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(57) Abstract

A plasma processing
system for  processes
such as chemical vapor
deposition  includes a

150
nn. EI‘U‘I 155

plasma processing chamber

(140), a substrate holder -1

(130) for supporting a

160—

substrate  (120) within
the processing chamber,

a—— 165

a dielectric member (155)

having an interior surface
facing the substrate holder,
the diclectric member
forming a wall of the

processing chamber, a gas

supply for supplying gas

to the chamber, directed

towards the substrate, and

an RF energy source such
as a planar coll (150)
which inductively couples
RF energy through the
diclectric member and into
the chamber to energize the
process gas into a plasma

state. The gas supply may comprise a primary gas ring (170) and a secondary gas ring (160) for supplymg gases or gas mixtures into the
chamber. The gas supply may further include injectors (180) attached to the primary gas ring which inject gas into the chamber, directed
towards the substrate. The plasma processing system may also include a cooling mechanism for cooling the primary gas ring during

processing.




These knewn systens are not optim zed for high density plasma CVD
(HDPCVD) processes, such as encapsulation and internetal dielectric gap

filling. In HOPCVD it is inportant to focus the delivery of reactants such
as silane rel ated species onto a substrate, because silane and
its radicals, e.g., SiHerr], 25 SiH2, SiH, and so on, have high

sticking coefficients. Directing the silane preferentially onto

the substrate i s advantageous because it naxin zes the
substrate deposition rate and mnimzes filmdeposits on various internal

surfaces of the reactor. Efficient silane utilization in
HDPCVD requires the reactant gas to be 30 directed onto the
substrate fromclose proximty, with a high flowrate, and even WO
98/ 00576

PCT/ US97/ 09028 di stribution, to achieve high deposition rates
with good uniformty and film quality. A showerhead system
positioned close to the substrate is not ideal because it

limts the extent of ion diffusion within the plasma which can be
detrimental to plasma and deposition uniformty. Diffusive systens are not
5 adequate for HDPCVD because they cause deposition of reactants on

surfaces ot her than the substrate being processed. Deposition
on non-substrate surfaces results in an inefficient use of the
react ant gases, which necessitates higher flow rates to reach

the desired deposition rate and substrate throughput. These hi gher
flowrates are costly because of both the additional gas used and the
i ncreased 10 punpi ng capacity necessary for maintaining | ow
pressure within the processing
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chanber. sFurthernore, deposition on non-substrate surfaces within the
chanber can lead to particul ate .problens (flaking) caused by
differential expansion " between the filns and chanber interior
surfaces, and process shifts due to changi ng wal |l conditions.
Consequent | yWOt9RB0SEhanber nust be cl eaned nore 15  SCTENSTYBenpye

t hese chanber deposits, which further reduces substrate

t hr oughput . A plasma etching system has been proposed
in which gas inlets SippPARATUS AND METHOD FORJRIGHI DENSIT® PDA SMATEHEMIOALEWAPOR ®EPOSITION
chanber. As shown in Figure 1, this system I ncl udes a pl asnma
source 110 for generating a plasma in a chanber 140 and a 20 gas
ring 167 with attached gas inlets supplying process gas into the processing
charmber 140 for processing a substrate 120 on a substrate support 130. This
type of system nay aFieid oftheddeertionaddi ti onal gas ring 160. Conventionally,
t he epositiop rate jn such systemis increased by .. |
concentrating th process'ﬂ@fag“’sent ivention rglatﬁ%[ﬂ/‘ésxs?g' %‘MF‘F@*P&&%F“’WS i s
typically done by chpsghmg td Bentiirst aa igh’ ity plasma’Ehemidal) Papdd depolsifign 167 t 0
the substrate 120. The nore the process gas i S concentrated

toward the area abovBafe Mom arly), the gsentyinyeation Frlates tp fcsystemaang dak

deposition metholl #&rSfoctdiHpOthé UEINeR) of reddtan®ONE ¥l HjdchiBn S{MfernP {RFEES
gas near the center of the . . Substrate, the deposition rate on
the outer portion of ausphstralgisiuring pecensipg wbthe substrate in a high density plasmashericd as
the center, whicgy | eqgddr h8pdindf veador 3ha HRfhdR Sontrbiflf BR%Yal fittion hargyﬁg.

uniformty.

Background of the Invention

Vacuum processing chambers are generally used for chemical vapor
depositing (CVD) of materials on substrates by supplying process gas to the
vacuum chamber and applying an RF field to the gas. A number of gas

15  distribution systems for integrated circuit processing are known, but the vast
majority of known systems are designed for plasma etching or for plasma
enhanced CVD (PECVD). Conventional gas distribution systems typicalily
deliver reactants at relatively low flow rates. Showerhead gas injection and
diffusive transport systems are commonly used to ensure even distribution over

20  the substrate.

These known systems are not optimized for high density plasma CVD
(HDPCVD) processes, such as encapsulation and intermetal dielectric gap
filling. In HDPCVD it is important to focus the delivery of reactants such as
silane related species onto a substrate, because silane and its radicals, e.g., SiH5,

25  SiH,, SiH, and so on, have high sticking coefficients. Directing the silane
preferentially onto the substrate is advantageous because it maximizes the
substrate deposition rate and minimizes film deposits on various internal
surfaces of the reactor.

Efficient silane utilization in HDPCVD requires the reactant gas to be

30 directed onto the substrate from close proximity, with a high flow rate, and even



WO 98/ 00576

PCT/ US97/ 09028 There is thus a need for a gas
distribution systemwhich is optimzed for HDPCVD and whi ch
provi des both an inproved deposition rate and an I mproved
deposi ti on w5 t y. Summaery of the | nvent | BEI/USYT/09028 5

It is an object of the present invention to provide gas distribution system
for HDPCVD whi ch provides uniform high flowrate delivery of reactant
gases fdimumdn,pmei:mewbnigh Idbposnmh Gateswiths gbad awifopmity ahdifilm t 0

bot h maxi m ze deposit substrate and taq nimze
t he chanber cl ealrcl)l rﬂj‘a“ gt shevshead 93(‘5""? E"“t"’"cé sty ‘Eﬁﬁ Sifaf 1Hp9tddsl of ¢ he

present invention t&céutaeitnﬁiutsymsemmif ibrh@iffgsi6n withCthé ﬂlsma whichlddn be
hardware to I‘edUCﬁﬁEal‘tl cle counts within the_ chanber m ni m zing flaking
frominternal chanisiefrinmgng é‘?;B’és'ﬁ‘i"na“‘b?pﬁ?’ﬂ?qﬂ‘l'f%@"baﬂ‘ffw\? péemafrootPicaused

by § herJaBhuakyfoP HUSHCV Vbbb hEcdubd 8&okifibn BAAWEE on L,ﬁrfacés yet

anot her object of the present ‘invention to I nprove t
deposition rate andthgsithasrthe slgbsmtecbewgmcmm Deposition on noocsnlmna@osurfaces

conventional gas d'r?.&u'itk I%J“ ﬂ{é’gf?l’&i GS0f the rcactali]t%sa%es whlch neceA?&Pesql g'i!lgr qwOone

aspect of the invention, rocessi n Vi ded
for processing a subes tcateech ﬂihde:ptedshpospmo'mssamhguls;rstbemugtrphudmesahlgher
pl asma processi ng

amber, a_ s trate dr ortln substr te
Wi thin P BN FeLafie of oo e godiofit RO e du P BRne .
interior surfage f q;timjijhg capacity necessary Iﬁﬁ" malbﬁinhtgtlewfmésﬂﬁb wﬂHTtEtlﬁI]ﬁd)&Ediﬁg C
menber formng a t oces 20 cha y
for supplying pr oc g%fs ‘?’é‘hgfm '°Hlﬂ“é'°Pe‘3E’t" 'r?ts“r aces withirt the "S%‘g&é
and/or one or nore daﬁ%au temalaterﬁrsblérhﬂfrahﬁ.gp@ius@wy BiPeRNGA dxPahsion
substrate, and an lWenerﬁ source which inductively coupl es ener gy

t hr ough the diel ect filmsand chambertipterien syrfaces. 4nd repespyshilts duedopr ocess

gas 'nt&aﬁg.péz@sﬁ%oﬁlesﬁ CoRfeqidnly SthE Rh¥mbE mis'6d HidfnelMorr  1MOr €
gas rings with or W thout injectofs injecting at |east sonme of

t he process gad5i ntdfteniie rgn@@éh@p ,q:gamber deposits, which further reduces substrate
throughput.

A plasma etching system has been proposed in which gas inlets supply
gas into a plasma processing chamber. As shown in Figure 1, this system
includes a plasma source 110 for generating a plasma in a chamber 140 and a

20  gas ring 167 with attached gas inlets supplying process gas into the processing
chamber 140 for processing a substrate 120 on a substrate support 130. This
type of system may also include an additional gas ring 160. Conventionally, the
deposition rate in such a system is increased by concentrating the process gas
above the substrate 120. This is typically done by changing the distance from

25  the gas ring 167 to the substrate 120. The more the process gas is concentrated
toward the area above the center of the substrate, the larger the peak deposition
rate. Unfortunately, in concentrating the process gas near the center of the
substrate, the deposition rate on the outer portion of the substrate may not
increase as much as the center, which leads to a potential decrease in deposition

30 uniformity.



chahber 'so as to intersect an exposed surface of the substrate. A cooling
mechani sm may al so be provided to cool the gas supply during processing to
mnimze filmflaking fromthe gas ring surfaces and prevent excessive
heat i ng which could | ead to unwanted thermal deconposition of
t he processW9/00576 30 According to anot her a?%‘ﬂé‘«r’.g”ﬁﬂ”ﬁ he
present invention, a nmethod is provi ded for processing a

substrate. The nmethod includes placing a substrate on
- 3- VO 98/ 00576 There is thus a need for a gas distribution system which is optimized for

PCT/ US97/ 09028 HDPCV md%vrﬁéipa%hﬁ&sebdapwﬁﬁg{g@ﬂe%m&ﬁék%d anber, an

interior surface of a dielectric me formng a wall of the
process chanber and impived deposition baforatiey. hol der suppl yi ng
process gas into th | r, and energi zing the process

gas into a plasm ses iy oL the ‘%ﬁ' i coupling RF energy through the
dielectric 55  nenileks ahRbject éfethd pRehS fivegtionlta phedde gas ldistibation sysiem be

consecuti vel rocesse ) .n the processing ch er by contactin
Che Subst 1 at s it b 17t HDRGVR:which ppovides iforks, g sy S SHEr af astorl Bgvetet o

into the processing feliRedplefersntiblly bmb tid subQriid suFfAbE to both maximize deposition
process gas is directed towards the substrate. In addition, the gas supply

hardware nmay be coolfaig aihe mipsisie aud o mipinige therfhamber deaning feauirmens.c Heist
10 excessive heatijjgier object of the prestht iftfentiSis 0 ihBilafly cBitrd e SRR
10  hardware to reduce particle counts within the chamber by minimizing flaking
from internal chamber surfaces and by minimizing particle formation caused by
thermal pyrolysis within the injection hardware. It is yet another object of the
present invention to improve the deposition rate and uniformity of deposition
compared to conventional gas distribution systems.
15 According to one aspect of the invention, a plasma processing system is
provided for processing a substrate. The plasma processing system includes a
plasma processing chamber, a substrate holder for supporting a substrate within
the processing chamber, a dielectric member having an interior surface facing
the substrate holder, the diclectric member forming a wall of the processing
20  chamber, a gas supply for supplying process gas (e.g., one or more reactant
gases and/or one or more inert gases) into the chamber and towards the
substrate, and 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. The gas supply may include one or more gas rings with or
25  without injectors injecting at least some of the process gas into the processing
chamber so as to intersect an exposed surface of the substrate. A cooling
mechanism may also be provided to cool the gas supply during processing to
minimize film flaking from the gas ring surfaces and prevent excessive heating
which could lead to unwanted thermal decomposition of the process gas.
: 30 According to another aspect of the present invention, a method is

provided for processing a substrate. The method includes placing a substrate on

-3-



Figure 1.illustrates a conventional plasm processing systeny .

Figures 2a and 2b illustrate a plasma processi ng systemaccording to a
first enmbodi nent of the present invention; 15 Fi gures 3a and
3b show experinmental data illustrating the effects of varying

t he radi al woesses#en of injectors and the direction of i njRIWGSITH9028
respectively, in the plasma processing systemillustrated in Figures 2a and
2b; Figure 4 illustrates exenplary flow streamnl i nes of

gas into the pl asma substrate holder in ppacessing haralys) MinREioOsUa0E of D dieleerrier esent
I nventi on; ' tlvely exenplary

20 . Fi 5ill l, t
directions of a gafeHbFeformipea wll of the pImCB%tS%a‘& ?@Bg? i 86@&%‘6‘&’{‘@ deh t he

present invention; supplying process gas into the ghﬁ:hlfsﬂ\gﬁshhthbé%sirf ﬁﬁglﬁn%)lh%??&e
processing system accor to a secon mbodi men

present invention; 8as intoa plgasma state by inductiygly goupling Riseneegy dhronglpthe slislectric
processi ng systsem gehidedinfdhk %r&eismg" Ghamber. S@étrate.@ ma? S gg:ﬁ%c\.ﬁlfvgl& 0%55%8 ent

i nventi on; Figurés 8a-8d illustra

exenpl ary i nj ect or ¥ tha procgssinghamber by contac“ngo%heéél!ﬁyﬂtngwysﬂ&mmoﬂ'm ng to
t he present invent and..| )
illustrate detail eé v?sé' BT e be ’W‘p‘fted into the pﬁ‘&:ﬂgsﬁi C%g'ﬁjgecst"% gugfﬁldeaéﬁgmpq ngs
according to the pbé&nerproqcswgaatxs dm*,aﬂmdwards the sBBstrate. In addition,Rthe gasesupgly

It lol ?ﬁ;r SJ; g: eﬁt dleasy?@?vsl\# neu\xl\}/' l())ef ccdltd urlgE procxss to %Eu?lrmlzaccﬁ&rmg an% prevent

-4 - 10 excessive heating.
Brief Description of the Drawings
Figure 1 illustrates a conventional plasma processing system;
Figures 2a and 2b illustrate a plasma processing system according to a
first embodiment of the present invention;

15 Figures 3a and 3b show experimental data illustrating the effects of
varying the radial location of injectors and the direction of injection,
respectively, in the plasma processing system illustrated in Figures 2a and 2b;

Figure 4 illustrates exemplary flow streamlines of gas into the plasma
processing system according to the present invention;

20 Figure § illustrates qualitatively exemplary directions of a gas directed
onto a substrate according to the present invention;

Figure 6 illustrates a plasma processing system according to a second
embodiment of the present invention;
Figure 7 illustrates a plasma processing system according to a third

25  embodiment of the present invention;

Figures 8a-8d illustrate detailed views of exemplary injectors in a plasma
processing system according to the present invention;

Figures 9a-9¢ and 10a-10c illustrate detailed views of exemplary
injectors and gas rings according to the present invention; and

30 Figure 11 illustrates a detailed view of an exemplary injector according

to the present invention.



WO 98/ 00576

PCT/ US97/ 09028 Detail ed Description of the Preferred
Enbodi nent s Figures 2a and 2b illustrate a plasna
processing systemaccording to a first enbodi ment of the
present i nveMOMOSMReferring to Figures 2a and 2b, a PCT/USIT80285 g

processing systemfor processing a substrate 120 conprises a substrate
5 support 130 and a prloce55| ng chanber 140 enclosing the substrate

support. The De Deseription offihe Freleyac uu.u*_.u HB| e, a sem conduct or
waf er having dianeters 2a and b Glhs@s g t. SS
substrate for nmaking a flatgmbegngdn suate f&"’s'@n%és‘?? oﬁ?rdﬁﬁgljg

substrate support 13irstembodiment afehc pmenmmlnmioe, l%efemng to Figures 2a aunt] 2b, a

SUppor Lot from a | owblh Tachg sy e bkl § 0RE 10 Sarieel B subssas,
extendi ng from a 5i deupglott I3D ahthe pﬁ:dsmsshtgrchﬁdaﬁer mbe:neluhﬁg ﬂﬁtsebs”t&& :«fﬂipyorbeThe

clanped to the electr de 1 eit necha |caII el ectrostatically. The
processi ng chamber 14 %393” a%leéam ‘"é’ﬂﬁ‘?ﬁt?fh‘%ﬂfﬁ aving diameters

A substrate to be DVQE&S&Gﬂ 63, 8'138r &6, i Blass @Bﬁrﬁﬂﬁ@mmggx ﬁmﬁmr 140.
15 The substrate is processed in the pr ocessi n% chanber energi zing a

process &&E‘a}’ﬂmldﬁ@ o9y othe SubsgtesHBRAFe 130 lﬁ%}bccanmsgrfoa expmple a

pl asma. A source of biased | |
10[err]-10[err] i ons/ cnj er r‘l:cy Rgs)rréasl nért@étghghgﬁr%glrﬂrgpsmﬁ 158 nédy 8
mzps

exanpl e, an ant ebha s&wported, lowhreengwall of the ghamberr 140 cginaydiecantilevered. gur es
28 and Zgﬁmﬁdlg%ﬂoﬂl agﬁ waﬁLUfttﬁé Pos Ofhe Hdbstial esuﬁf'wé ng

anot her shape, y a swt ource an e RF
i mpedance mat chi ng ciclaciped to/the electrode 130 elthcrdwhamﬂlly owlnpirmtﬁ&ll)en'ﬂlegy into
the chanber to provi ver, t he

de a hi
pl asma can be genera?ﬁ% %Wg‘?’ﬁ'@&’z‘éfdhaésf%&éﬂ“%% bﬁd?vac““m ch':?m par al | el
pl a][ ed hel i cotn bheI i cal r Assubstiae to betptoczs%ylifmmleﬂmﬁtsmeﬁrﬁcesfﬁgrﬂeﬂmh tb&ﬂ)MO f
i ncl ude a SUI a unpl us for i ntaini e interior o
 he o e subeliag s peRhaAn B BropedSing chagihier By BRergiZine apatest bl y
1- 100 mTor r) : A gas in the pfic@skiag lcharfiberintel @i Eit;aﬁame RI58818¢ of energy
dielectric wi ndow 155 of uniform % kne s shown in Fiqures 2a

and 2b or a non- pl anZRinias & bighidensify {egw]0] l510l ionsiom’) plasma in the chamber. For
example, an antenna 150, such as the planar multiturn coil shown in Figures 2a

and 2b, a non-planar multiturn coil, or an antenna having another shape,

20 powered by a suitable RF source and suitable RF impedance matching circuitry
inductively couples RF energy into the chamber to provide 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

25 chamber at a desired pressure (e.g., below 5 Torr, preferably 1-100 mTorr). A
dielectric window, such as the planar dielectric window 155 of uniform |
thickness shown in Figures 2a and 2b or a non-planar dielectric window, is
provided between the antenna 150 and the interior of the processing chamber
140 and forms the vacuum wall at thg top of the processing chamber 140.

30 A gas supply supplying process gas into the chamber includes a primary
gas.ring 170 below the dielectric window 155. The gas ring 170 may be

-5-



provi ded: between the antenna 150 and the interior of the processing chanber
140 and fornms the vacuumwall at the top of the processing chanber 140.

30 A gas supply supplying process gas into the chamber includes a
primary gas ring 170 bel ow the dielectric window 155. The gas
ring 170 nweo 9800576 WD 98/ 00576 PCT/US97/09028

PCT/ US97/ 09C28 nmechani cal ly attached to the chanber housi ng
above the substrate. The gas ring 170 may be nmde of, for

exanpl e, al um num onechaxjchllyeattactied o thenchamber housing above the substraidie Thmgassingp! y

I ncl udes a secondar i 1 elow.the dielectri . w ndow
155. The process gaps?ogﬁaﬁ' tll;en'@?%ed%?go?é’ X%'Pplﬁ’o g e agﬁ‘ﬁﬁdaﬁuwuﬁnd 5
Qerr] delivered into t|Thegansdpply ihéRidéshy ugitan gak iring 960 beloWaths diRRGRr Y Jas
ring ' 160. Ar]¥ s%t abl e gas ri,mgqI may be used as the secondary

gas ring 160. The Window 155. The peacessay sangineiuds ong of grereggses sushas Areandabov e

the gas ring 179, sgpaéiaerd into the chamber 140 thithgh bR Yn 8RR m%%ﬁgcer

165 formed of al um num or anodi zed alum num as s
Fi gure 2a. Alternati6PelAny switable gahripgrmay hewped asiike secondary g ringdé@oddary gas

1 150 T e oo ekt 108 A o SR I B, o

ring 170 and the substrate 120 Ye not al terna

Jerr] therafyor &y anmptioeal spaseiolfhfoomed ¢fcaleminmmar gasdizddng 162

CEC o0 0 g o B A AP b Er it By 1

primary gas ring 17@condary gas rihg 160 may be localddebelpmsthe gapting ¢70) betweeh @ie gas

include a plurali tyrinogfl e:;[nac éa Etlb%‘trai\tg jl%% t ggtsan%%gr alternative is that the Ar and O,
may be supplied through orifices in a gas ring 162 connected to the chamber
floor, as shown in Figure 2b, with the spacer 165 separating the dielectric
window 155 and the primary gas ring 170.

15 The gas supply can further include a plurality of detachable injectors 180
connected to the primary gas ring 170 to direct at least some of a process gas
such as SiH, or a related silicon-coniaining gas such as SiF,, TEOS, and so on,
onto the substrate 120. These gases are delivered to the substrate from the
injectors 180 through injector exit orifices 187. Additionally, reactant gases

20  may be delivered through orifices in the primary gas ring 170. The injectors
may be made of any suitable material such as aluminum, anodized aluminum,
quartz or ceramics such as Al,O;. Although two injectors are shown in Figures
2a and 2b, any number of injectors may be used. For example, an injector may
be connected to each of the orifices on the primary gas ring 170. Prefcrably,

25  eight to thirty-two injectors are employed on a 200 to 210 mm diameter ring
170 for a 200 mm substrate. ,

The injectors 180 are located above the plane of the substrate 120, with
their orifices at any suitable distance such as, for example, three to ten
centimeters from the substrate. The injectors may, according to a preferred

30 embodiment, be spaced inside, near or outside of the substrate periphery, for

example zero to five centimeters from the substrate periphery. This helps to

-6-



connected to the primary gas ring 170 to direct at |east sone of a process

gas such as SiHerr] or a related silicon-containing gas such
as SiF[err], TECS, and so on, onto the substrate 120. These
gases are delivered to the substrate fromthe I nj ectors 180

through inj eMOA8/08576t orifices 187. Additionally, reactant ¥I4is87/09028 20
may be delivered through orifices in the primary gas ring 170. The

i njectors may be made of any suitable material such as

al umi num anodi zed alensareithet any potential particle gakesfrom thedpieetars il ot fallentonthe03.
Al t hough two injector ' I:gu - ny
nunber of injectors r?g?/&%ge ﬁu‘?%ﬁ&%ﬁ@elgazg ‘é‘,pcg’rﬁs Tnﬁ _3létb8r“?e?1‘h€/&qe@h of

be connected to each alternativelyoa cémbingtionroftdiféerent ilengths cgmbe nsadgo Eiillance the

Pr ef'erabl y, 25 i ght t ' - i1 ors _are enml on,a 200
to 210 mm di anet er ridl"iﬁos"?m’(a Hate agdg"mﬂgﬁ‘yo\o@&m’g& %@rem%les" sﬁ%ﬁésg Ieast |
The i nj ect ors 1805 ar soine o thedinjetosalitebicthp protess @hs inhe disedtion maich itfectsvilich
their orifices at any sui%a'g%e (‘j’k'ﬁ:[ﬁanﬁ such as, for exanple, three to ten
centineters from t he “3BHEY FHtE® ors may, according to a preferred

30 enbodiment, be spaceqsigppbsdd to pRIUou fasdifestichesySitms BesignsRaicttesy

peri phery, for . exanple zero to five centineters from'he
substrate periphery. pwqoynppgﬂbgn dgffusion to distributc process gas above the substrate, the
-6 - WO 98/ 0Gmé&ors according to one embodiment of the present inventi iented t
PCT/ US97/ 09028 Ej en%ur e that any pot er?t I al p‘garnt ?110 e oﬂegeeso

fromthe injectol® wiiniectrpsecessagas inatdireetipa which intersects an exposed surface of the
substrate at an acute angle. The angle or axis of injection may range from
about 15 to < 90 degrees, preferably 15 to 45 degrees from the horizontal plane
of the substrate. The angle or axis of injection may be along the axis of the
injector or, alternatively, at an angle of up to 90 degrees with respect to the axis
15  of the injector, as shown in Figure 11. The exit orifice diameter of the ‘injectors
may be between 0.010 and 0.060 inches, preferably about 0.020 to 0.040 inches.
The hollow core of the injectors 180 may be drilled to about twice the diameter
of the exit orifices 187 to ensure that sonic flow occurs at the exit orifice and
not within the core of the injector. The flow rate of SiH, is preferably between
20  25-300 sccm for a 200 mm substrate but could be higher for larger substrates.
Due to the small orifice size and number of injectors and large flowrates
of SiH,, a large pressure differential develops between the gas ring 170 and the
chamber interior. For example, with the gas ring at a pressure of >1 Torr, and
the chamber interior at a pressure of about 10 mTorr, the pressure differential is
25  about 100:1. This results in choked, sonic flow at the orifices of the injectors.
The interior orifice of the injector may also be contoured to provide supersonic
flow at the outlet.
Injecting the SiH, at sonic velocity inhibits the plasma from penetrating
the injectors. This design prevents plasma-induced decomposition of the SiH,
30  and the subsequent formation of amorphous silicon residues within the gas ring

and injector extension tubes.



substrate and contam nate it. The injectors may all be the sanme | ength or
alternatively a conbination of different |engths can be used to enhance the
deposition rate and uniformty. The injectors are oriented such that at

| east 5 sone of the injectors direct the process gas in a

di recti on WO oSt er sects the exposed sur f aRGX/GH97/09028
substrate. As opposed to previous gas injection systens
designs which rely predom nantly on diffusion to distribute

process gas above the sArsbrditigeto thikembodiment, a wmbmhﬁt}neaﬂanhﬁec&ﬁc artdltadigrive

mbodi ment of th t i t
o acess gas. | n a diSHBHEE B Wb ot e ApEmits "B s ce s fo

substrate at an acujrefeRBl less thitCatdng @ dﬁ'ﬁigspr&f,eshﬁg eateaRiveny cirallgmgf rom
about 15 to < 90 de rees preferably 15 to 45 degrees fromthe horlzontal

pl ane id. prefemblyat - 20 o 10BR.C. aomyrnethsrchweg wafls may detuseshtonay  be
along the axis gf t faipe , Pcrﬁt’ﬂ gle
of up to 90 deg?ees%uglhth?gggeag? gﬁ)hét?%e axfaéu%s ﬁéc&l?s&'iﬁé ééé? h%é et nj elécf]gr

as shown in Figure tmlcalivn@mesamed@plow HO° &, arréheéma!odecomeosntmn@fmﬂﬁ is
T e, et een 0. Ol&s %tﬁi?%é ore of ﬂ?ﬁﬁﬁﬁmexaﬁp%lgggr@é% %&ecgvg?'ged to

i nches. € I hjectors
about tw ce the di amntmally grounded, enclosedfmetdiehma' nar Signifiennt élaétnc Giekda ater e

that sonic fl ow occurs exit.or t.hin the
bore of the | oot restabyidhifl e strin hick et tagro formation piHRin bt it

20 25-300 sqom for a mqalﬁmaspmm@t sysdamtace@rum 16 €hif eRB&IimE M provaded in
substrat es. the smal| orifice size and nunber of

injectors and | ar gePfIediRA gepasition rhie and improveg; undformity gn the, sybstsies sampaged to

differential devel opmviiRicMagas BR3RILEASH §ysikehs 1HPcaREhEaliRg the silicon-containinghanber
interior. For exanple, with the gas ring at a pressure of >1 Torr, and

t he chanber interi OProggss aasmbeg%tbpéubﬁtra&wétbymfﬁwewly QIWE"'{SH@S?[RCESS gas
differential is | ArTel nic flow
at the orifices of t e m}ﬁgc'a@%gd]tggs‘;bs"% %hé%ﬂ %dg%ugr Ogéll [llcg of the
injector may all§o bexpedimensalrdath whichilwsirge thelipgrayed cepability of the plasmaf | ow at

th tlet.
B e o1 s PSi ARR e bABCER B Bt
desi gn prevents pl a&mltmuweoteﬁa&:bmkgmuudon of the SiH4 and

the subsequent formation, dglIrg ATRERBAES i) blefiliry S, 4B Ssittde Hoftieh ?c?r Aenhd N9

and injector extension t
processing system in which the gas injectors are located at different positions

20  with respect to the substrate. Both of these cases were obtained at the same
deposition conditions (plasma source power = 2000 Watts, electrode bias power
= 2000 Watts, SiH4 flow = 180 sccm, O, flow = 300 sccm, pressure = 12
mTorr, 22.5 degrees downward injection angle with respect to the substrate
plane) with a non-optimized primary gas ring 170. Case 1 (open boxes) shows

25  experimental data where the (16 circumferential, equally spaced) injector 180
orifices were located about 0.5 cm outside of the substrate periphery, while case
2 (open triangles) shows experimental data where the injector orifices 187 were
located about 2 centimeters outside of the substrate periphery. In both of these
examples, the injector orifices 187 were located about 5 centimeters above the

30  substrate 120, (Generally speaking, in the plasma processing system according

to the present invention, as long as the vertical location of the injector orifices

-8 -



-7 - ‘ WD 98/ 00576

PCT/ US97/ 09028 According to this enbodi nent, a
conbi nati on of convective and radiative cooling my be used to
limt the chanber wall and gas ring tenperatures to referably

| ess than abW@98MPT6C during processing. Alternatively, ci FEHUSPTES
fluid, preferably at -20 to 100 C, within the chanber walls may be used to
5 control the wall and ?as ring tenperatures. Because the gas rin
tenmperature is 187 is a few gastimatersyorraora mbovedhe sbswye 120)[the rafliallocaion of

t hermal deconpositiog of. S ' . r St LN as
ring. In addition, bgf:ealhggﬂ OF h’gﬁ‘%]éé‘ 5‘?? rqa] Clll éar%?-fngg%clt \Q}B?@e %eﬁgs'%l{ ﬂic th&'bgoe%

el ectrically groundedhe entidabbeatiomdt al chanber, no significant electric

fields are D{S80", Ml Bl bl el Aol 1 01 0EN > P s

formation within the ring. sing system

according to thiss enAngstiomiyminie\cofiparedto 9200 Angstroms/minuie fop @ad. dTRPs t1 on
rate and i nproved uniformty on t ubstrate, conpared to

e .
conventional gas di sPFR ﬁ"dﬁs"s!rég"eﬂé‘fmo‘i}’“ Prest B3yis e concentrated over

silicon-containiNg the center of the sAbsRERS HERVer2 ARV fickh&d He h{oatret_eg&dcday]_
as on

preferentially directing the process g 0 specific regions

of the substrate. Theomes atdhg expeasesef asdserspsed agiferitys which is 8.1% (10) for case )
experimental data whighipddbd Pd S 3 for'ch .Y QUREnGARE thdrt b 1RlsitlcBT cBRR
processing systemaccording to the present invention and also brierly
descri bes 10 processegas ohio\and abovecthe ewnter oif thecruksrate, the. deposition rate on the
outer (radial) region of the substrate is not increased in the same proportion as
the deposition rate in the center. On the other hand, by positioning the injector
orifices 187 further outward, the overall deposition rate is reduced, but the
uniformity is improved. Hence, for a constant angle of injection (in this case

15  22.5 degrees) with respect to the substrate, there is a trade-off between
deposition rate and uniformity, which occurs as the radial position of the
injection point is varied,

The direction of injection from the gas ring 170 can, however, be
optimized for each injector, so as to preferentially direct the process gas onto

20  specific regions of the substrate. For example, in optimizing gas ring 170 for
case 1, the angle of injection could be adjusted to preferentially direct more
silicon-containing gas onto the substrate surface just inside of the substrate
periphery. This would lead to an increase in the local deposition rate on the
substrate and thereby improve the uniformity.

25 Figure 3b shows experimental data which illustrate the capability for
optimizing the deposition rate and vniformity of the plasma processing system
according to the present invention by selecting the appropriate angle of injection
for a given injection location. Both cases illustrated in Figure 3b were obtained
at the same conditions (plasma source power = 2500 Watts, electrode bias

30 power = 2000 W, SiH, flow = 250 sccm, O, flow = 350 sccm, pressure = 14

mTorr) with identical injection Jocations {16 injectors, equally spaced

-9.



Figure 3a illustrates two exenplary Si(JQerr] deposition profiles for a

pl asnma processing systemin which the gas injectors are
| ocated at different positions 20 with respect to the substrate.
Bot h of these cases were obtained at the sane deposi tion

condi ti ons WQPSROSE source power = 2000 Watts, el ectrode bPEBUSIIMM2S

= 2000 Watts, SiH4 flow = 180 sccm Jerr] flow = 300 sccm pressure = 12
mrorr, 22.5 degrees downward injection angle with respect to the substrate
pl ane) with a non- ogpitdumferettialyi approxingately 2 cegtithigers ditsde df 2nd @pprokimatsly 6shows

njector a0 cebuieliAbpty WE Signfor G @ B 0T TN tePR PR e

substrate peri pher ythewhilef Gietion was 0 degrees (pazligioahic subsaang), Ghjle FEMwE 4
experinmental data vvhe{ﬁgt he jnjector orifices | ocat ed

| 187 were
about 2 centi net er s(gli¢ squaEesy °taﬂél°§ﬁl§f§?°l"8¥é"aﬁégidﬁﬁé?ﬁﬁ.’°"‘frﬁ"%@ﬂwm thtese

exanpl es, the i eckykiraE). fFdkasels the\BpBsiliGi AlecWas2 IRAD AngSRIMIARLR! Whabove
t he 30 substrate 120. (Cenerally speaking, in the plasma processing
system according the uniformity was,5.3%e with ositiQnerelq l9westngan e gubstratehe

vertical l|ocation ofaddiery Nifmfhb R tekhiGEh i Fi . )
-8 - VO 98/ %ﬁgf 1 own in Figure 3b, the uniformity of case 3

PCT/ US97/ 09028 could be improverlgly ingving thevinjeetivini lneation snase ourside ofitieve t he
pubstrate 120, e, Lk TRBCRHCE pko gt et BT SOk 1 005
vertical | ocati¥n. ) deposition rate (in Figure 3a, the uniformity was approximately doubled, but
with a 15% loss in deposition rate). By adjusting the injection angle to 30
degrees downward, as in case 4, the deposition onto the outer region of the
substrate is increased, and the uniformity is improved to 2.5% while maintaining
approximately the same overall deposition rate.

15 This example has demonstrated an unexpected result provided by the
plasma processing system according to the present invention of improved
deposition uniformity without a loss in deposition rate. This can be used to
great advantage to increase the substrate throughput during semiconductor
processing.

20 The plasma processing system according to this embodiment provides
uniform, directed, rather than diffusive, flux of SiH, onto a substrate under
typical HDPCVD conditions. Accordingly, consistent deposition uniformities
with 16<3% are produced in most cases, This is accomplished by carefully
superposing the individual injector sprays so that the sum of the injector fluxes

25  at each point on the substrate are nearly cqual.

The theoretical basis for increasing the deposition rate near the substrate
periphery without significantly reducing the rate near the center of the substrate
can be understood from the following discussion. Typically, free jet expansions
from sonic nozzles occur in the continuum flow limit, which results in restricted

30  expansions due to the formation of a barrel shock/Mach disk structure. With

such restricted expansions, one would not expect to be able to achicve a uniform

- 10 -



In case 1, the overall deposition rate is higher, that is 10800 5
Angstrons/ m nute conpared to 9200 Angstrons/mnute for case 2. This is
because in case 1, the silicon containing process gas is nore concentrated

over the center of the substrate. However, this increased
deposi ti on rwQ8sMasTs case 1 comes at the expensEC'l’fps’&’“&BEreased
uniformty, whichis 8.1 %(1[err]) for case 1 corrparedto41

% for case 2. By concentrating nore of the silicon containing

process gas onto andlustdistabytion defn@‘ErS“'lﬂfa'Phﬁlt%aﬁéﬁtﬁ‘@!k*mttlh@lmpéémf?‘-‘mﬁb rate
on the 0, f reased
in the same proport |‘A(‘)gcgfd“(g Q»Olhé‘b)esern‘?ﬂiv@ﬂm?rag&gbgcf :ﬁ%rsr‘seﬁlgig}%f e ﬁr?tanéégfr\?t er. On
the other hand, by phsmbércambignt atecsoilowebatdhe jet rapidly transitions td the éiee hdlecular
further outward the,overal|l deposition rate is reduced, but the
uniformty is irrpro M ce, for a constant angle of inj ection (in this
case 15 522.5 degs ﬁiwﬂ-cevmélbculamicgm tHegetsis 86 vdréfied, thitheshock S a
trade-of f between te an IBIL):lr)rllformty, whi ch occurs

as the radial posi tigHe®e ‘iaﬂﬁm%e Sta{’hSi‘e‘P and the et SiplY 53Pands as 2 PrandilMeyer

The direction of injepinsin, Withah efféctiely frdzeﬂ(&ezamﬁ RmpEaWRy &ld vélstity.

optim zed for each injector, so as to preferentially d| rect the process gas
ont o 20 s pedflgllfe 2rillpstighes cxrmplary flownsiicamlives of she gasdetfram ap injector.
optim zing gas ring Iie?&nﬁ%'io Flgure 2,in eexgﬁﬁﬁm,lthetﬂla@ @ethneS fappddk &5 HaRR:
could be adjusted to pref rential | I re nor e

si l'i con-cont ai nig demm arpoint sensces LBkt density dagreases @lgng sachi sieanitineoin prhportion

substrate Thi e he
| ocal deposr tionr attg ugen';'t %Qeeg‘%m J? the mw'cq fl‘ T a eeS&é'%Q athﬁgéeeﬁﬁgf'%?{)ve t he
uniformty. 25 density from streamlipe e st’Bd:mﬂ:he\(muepqﬂmr angbn@his apptoxinndtelg h

illustrate the capahi zfrngxt deposi ti on rate
and uniformty of tHg‘k‘ﬁf’%f?ﬂﬁoqu"bl?%@%?‘f?éd'gﬁ’%ger#hus’ or Sxampie, a QEE’WH’?

the present inventi gitelof 200Isemi 5ily frtdf 16 Mijeaprs havifg 01020 axcnfdlauimeairifraes a
obtained 15 ‘Chamberhssus AL 10GHIN i Ew HRIHESEE S 38 hdle B500
Watts, electrode bi aﬁcrudcd angRQf the M‘Y&Iexpampis\%pl@klﬂa%wbd&éyéev Zaid sccm
d err] flow = 350 sccm pressure = mrorr) with identical

i nj ection | ocati ons SXRESION; xg,g,qs%r!gergw@aql thps gmore geflimated than the cosme distribution

9- associated with a purely effusive flow.
The centerline density decreases as the square of the distance from the
20  jet exit. That is, the local gas density p is given as:
(1 P(R.O = 0) 0 (p(R=0,6<0)) / R?
where R and © are polar coordinates centered at the jet exit, with © = 0 defined
as the jet axis. In addition, the density for such as expansion decreases with a
cos20 dependence, that is:
25 @ PR.©) = p(R,0)cos*(nO/20)
where ¢ is an empirical constant which depends upon the specific heat ratio for
the injected gas. For example, ¢ = 1.66 for nitrogen. By combining equation 1
and equation 2 and realizing that the velocity is constant beyond a few jet
diameters, the flux J is determined as a function of position within the
30  expansion as:
3) J5;4(R.©) = constant - p(R,0)
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WO 98/ 00576

PCT/ US97/ 09028 circunferentially, approximately 2 centineters
out si de of and approximately 6 centineters above the
substrate), using gas ring 170. In case 3, (open circles) t he
angl e of i mveosmes?s was O degrees (parallel to the substra®PEY/USIWI928 i n case
4 (solid squares) the angle of injection was 30 degrees
downward (toward the substrate). For case 3, the deposition rate
was 10800 Angst r ons miiereulg F_l mhhd ﬂux of SiHy. the uniformty was 5.3%
with the dep05|t|onrate owe, r th u rate ri phery.
Sinilar to the results sh ;8 r%“aﬁfﬂavetl?%éo‘ﬁﬁlWPWW@P“’&H@E%

coul d be inproved byirssed Mo&msubﬂrmtkef&ﬁngmﬂgm Sk khé (1A% imping#e on
substrate. This, however, would X [ﬂgsu doin substantlally decr eased

10  deposition rat éhe(‘i“HStFﬁ“’gﬂr*’eP%'éP 4 gﬂd?‘f‘i?P'r“rH“?‘%\H'S desmdlixnefteanyoff-

doubl ed, but 5§  axis pomtVB tthe Padfap HistaRSStrom tﬁeemﬂ& t'h@?jht lﬁeﬂ&ced%il@qhéjsz 'hgg

the injection angle to degr ees downwar as I n case
deposition onto theS@%ﬂﬂdtﬂeraégle?ﬁtho‘FSWh'em e jet centerline is gndseasecht Bhe Bux

increased, and the y %&Overa l:i gnd é%%@féf&Qc&née/&muyeWﬂnrH Afely.

approxmatelythe sa ositiron rate
exanpl e has denonst uaiferth Hux. uﬁbatpschcadbcreemdl radiglr distarbe et o idw:ase the jet flux,
pl asma processing s

di t h t
deposi tion uniformt \ﬁnrﬁ]?%lgu'i%‘r‘sgdlgg%agamﬁ aﬁ%‘%ﬁﬁﬁ%’ ‘Ii"'lré\ﬁlet%ge gh‘i’ﬁ\“ cAé:;Rl?g “Wed
to 1@ epbindy Bothafkeradial positionamd the Qreammling b€ arehi@e@aPWIth dur i ng

sem conduct or respect to pgim) X.esﬁilisnx%sults in a reduced flux at the substrate center from
this injector, but this can bc compensated for by overlapping spray cones from
the other, e.g., 15, injectors around the periphery of the substrate. Similar
observations can be made for other points on the substrate. The uniformity is
15  further enhanced because of the large conical expansion of each jet.

The simple analysis above has neglected gas phase collisions. With a
mean free path on the order of 1 cm, several gas phase collisions may be
expected to occur prior to the SiHl, molecules reaching the substrate. These
collisions act to scatter the directed flux of SiH, somewhat, but the jets still

20  maintain a far more directed nature than a purely diffusional source. It is this
directional rather than diffusive nature of the plasma processing system
according to the present invention that leads to the locaily enhanced deposition
rate.

Figure 6 illustrates a plasma processing system according to a second

25  embodiment of the present invention. The plasma processing system illustrated
in Figure 6 is similar to that shown in Figure 2a, except that the primary ring
170 in Figure 6 is cantilevered and water-cooled. According to this
embodiment, reactant gas is delivered through orifices in the gas ring 170 which
may be oriented in any direction. Preferably, some of the orifices arc directed

30  towards the substrate to enhance the deposition rate.
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20 ‘ The pl asma processi ng system according to this enbodi nent

provi des uni form directed, rather than diffusive, flux of
SiHerr] onto a substrate under typi cal HDPCVD condi tions.
Accordi ngly, consistent deposition uniformties Wt hmlzLer r] <3%

are producedVPABPE cases. This is acconplished by caref uPF}USITe

super posi ng the individual injector sprays so that the sum of the injector
fl uxes 25 at each point on the substrate.are nearly equal.

The theoretical basis f.or Thewetensealigsof theckas 5ing 170 may heacemmplishedebysuging r at e

peri phery w thout sigpiti | 0,

Subst rat & Wb Pk ASATUOA 183 5 Lt B3Rt 6r AR S e
Typically, free jet ewuasrei dvitcrnatively, a water coofing tube dwit shewen)zh®sbeospinally i n t he
continuumflow limt i [ ts in restk 30 ansi ons. due
to the formation of & r%@re ggfougggucekgaﬁ/ar@ﬁ ‘3;&5 Ehgb?%&c ?ﬁ’hé].g I\th'%es(?ﬁ(g"m’scm%‘ﬂ
such restricted eXpaisminimizediakingcfoml theogas empand akso pleeemtd bxcelsivedatingy 6f the

uni form . . . - 10 -

WO 98/ 00576 gas ring due to high density plasma exposure.

PCT/ US97/ 09028 Additibhaity, Fhdftivé Botling ta9 R ustd'® 1B e’ Abfbervdil 2
relatively small nunber of .injectors. According to the present

i nvention, however, PHbE¥IRG EppeRuresand prevepfdhermal decomposition.  chanber
anbi ent are so | ow that t Rguke®) ufulPid ¥ pihirilrotdsARE sisiend Q@cof‘(fi@eto@!!hﬁ'ﬁu' ar
gi me. 5 In the Tree noleculfar flow regine, the jet
is so rarefied tHht gmbpdimrnt of the present invention. Referring to Figure 7, the plasma
processing system may include a cantilevered water-cooled gas ring 170 and
injectors 180. The gas ring 170 may also be supported from the chamber floor.
Acbording to this embodiment, reactant gases may be injected toward thc
substrate in the same manner as described above with regard to the first

15 embodiment. Radiative cooling may be used to limit the chamber wall and gas
ring tempefatures. Additionally, the lower gas ring may be water-cooled as
described above with regard to the second embodiment. Thus, the third
embodiment provides uniform, directed deposition onto a substrate as well as
thermal control of the gas injection hardware to minimize flaking.

20 Figures 8a-8d illustrate detailed views of exemplary injectors in a plasma
processing system according to the present invention. For simplicity of
illustration, some eclements of the plasma processing system, such as the antenna
150 and the gas rings 160 and 170, are not shown. Figures 8a and 8c depict
examples of orientations of the injector 180 with respect to the substrate 120.

25  Figure 8a shows the injector 180 oriented approximately 45 degrees from the
horizontal plane of the substrate 120. Figure 8c shows an alternative but less
optimal orientation of the injector 180 at 90 degrees from the horizontal plane
of the substrate 120. Although not shown, preferably the axis of injection (i.e.,
gas flow direction) is 15 to 45 degrees from the horizontal plane of the substrate

30 120
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structure cannot be established, and the jet sinply expands as a

Prandt| - Meyer expansion, with an effectively frozen (constant)
tenperature and vel ocity. Figure 2 illustrates exenplary flow
stream ines of the gas jet froman injector. Referring to

Fi gure 2, iwosesmesmxpansi on, the flow streanm i nes appear tRCTESS02028 10
froma point source. The density decreases al ong each streanline in
proportion to the inverse square of the distance fromthe

source, and the vari ati diigweés 8b and 8d illustratedimndetailythé injentest 180 ahdbwm in Figures

ndependent of ¢ he Bor e tpervelyL ATURRERt) ERE: B 5p 80, pe e 8ol ary
flow I ainfecrot is2iAfges thamtia didméteoon thGexinpifideorsy diake mfector.02Risi nch
di aneter orifices, a 15 | ﬁhan‘oer ressyre. of 13 mlorr. apd a gas ring
pressure of 3.9 Torfisuiesthat §qnig flow occurs at the exif;erificgARd ot Mahirths fre Chthecal
g?(panm on i sdapErox;nja{oe_l yI I150 degreﬁs. TEI S . § . Expanm on is less
i vergent and thus nore collimated than the cosine_distribution
associated with a pur el yFiggres2a-9and ia-10c illustrate detailed views of expmplasent er | i ne

d ity d : : 01 St . . ai | t.
Rne L Oereans) "B 86 ol wkfud) SUAPHRL R, ripws S0l
p(R [err] = 0) a (poRveW of thp283 yings F§0cand]170 and the injector {80crEigie®hd [err]
are pol ar coordi nat nt er . the et exi | t errnl, = 0 defined
as tE\e jet axis. | nﬁigﬁaﬁ iaﬁ?\cﬁ%@e\&eoﬁst}h P lcr)"FZE %%dgﬁ"f;‘s%e%%‘ﬂlé\h°s1“§ﬁ‘°aé§ ‘eases
with a 10  Eigefederillnsimee adietailed taphddw of the injecto2£80. (2)

R, = p(R O : 1/2 , wh i
G 1 cal conet ant whi ¢ UL IRIRG fshl 100 fusirys aom e Ane g view.
the injected gas. Frspeetivelf!of thd gisitings 160 il 170ran@ithe RgEetor 189, FRAIRY rdcng

equation | . and yation 2 and realizin hat the velocity is
constant beyond a fHifstrates 2 detailed top V’e“’(ﬂ?ébf'e’t“lﬁ:@f lg(ge{:ﬂ“ﬁﬁ 18a,;10b gad dPéprse

as a function of PO irihPid Finiied 9a,198Cand 9c, re3pbctively, RAB Gae B shapes of the gas
0y s ledekon f‘g&l& gas %ﬁgﬁ%ﬂﬁiffeﬁ?ﬁr TR fet e or s
Figure 11 illustrates a detailed view of an exemplary injector according
to the present invention. Figure 11 shows exemplary dimensions of an injector
180 that may, for example, be in units of inches. As shown in Figure 11, the
angle of injection from the exit orifice 187 with respect to the injection axis
20  may range from O to 90 degrees. As in Figures 8b and 8d, it is apparent from
Figure 11 that the core of the injector 180 is larger than the diameter of the exit
orifice 187 of the injector. This ensures that sonic flow occurs at the exit
orifice and not within the core of the injector. Thec exemplary dimensions of an
injector 180 are shown in Figure 9 for purposes of illustration. The injector
25  according to the present invention is not, however, limited to these dimensions.
The dimensions may be selected as desired to be any amount, depending on the
application.
While the foregoing gas injection system has been described with
reference to a high density plasma CVD system, it could be used for other

30  processes such as etching. It may, for example, be used for plasma etching in

-14 -



WD 98/ 00576

PCT/ US97/ 09028 where J[err] is the flux of SiHerr].

Figure 5 illustrates qualitatively how a uniform SiH4 flux nay be

directed onto the substrate. Referring to Figure 5, assune the fl ux

i Npi ngi ng on WO 9800576 the substrate at a point A al ong B E"™M er1ine
is the desired flux. At an off- 5 axis point, B, the radial

di stance fromthe axis to the jet is reduced while the . _

streanl i ne angl e wi t remicopdistor applicaions ayhichoare predpipinately cheapieal giching shsems, ux
dependence on R and [gry éﬁ&'ﬁ%@«fhﬁf YrGuadhenentary, and result in a

| argely uni orm% ux. ‘Fhat I's, the decreased radial distance
acts to increase the jet fIhgforegoing has described theipriaciples, preferredismbodimentsiatd ne
angle [err] acts to f £ - axj . . i

both the radial posi ﬁ:ﬁ %‘%’ggﬁgpe{rﬂgmso{f% ‘A%eﬁgﬂgt%’lo% g-irogvei"%rtfhga{é%at'ﬁ%g}d fot
respect to point A THeiconsteedhs beinglimited thuthe garticelar erbbddimensidiscussetic Thast er

from this i,njector. but this can co ated for b

over| appi ng spray coﬁé’sanrVS%Fsc"befemb"d’m‘?mSg %“@%&g&%}s,’ﬁ'iﬁﬁat’ﬁﬁaéﬁ Hred
around the periphery rgdriétive, sidli6itioaldebe appfeciaid that variations may bR REAE R tHoed'S
can be nmade for other points on the substrate. The uniformty is 15

further enhanced bec&irbedigentsiRy yorkers skiled inthe ast witheptdepasting from the scope of
The sinple anal ysis 3R0ONRsdhdmveRDneS dBnddy hO FARWER) LlhinisONs. Wth a

mean free path on the order of 1 cm several gas phase collisions may be
expected to occur prior to the Si H4 nol ecul es reaching the substrate. These
collisions act to scatter the directed flux of SiH err] sonewhat, but the
jets still 20 maintain a far nore directed nature than a purely

di ffusional source. It is this

-15 -



directional rather than diffusive—pature of the plasnma processing system
according to the present inv that | eads to the locally enhanced
deposi tion r at ejm iﬂ"’{’"ﬂ”ﬂ!ﬂ“ﬁ Figure 6 illustrates a
pl asma processi ng system acc 25 enbodi ment of
the presenwa9eswes?tsi on. The pl asnma proce55| ng system il | ugCTAISsT09028

in Figure 6 is simlar to that shown in Figure 2a, except that the primry

ring 170 in Figure 6 is cantil evered and wat er-cool ed.
According to this WHATIS CLAIMEBDAdS nent, reactant gas is delivered
through orifices in the gas ring 170 which may be oriented in
any direction. Preferably, sone of the orifices are directed 30
towards the substrate tQq. enhaAnsgsnid@ockesings syistenconfiriging:

- 12 - WD 98/ 00576

PCT/ US97/ 09028 a plasma proces§ipe RiamBberc ool i ng of the gas ring 170

may be acconplished by using, substrate holder supB&Gng ASBREAASRhiNVHeJrbkebaeS 185
as shown in Figure 6 or by using a dual structure.

Alternatively, & wehabefooling tube (not shown) may be spirally

wrapped around the gas ring H%lccﬁi}em%e%aﬁg@hx? ﬂﬂer%%‘f&%%&x%(h@@hbs%%”m

5 to mnimze flaking fromthe gas ring an revents essi
heati ng of the holder, wherein the dielectric member forms a wall of the processing chamber;

a gas supply including orifices supplying process gas into the
chamber, at least some of the orifices orienting the process gas along an axis of
10 injection which intersects an exposed surface of said substrate at an acute angle;
and
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.

15 2. The system of Claim 1, wherein the system is a chemical vapor

deposition system or a plasma etching system.

3. The system of Claim I, wherein said RF energy source comprises

a planar or non-planar coil.

4. The system of Claim 2, wherein the gas supply supplies a
20  halogen and/or oxygen-containing gas or gases for plasma etching, stripping or
cleaning the substrate.

5. The system of Claim I, wherein said gas supply comprises a
primary gas ring supplying a gas or gas mixture into said chamber such that at

least some of the gas or gas mixture is directed towards said substrate.

THIS SHEET HAS BEEN
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gas ring due to high density plasnma exposure.

Additionally, radiative cooling—nay be used to limt the chanber wal |
and gas ring tenperatures and prevent thernal decbnp05|

Figure 7 illustrates a pl asna p mu ﬂl “Iﬂ ccordl ng to athird

10  enbodi mWQ98MBST6he present’ ng to Fi gLPrCéT"’F"’"!*@ pl asnma
processing system may include a cantl I evere Water-cool ed gas ring 170 and
injectors 180. The gas ring 170 may al so be supported fromthe chanber
floor. 6. Ac c Gihelisysten of €lairg S¢ wherdinsaid gas supply fimtheyeamprisany

dascr bed above i th ¥ gy g g ALk e i 05 0BT oBARShie |

cooling my be used tchalmber.t the chanber wall and gas ring
tenperatures. Additionally, the |ower gas ring may be water-cool ed as
described above with regard to the second enbodi ment. Thus, the third
enbodi ment provides uniform dimheeystein dLQMRSM 5| wnexemtsaxdagcslsbﬁﬁ!y QirthePorifilsks

as thermal control of the gas injection hardware to njinimze
fl aki ng. 203 injectors c°"F?°t§‘?9r'€§a‘§an’BB"X gdsring, thednigetprs)inieeting; saiflsgas or
exenpl ary injectors 'éks%lﬂh?é% said chamber such tmaprém&ae amteegm ap%&rrﬂﬂx&&to
the present invention. For sinplicity of | ustrati sone

el enents of the pl asnis diregediosiardsaid snbsimgte.such as the antenna

150 and the gas rings 160 and 170, are not shown. Figures 8a and 8c depi ct

exanples of orientations of the injector 180 with respect to the substrate

120. 25  Figure 8a &howdhe lsysténmpfElabn 71 8beroini the ingetiorp predsdamesh rehs/ord 5

degrees fromthe ont al epyl ane of the substrate 120. Figure

. har |
8c shows an alter nati?)‘és'%eu?ﬂlhﬁglgbs{r%m periph optimal orientation of the
injector 180 at 90 degrees fromthe horizontal pI ane of the

substrate 120. Although ngf sh ., pref bI e axi ection
gas flow directidf) is 15051' é&%é'égfém i erﬁ@rﬁaflo'ﬂlcﬁﬁt"édf'ﬁﬁte‘aﬁ’f éqSWé
S Ubg trate 30  gabZflixture lnto said chamber at an angle over 15 degrees with respect to the
- 13 -
exposed surface of said substrate and/or the injectors form the gas or gas
mixture into a plurality of gas flows which overlap each other in an area above

the substrate.

15 10.  The system of Claim 5, wherein said primary gas ring is

cantilevered.

11.  The system of Claim 5, further comprising a cooling mechanism

cooling said primary gas ring during processing.

12.  The system of Claim 11, wherein the cooling mechanism
20  comprises means for supplying an electrically non-conductive cooling liquid to

prevent excessive heating during processing of the substrate.

13.  The system of Claim 7, wherein the injectors inject at least some

of the gas or gas mixture at a sonic or supersonic velocity.




WO 98/ 00576 _
PCT/ US97/ 09028 ures 8h and 8d illustrate in detail

Fi _ |
(e nestor 180 showr 1o o gD G o e resvecively s

| ar ger t haiwo bemostsanet er of the ekit® orifice 187 of the iP¢CHUSIININThI S
ensures that sonic flow occurs at the exit orifice and not wthin the core
of the 5 i njector. Fi gures 9a-9c and 10a-I| Cc
illustrate detailed views. of Taxeysniof Claim 1, wherein the ighy QppI supplitd aGlsconl Ngs
according to the present, inventjon. Figure 9a illustrates, a _

top view of the gasCHAHYLE §¥pa ﬂ’bit%esaﬂﬁﬁc?‘ﬁ%c“ﬁfléﬁ%f’ssi‘gm the:pERgESsing),
illustrates a bott aiRamb&VeyOéontdifngMe sibsiates Wl th a&ﬁ&g@n&dtdaﬁoﬁtmge&t or

180. 10 Figure 9c illustrates a detailed top view of the iI'njector
180. silicon-confaipingzlaysy onmaghpfothe jswhstratesl | Ob il | ustrate a top

vi ew and a bottom vi ew, respectively, of the gas rings 160 and
170 and the injector 180. Fi g{_ure 10c illustrates a detail ed
top view of theSinjectorl3180.Theisysiene of Chaim 1), oberginoson@cof dheeorifices supply the
simlar to Figures d. 9c,. el t that the s es of
the gas 157" it BN giteron SRR Shis' B uerSEBR cxbirRh srfn 27 I
Figure 11 illustratsbsteatedet ai |l ed view of an exenplary injector according

to the present invention. Figure 11 shows exenpl ary di nensions of an

I nj ector 180 that may, for exanple, be in units of inches. As
shown in Figure 1, the 16. A method of dE@kiin®h liyef 66 hisabsthtfeUEhiphsmgXi t
orifice 187 with respect to the, injection axis 20, may range fromO
to 90 degrees. As in Fi gures Pi5Ingfisubgirate on a substsge halder in g processing chamber,

10 wherein an interior surface of a dielectric member forming a wall of the process

chamber faces the substrate holder;

supplying process gas into the processing chamber from a gas
supply including orifices, at least some of the orifices orienting the process gas
along an axis of injection which intersects an exposed surface of the substrate at

15  an acute angle; and

energizing the process gas into a plasma state by inductively
coupling RF energy through the dielectric member into the processing chamber,
the process gas being plasma phase reacted with the exposed surface of the

substrate such that a layer of material is deposited on the exposed surface.

20 17.  The method of Claim 16, wherein said step of supplying a gas
comprises the steps of:
supplying a gas or gas mixture from a primary gas ring, wherein

at least some of said gas or gas mixture is directed toward said substrate.

18.  The method of Claim 17, wherein said Step of supplying a gas
25  further comprises the steps of:
supplying an additional gas or gas mixture from a secondary gas

ring.

-18 -
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Figure 11-that the core of t he injector 180 is larger than the dianeter of

the exit orifice 187 ef——t—he—l—nj—eet—el;ilims ensures that sonic

fl ow occurs at the exit within the core of the
i njector. The exenpl ary di mensi ons o”[ﬂl uﬂmﬂ J‘j“l i njector 180 are
shown in Fi gW@98M08%6r pur poses of il nj ect ofCT/USI70903%;

according to the present invention is not, however, |imted to these
di mensi ons. The di mensi ons may be seLected as desired to be
any anount, dependi ng on id%e The method of C]aa’pﬁ]” wharin finjectors are connected to said

Fof erence to a nigh ARepl b ihincihe S aTNA%R S Rafl 35 of Bl 4 O goe e

30 processes such ao eiidlchamber labd dixscteds owarbsaidpdubstratee used for pl asna

etching in - 14 -

WD 98/ 00576

PCT/ US97/ 09028 20. ST memddlat Claira 1] whertih QWtSinjeiofsaré Ictated near or
predom nately chey cal et ching gg/ such as chlorine

et ching of al uni r£1 outside of the substrate Pe"PhWe f oregoi ng has described the
principles, preferred enbodi mrents and nodes of operation of the
present invention. However, the invention should not 5 be

construed as being |imtedito Theemethed pEGlaim 19.wlsseimsnid dnjeitters injec @t lemstus,
some of said gas or gas mixture into said chamber at an angle over 15 degrees

with respect to the exposed surface of said substrate.

22.  The method of Claim 16, wherein the process gas is energized by

10  an RF antenna in the form of a planar coil.

23.  The method of Claim 16, wherein the process gas is energized by

an RF antenna in the form of a non-planar coil.

24.  The method of Claim 17, wherein said primary gas ring is
cantilevered, and the method further comprises a step of cooling the primary gas

1S  ring during processing.

25.  The method of Claim 24, wherein said step of cooling comprises
passing an electrically non-conductive cooling liquid in heat transfer contact
with the primary gas ring to prevent excessive heating of the primary gas ring
during processing of the substrate.

20
26.  The method of Claim 22, wherein the layer of material deposited

on the substrate comprises a silicon-containing layer.

- 19 -



t he above-descri bed enbodi nents shoul d be regarded as illustrative rather
t han restrictive, -andt bnuui d—e appreci ated that variations

may be nmade in those wor kers skilled in the art
wi t hout departing fromthe scopeH "m “m m he present invention as
defined by wbesboostd ow ng cl a PCT/US97/09028

27.  The method of Claim 16, wherein substrates are consecutively
processed in the processing chamber by contacting the substratcs with the

plasma gas.

28.  The method of Claim 16, wherein some of the orifices supply the
5 process gas in a direction which does not intersect the exposed surface of the

substrate.

-20-



-15- - + WHAT IS CLAIMED | S: 1. A pl asma processing system
conpri si ng: a plasma. processing chanber; a
substrate hol der supporting a substrate within the processing chanber;

a dielectric nenber having an interior surface facing the substrate hol der,
wherein the owel980esré c nenber forns a wall of the processi nCTaNN028

a gas supply conprising at |east one gas ring | ocated bel ow t he

1/8
PLASMA SOURCE
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dielectric menber, the gas supply including orifices supplying process gas
into the chanber, at |east sonme of the orifices orienting the process gas
al ong an axis of injection which intersects an exposed surface of said
substrate at an acute angle; and an RF energy source which
i nductively cWOIPES™Rr energy through the diel ectric menber PERUSIHIORSt he
chanber to energize the process gas into a plasm state to process the

substrate. 2. The systemof Claim 1, wherein the systemis a
chem cal vapor deposition systemor a plas ching sy m 3.
The systemof Claim1, wherein said RF ene?ggggourc 6] ises a planar or
non- pl anar coil. 4. =Thg systemof C gim2, wherein the gas
supply supplies a hal ogen and/ or okygen-containifg gas or gases for plasnma
etching, stripping or cleaning thgsypstTafje. nn ?1 Ihe\syﬁ55n1
of Claim1, wherein said gas s 1585 a_prinery yas 1inhg supplying
a gas or gas mixture into K04 nber such that at. |east slone okt h€59as
or gas mxture is directed tow el UgSUIBIT QL. 5 o o
' 187
180- 167 67~A180
li\-120
[rY]
/ \\
162 i 162

FIG. 2b T___

FlG. 4

B

FIG. 6
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PCT/ US97/ 09028
said gas supply further conprises

suppl yi ng an additi onal

gas or gas mxture into said

The systemof Claimb5, wherein
a secondary gas ring
chanber .

The sysWeA$IS76C ai m 5, wherein said gas supply furthePCUUSSI0P028S

5 I njectors connected to said primary gas ring,
gas mxture into said chanber such that at | east

[ irected toward said
The s§§?§n1of Caim?7, wherein the

said gas or
sone of the gas or gas m xture

the injectors injecting

Substrate. 8.
I njectors are | ocated near or out side of the substrate
peri phery. 10 9. The systemof Claim7, wherein said

i njectors inject said gas or

an angle over 15 degrees with respect to the

gas mxture into said chanber at
exposed surface of

sai d substrate and/or the&OMPARISDN OFT RATECFORS DIFFERENT INJECTOR LOCATIONS
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m xture into a plurality of gas flows which overlap each other in an area

above the substrate. 15 10. The system of
Claimb5, wherein said primary gas ring is cantil evered.

11. The systemof Claimb5, further conprising a cooling nechanism

cool i ng sai d WO9MSJ6 gas ring during processing. PCT/USITNON028 1)
The system of Cl aim 11, wherein the cooling nechanism 20 conpri ses

means for supplying an electrically non-conductive cooling liquid to
prevent excessive heating during processing4 t he substrate.

13. The systemof Claim?7, wherein the injectors inject at |east sone
of the gas or gas m xture at a sonic or supersonic velocity.
-17 - 150
= I l 155
N0 fi 00rn .I
160 ° -] o ° o ° o

B
¢

185

770 — ’ bk 185
_ i —~120] |

140 130 A ]

FIG. 7
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14. < The-systemof Claim1l, wherein the gas supply supplies a silicon-
contai ni ng gas, and substrates are consecutively processed in the
processi ng chanber by contacting the substrates with the plasma gas and
depositing a silicon-containing | ayer on each of the substrates.

15. The sywioeasoos76 Cl ai m 1, wherein sonme of the orifices RGFHISHAMS
process gas in a direction which does not intersect the exposed surface of

t he substrate. 16. A nmet hod of depositing a |ayer on a
substrate conpri sing: placiqﬁﬁg substrate on a substrate
hol der in a processing chanber, wherein an erior surface of a dielectric

menber formng a wall of the process chanber faces the substrate hol der
suppl ying process gas into the processing chanber froma gas supply
conprising at |east one gas ring | o@fyed bel ow the dielectric nember, the
gas supply including orifices, at ybast some of the orifices orienting.yhks
process gas along an axis q i ' ' i gh o(r f ace

of the substrate ai_an _a MWI”M; he
process gas into a g;3§§ﬁ§§:aie by hnductively  coupling RF eneRdyabaroud]
the dielectric nenpeg ' Q% procebsi ng chanber, the process DENg
pl asma phase react gd x qg’!? XPOSEed suriace o € subsirate sp ‘

| ayer of material [28 0 ?d o‘é}ﬁe exposed surface.

gféggdoﬁf Claim 16 ufﬁ?' ii;“ ep of supplyiquy gas COH:L“:;;;;jjjjg

140 FlG. 8a

FIG. 8b
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supplying-a gas or gas mxture froma primary gas ring, wherein at |east
sone of said gas or gas mxture is directed toward said substrate.
18. The nethod of Claim 17, wherein said step of supplying a gas further

conprises the steps of: suppl ying an additional gas or gas
m xture fromWOS%8MSFdary gas ring. PCT/US97/09028
- 18- WD 98/ 00576
PCT/ US97/ 09028 . 19. The method of C aim 17, wherein
i njectors are connected to said ﬁé/ ry gas ring, the injectors
I njecting at | east sonme of said gas or gas xture into said
chanber and directed toward said sub ta[ate. 20. The
nmet hod of Claim 19, wherein the inj/eé ors are | ocated near or 5
outsi de of the substrate peripheryy /‘755
IS LILISIIIIISY,
] \ /
S 120 /
169 130}/
RN
140 g /)
FIG. 8c

)

180

187

FIG. 8d
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21. ~The ‘method of daim 19, wherein said injectors inject at |east
sone of said gas or gas m xture into said chanber at an angle over 15

degr ees with respect to the exposed surface of said substrate.
22. The nethod of Cl aim 16, wherein the process gas is energized by

10 an RF ant™M##005% t he form of a planar coil. PCT/US97/090282 3.
The nmethod of Claim 16, wherein the process gas is energi zed by

an RF antenna in the formof a non-planar coil. 24.
The met hod of Claim 17, wherein said prinarygg%f ring is

cantil evered, and the nethod further conpris a step of cooling the
primary gas 15 ring during processing. 25. The
net hod of C aim 24, wherein said stef - ==OT]

passing an electrically non-conducti LA |1 T O heat transfer
cont act wth the primary dagfp N\ gxcessi ve heating
of the primary gas ring A0 Nt trate.

20 26. The net hodjf ayer of
materi al deposited on the |

silicon-containing |ayer.
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19 - . 27. The met hod of C aim 16, wherein substrates
are consecutively processed in the processing chanber by contacting
the substrates with the pl asma gas. 28. The net hod of
Claim 16, wherein sone of the orifices supply the 5 process gas in a

di recti on whiw®Sam®d®s not intersect the exposed surface of tEI/USI09028
substrate.

FiG. 10c

~\\‘\‘\“““‘\“‘\‘\‘\"\“\“\\‘\\‘\““\\\“‘\\“\“\‘\‘\‘\
-

FiGa. 11
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WHAT 13 CLADMED 1 I

1. A plasma processing system comprising:

a plasma. processing chzimber;

a substrate holder supporting a substrate within the processing

chamber; '
a dielectric member having an interior surface facing the substrate

holder, wherein the dielectric member forms a wall of the processing chamber;

a gas supply comprising at least one gas ring located below the

dielectric member, the gas supply including orifices supplying process gas into the

chamber, at least some of the orifices orienting the process gas along an axis of injection

which intersects an exposed surface of said substrate at an acute angle; and

~ 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 chemical vapor

deposition system or a plasma etching system.

3. .The system of Claim I, wherein said RF energy source comprises

a planar or non-planar coil.

4. The system of Claim 2, wherein the gas supply supplies a ~
halogen and/or oxygen-containing gas or gases for plasma etching, stripping or

cleaning the substrate.

5. The system of Claim 1, wherein said gas supply comprises a
primary gas ring supplying a gas or gas mixture into said chamber such that at

least some of the gas or gas mixture is directed towards said substrate.
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14.  The system of Claim 1, wherein the gas supply supplies a silicon- |
containing gas, and substrates are consecutively processed in the processing
chamber by contat:ting the substrates with the plasma gas and depositing a

silicon-containing layer on each of the substrates.

15.  The system of Claim 1, wherein some of the orifices supply the
process gas in a direction which does not intersect the exposed surface of the

substrate.

16. A method of depositing a layer on a substrate comprising:
placing a substrate on a substrate holder in a processing chamber,
wherein an interior surface of a dielectric member forming a wall of the process

chamber faces the substrate holder;

supplying process gas into the processing chamber from a gas supply

comprising at least one gas ring located below the dielectric member, the gas supply

including orifices, at least some of the orifices orienting the process gas along an axis of
injection which intersects an exposed surface of the substrate at an acute angle; and
energizing the process gas into a plasma state by inductively
coupling RF energy through the dielectric member into the processing chamber,
the process gas being plasma phase reacted with the exposed surface of the

substrate such that a layer of material is deposited on the exposed surface.

17.  The method of Claim 16, ‘wherein said Step of supplying a gas
comprises the steps of:
supplying a gas or gas mixture from a primary gas ring, wherein

at Jeast some of said gas or gas mixture is directed toward said substrate.

18.  The method of Claim 17, wherein said step of supplying a gas
further comprises the steps of: -
supplying an additional gas or gas mixwre from a secondary gas

ring.
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