow through at least

some of the gas outlets is independently varied using variable flow restriction devices.

20
31.  The method of Claim 16, wherein the ratio of gas flow through at least
some of the gas outlets is independently varied using a network of valves and throttling
elements.
25 32.  The method of Claim 16, wherein the ratio of gas flow through at least

some of the gas outlets is independently varied to etch a layer on the substrate so as to

achieve uniformity in center-to-edge etching of the layer.



-27 27. The nethod of Caim 16, conprising plasma etching a polysilicon

| ayer on the substrate by injecting a chlorine and/or brom ne containing
gas thromgboaosniral gas outlet in an axial direction wWRCEFhUSV%32057

per pendi cul ar to the exposed surface of the substrate and through a
plurality of angled gas outlets surrounding the central outlet, the 5
angled gas outlets injecting the gas in directions oriented at an angl e of
10 to 45 to the axial direction. 28. The nmethod of C aim 16, conprising
pl asma etching a silicon oxide |ayer,pon the substrate by injecting- a
fluorine containing gas through a certftal gas outlet 10 in an axi al

di rection which is_perpendi ar to the exposed surface of the substrate
and/ or through-a p! r%&ﬁ?@og&%(}l%d" Hdn rF‘E?Qfg*E?r SV AR AHE ent r al
outl et, : 0 j . j ' ' j ented at
an angi SUAF ofgRPRRARS (O FTehd) il dop i By S B h °0 o
16, wheneiachiavesumgrmitydn oergeistosadgpldgpositicapdt the lagenn  nul tipl e gas supply
lines to feed the gas outlets. 30. The method of C aim 16, wherein the
ratio of gas flow through at | east sone of the gas outlets is

i ndegendent | y, vari i Lable flow restriciion. devices. .20 31. The
et hgd of Gl i 1eniealiShaPal ERAAGe wbeih BESES it BRisdthSRorddE, *sone o
the gas vaut hiebRctrRallynetpiaadenshicrd w&idhqﬁinﬂﬁizegp@srﬁ@%gm& fthinagages and
throttling elenents. 25 32. The nethod of Claim 16, wherein the ratio of
gas fl owasdagerulghated il dagas ingesas. of the gas outlets is independently varied
to etch a layer on the substrate so as to achieve uniformty in
center-to-edge etching of the layer. WO 03/034463 PCT/ US02/ 32057 -28 33.

R e e G M S B L R
subd0r atchaimbermasomprising:
an injector body which includes at least first and second gas inlets, at least first
and second gas passages, and at least first and second gas outlets, the first gas passage
being in fluid communication with the first inlet and first outlet, the second gas passage
being in fluid communication with the second inlet and second outlet, the first and
15  second gas passages being discrete from each other so as to provide independently

adjustable flow rates of gas through the first and second outlets.

36.  The injector of claim 35, wherein the at least one first gas outlet
comprises a single on-axis outlet in an axial end surface of the injector body and the at
20  least one second gas outlet comprises a plurality of off-axis outlets in a side surface of

the injector body.

37. The injector of claim 35, wherein the injector body includes a planar
axial end face and a conical side surface, the at least one first gas outlet comprising an
25  on-axis outlet in the axial end face and the at least one second gas outlet comprising off-
axis outlets in the conical side surface, the on-axis outlet connected to a central passage
in the injector and the off-axis outlets connected to an annular passage surrounding the

central passage.



to achieve uniformty in center-to-edge deposition of the layer. 5 34. The
nmet hod of Claim 16, wherein the gas injector is further provided wth an
el ectri cawby3osnadiicti ve shield which mnimzes plasnma i gniPCIrarsoms2os n gas
passages |located in the gas injector. 35. A gas injector for supplying
process gas into a sem conductor processing 10 chanber conprising: an

i njector body which includes at |least first and second gas inlets, at |east
first and second gas passages, and at |east first and second gas outlets,
the first gas passage being in fluid,comunication with the first inlet
and first outlet, the second gas pas§%%é being in fluid comunication with
the second inlet and second outlet, the first, and 15 second ggs passages

bei ng di scr et 83+ r oAP®HYISIQ0f St 5 SURRET SOBPTigng;an FAesERAN AU st abl e
flow rat f . : : i.nj ector of
claim 355,%§el gvrlg‘?}?ln%ﬂ{él?%é? B}aé%?tlé%ﬁéﬁ ﬁ@ g} gagg’gg%é?ﬁwé’% ﬁé@ %)nrrfijlrgigé1 %—?ﬁ%dt@i' ngl e
on-axis outlet in an axial end surface of the injector body and the at 20
| east one second gas outlet conprises a plurality of off-axis outlets in a
side surface of the injector body. 37. The injector of claim35, wherein
the injector body includes a planar axial end face and a conical side
surface, the at least one first gas outlet conprising an 25 on-axis outl et
in the axial end face and the at | east one second gas outlet conprising off
axis outlets in the conical side surface, the on-axis outlet connected to a
central passage in the injector and the off-axis outlets connected to an
annul ar passage surrounding the central passage. WO 03/034463

PCT/ US02/ 32057 -29 38. The injector of claim35, further conprising an

el ectrically conducting shield which mnimzes plasma ignition within gas
passages | ocated in the gas injector.



