STRESS MANAGEMENT FOR TENSI LE FI LMS CROSS- REFERENCES TO RELATED

APPLI CATI ONS This application is a PCT application of U S. Patent

Appl i cat iwo 2bin/0488082/ 604, 332 fil ed Cctober 22, 2009, tiPrCedS2EIRESS
MANAGEMENT FOR TENSILE FILMS," and is related to U S. Provisional Patent
Application No. 61/231,729, filed August 6, 2009, and titled "FORVATI ON OF
SI LI CON OXI DE USI NG NON- CARBON FLOMBLE CVD PROCESSES, " the entire contents
of which are herein incorporated by reference for all purposes.
10BACKGROUND OF THE | NVENTI ON Sem conduct or devi ce geonetries
have dramatically decreased in size since their introduction severa

decades ago. Mddern_ sem conductor fabrication equipnent routinely produces
devices with 250 n@TmS1MAW&MWT&QBrPEE&SJE@ KEMpew equi pnent is
bei ng devel oped and i npl enented to nmake devices with even snmaller
15geonetries. The decreasing feature sizes result in structural features on

the device having de@mEﬁﬂI@N©ES¢OTIGEI§ApEI§AP]5DEMTm of gaps and
trenches on the device narrow to a point where the aspect ratio of gap

depth to its w dt h Becanmbeatnn g Bnbarphicationpa kS iPeteahapnlieaginfe-t o fill the
gap with ‘iiz/@d)@ﬁzrﬁlgd G%Gér'zél 2005%1&@@@&1533 mﬁmh%ﬁm PORWE@\TSIEE i's prone

to clog at th € top before the ga p conpletely fills, prod UCIn? a void or
seam i n t RE-M$.ddheisgflatedtone. SgBygvisional Patent Apphca@neNo t6Hé239/é&9 Siledviypgpst

techni ques Jifye., 500 ARYEARTINI: YR ONBUIRIO UGS REN.CaRERNET  al 1 0g the

top of a gap, e void or seam S been rned One
approach ﬁh@Vb®&hE£bﬂhfh®CEﬁ$E$”ﬂmghmycﬁMaﬂabﬁemmua@@ﬁ@unnnanM®abs t hat
may be appkled i.n %7 qyld phase to a spinning substrate surface (e.g., SOG
deposi ti of ?@%ﬁﬁwa’é?ﬁ)s?hese 25 flowabl e precursors can flow into and fil
very small substrate gaps w thout form ng voids or weak seans. However,

once iQese hi ghl y flomablq%gﬁkl CﬂgﬁggﬁgTﬂ§Q§§t&%ﬂyNthey have to be

hardened into a solid diel I n many i nstances,

t he hardeni ng processmiionghdidiesviac p@aictiids@ath@ainatially ermsteciarlskoginand
hydr oxyl groups fromthe dep05|ted material to | eave behind a solid
di el ect ri BegodRdyetiog seyqral dgeprdgiaege Magstigemifeateater falricatioRei94iPiRy car bon and

hydr oxyl %ﬁﬁél?%rd&ﬁée@@e%@@%ﬁth BohiNdsPRheSd 6B dhRaar GRBedJdbe! ectic that
reduce the quality of final material. In addition, the hardening

di el ect ri ETUBY {sdisHng dewclenediapg impemeterhie makpdevices ayith evavenalleacks and
spacess at ot eidt §ht a&?eaglfngtf@%rﬂklgiarsg[t lﬁstagqlrélﬁ@aﬁe&mgqé&& RyRgtrate. In

sonme instances, the vol ume” of _ ened dielectric can decreasé by 40%
or more. BEmscd hieal dimasiann B Widihs nbgepd epbiginchopnghodess agrremed aat eri al s

to form point where the aspect ratio of gap depth to its width becomes high enough to make it

challenging to fill the gap with dielectric material. The depositing dielectric material is prone
to clog at the top before the gap completely fills, producing a void or seam in the middle of
20  the gap.

Over the years, many techniques have been developed to avoid having
dielectric material clog the top of a gap, or to “heal” the void or seam that has been formed.
One approach has been to start with highly flowable precursor materials that may be applied
in a liquid phase to a spinning substrate surface (e.g., SOG deposition techniques). These
25  flowable precursors can flow into and fill very small substrate gaps without forming voids or
weak seams. However, once these highly flowable materials are deposited, they have to be

hardened into a solid dielectric material.

In many instances, the hardening process includes a heat treatment to remove
carbon and hydroxyl groups from the deposited material to leave behind a solid dielectric

30  such as silicon oxide. Unfortunately, the departing carbon and hydroxyl species often leave
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dielectric materials on structured substrates w thout generating voids,
seans, or both, in substrate gaps and trenches. There is also a need for
mat er i al swarndimgpgvods of hardeni ng fl owabl e di el ectric marase@aods2s548 h f ewer
pores and | ess shrinkage as well as accommopdating the shrinkage which still
occurs. This and other needs are addressed in the present 10Oapplication.

BRI EF SUMYBNI ((Jres Tl el IIMENT ¥ectic that reduce thE QBalfe@b e RN nRferpl.g@p-filli ng
silicon oxide layer with reduced tendency towards cracking is described.

The depospddifény, thegrdgaiag distectrigretpatendm toothriak 11 ol avhigh) cpg ipave ¢egks ahdii ng
! ayer whi césaa? 'tﬂe ihBLraS otfm% dflélécltﬂcncgld%e S sub§i"al?§ qﬁ‘é@xﬁ iRfaRGS stﬁé ng at

hi gh 15substrate tenperature causes |ess crac ng In Fectric fil

t han f | owadhae pf thpbarfderaeli-l¢atricaeo dedadre by W tolor metdiods i n the prior art. A
conpressive |liner |ayer deposited prior to the formation of the gap-filling
silicof oxide | ayerThus, thies Gra feed foanew deghsties ptd@essémﬂenmgtiaisab farhe

subsequen dep03|t d fi rack conpr essi ve. ca in | ayer deposited
2 ter a1 PEEBE oGP SRECH SR AR s SO oRTe e ied + b

reduce Cr Afiirdlg gafsQRP Er@EchiEs/ TR ik hIBGH ntcAYET Batdiidls SQIRERSEIOY Bardafit Ng | ayers
can be used alone or in conbination to reduce and often elimnate cracking.

Conpr essi VeVeippiclsgiric gasiialswithfiewe] Resesng fRsbelirivgrEess Hgll @S 3FamMesHig y been

det er m neqletsgnﬁaagpbvﬁwﬁ@mua&@fsl Whﬂ;gmh MRF nRlis &t hiiGOReMinlthd H8sch0 be
transforned into silicon oxide layer. In one enbodi nent, a method of

formi hQ aamihlcilt@@n oxi de | ayer on a substrate 25containing a trench includes
transferring the substrate into a substrate processing chanber; formng a
conpressive lining | ayer BMEH@MMJ%RY&IFeTEEﬁ\IVENfFI@\It rench; f or ni ng a

dielectric |ayer ongt a;tlbst Fate and t he. he d| eI ectric

| ayer is initially aprer ©ah curl%ﬁpf(ﬁmx cd Yer%”FPée u%ledt?n&e

anot her erdvaedsmetkingas d’@&rhﬂd mﬁe dpositingingolsed th@ﬁﬁlmfa)ﬁ@ndﬁ alfa»yable@thcan- 30
substrate contai ench i pcludes_trapsferring the substrate into a
subst r at ecw%%%gﬁngwlw&*g e (e ﬁ B& Pt &eh o Sty BEPORNBEF Mg owi ng a
pl asmas pr Qbidf 0 fenipdfaird cAu8FaER cRICRIS I the ie@AtricTilmAkdR fRIvas e 18E Fdreais;
conbining the plasma effluents with a flow of a silicon-containing

pr ecur sor aqoﬁrd@me withywethadsdn Hiedeies - n@ cpapiesve Hise leasrleperded Pt tothet he

silicon- repRtcH (ﬁ‘tl‘f@ga?rfﬁﬁﬁg s?@éonhﬁﬁie N8kr REERriBXLATISEIRYs Be RhASTRForfr M N a
si | i con-and- oxygencontai ning | ayer on the substrate and in the trench;

form ng asubeegycritsdopesied hpn ﬁngP@Eyeﬁr caymesstvisapning leyn deprditeshafigen- cont ai ni ng
layer; ang il Qﬁ c;nhc%n?allr‘;f(l)é:lg er%&l?&‘?&ﬁ 'aet%%‘ﬁﬁ%i r&ﬂwé @rﬁ@i&ég | GonfitssRaot her

enbodi nent, a net hod o ng a silicon oxi
20 liner layers and compressive capping layers can be used alone or in cornblnatlon to reduce

and often eliminate cracking. Compressive capping layers in disclosed embodiments have
additionally been determined to enable an underlying layer of silicon nitride to be

transformed into a silicon oxide layer.

In one embodiment, a method of forming a silicon oxide layer on a substrate
25  containing a trench includes transferring the substrate into a substrate processing chamber;
forming a compressive lining layer on the substrate and in the trench; forming a dielectric
layer on the substrate and in the trench, wherein the dielectric layer is initially flowable; and

curing the dielectric layer.

In yet another embodiment, a method of forming a silicon oxide layer on a
30  substrate containing a trench includes transferring the substrate into a substrate processing
region in a substrate processing chamber; flowing a plasma precursor into a remote plasma
region to form plasma effluents; combining the plasma effluents with a flow of a silicon-

containing precursor in the substrate processing region, wherein the flow of the silicon-



5substrate containing a trench includes transferring the substrate into a
substrate processing region in a substrate processi ng chanber; flowing a
pl asma preounsig9sont o a renote plasma region to form pl aEWAISeI0I0sEEAE S ;
conbining the plasma effluents with a flow of a silicon- containing
precursor in the substrate processing region, wherein the flow of the

si | i con- cedtiahink BcREEAEE RBATbeBAS R bPLFIRsHeX Grindith PN1i@®nRhddNPgenf Or M ng a
silicon-and-nitrogen- 10 containing l'ayer on the substrate and in the
trench; feMinge yeorphesdsiyac adipithrgringyidprnyyes cerperessive capping layer over

si i con- apg-iicLf QUED: Qﬁ-ﬁ&hﬁhﬁg ldﬁ \%/f(ied'r %@tﬁ% tﬁk%ﬁéoﬂ%n?-?&g%%ﬁﬁt"aﬁﬁn% hyran

oxygen-contai ni ng at nmosphere t e carbon-
silicon-and-nitrogen_caontaini | ayer tQ t i l.i con..oxi de, |l.ayer.
Addi ti onal _enbodi e S AT aARgPEE T R OTGRE TR PR Rer e o

descri pt i substt&t badtaifiap b oesch iaciddds mrapdertingvitelsulp@aeiro appatertpracessintgos e
skilled in the art uRon exam nation of the @Eecificati.on or may. be | ear ned

by the prH&t9dRaS1OSIHE PECEEINSSBHRTHISHT e h LMy Hré“fré%“%ff)é%e%?{&};%‘?}%mt ages

of the di &gldasebrermadiaemicstsi@mieng 8alplaed cARenaimiaTRe & sikeps of the
instrunentalities, conhinations, and nmethods described in the,
speci f i caf¢tHNINBRICESEEEHR SPYieq ngecssife reRa e B tha fograf s silifsBer st andi ng

of the natdhifniaPdredt@Had B Do el W@?l@ﬂﬁa; kR 4 QicoRBMdR@rdegRl | zed by
reference to the remaining portions of the specification and the draw ngs

wher eil® | pasainiag éyeranethesipeirae andain dha fsagh:tfpimg g h eempresierc sernmrglay @080 ngs t o
fer to §i.ni : yh ' | ' j ated
rerer to e%ldcéﬁ-a&eﬁ'i%gﬁ%t‘%%t uifug% ﬁ%gém%adgﬂﬁ%%gﬁégub&rdﬁ% a%%k%éngcfoﬂ&ﬁ ate

with a reference nuner ! ffen to denote o ~mul'tiple
sim | ar cempepient to . colerihe @fflmmemeesiliconradieittogeracopBuraf@lagerde thawiseml wi t hout

specificagxigg L9 an exi sting sublabel, it is intended to refer to all such
mul tiple S|m}§r'corrponents. Fig. 1 is a flowhart illustrating

selected st e for, RO 8Ll SUSL LSS GAlds il R acesidhoo 1o

i 11 ustsat ingfoseheaheth fkeps bkemd HhifeMdo toRditKilled idnRIardPsh ki maRatdxiode film
according to disclosed enbodi nents, ) ) .

the specification or may be learned by the practice of the disclosed embodiments. The

features and advantages of the disclosed embodiments may be realized and attained by means

of the instrumentalities, combinations, and methods described in the specification.

BRIEF DESCRIPTION OF THE DRAWINGS
20 A further understanding of the nature and advantages of the present invention
may be realized by reference to the remaining portions of the specification and the drawings
wherein like reference numerals are used throughout the several drawings to refer to similar
components. In some instances, a sublabel is associated with a reference numeral and
follows a hyphen to denote one of multiple similar components. When reference is made to a
25  reference numeral without specification to an existing sublabel, it is intended to refer to all

such multiple similar components.

Fig. 1 is a flowchart illustrating sclected steps for making a multi-layer silicon

oxide film according to disclosed embodiments.

Fig. 2 is another flowchart illustrating selected steps for forming a multi-layer

30  silicon oxide film according to disclosed embodiments.

Fig. 3 is another flowchart illustrating selected steps for forming a multi-layer

silicon oxide film according to disclosed embodiments.
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Fig. 3 is another flowhart illustrating selected steps for formng a
multi-layer silicon oxide filmaccording to disclosed enbodi nents. WO
2011/ 0498080RCT/148010/ 052548 Fig. 4 shows a substrate pPOTASIMNGYIBYSt em
according to disclosed enbodi nents. Fig. 5A shows a substrate processing
chanber according to disclosed enbodi nents. 5Fig. 5B shows a shower head of

a substrate processiing HHRIPSIbsRHE BrodbRBiglsBstdhh 8&bRES o ABRMTENt S. DETAI LED
DESCRI PTI ON OF THE | NVENTI ON e formation of a gap-filling

sili con ofbedimgyfer with reduced tendency towards cracking is described.
The deposition involves the formation of a flowable silicon- 10contai ni ng

| ayer which facilitiag.e\ shows histlisiratg pofcetsmgrbimelsr aBuwbdegteahiclosedcessi ng at

hi gh subsggﬁaﬁmtﬁnperature causes less cracking in the dielectric filmthan
f1 owabl e FI'PHE " foFnmed in accordance with nethods in the prior art. A

conpressive liner |ayer deposited prior to the formation of the gap-filling
silicon oxide | ayerﬁg-é%sg‘ew P Bl caliad phenibatsls ROCtsERE SRASPCF pcotding to

subsequentisyogaprasbdia@dnki | mto crack. A conpressive capping | ayer deposited
after a 15fl owabl e silicon-containing |ayer has al so been determned to
reduce cracking. Conpressive liner |ayers and conpressive capping | ayers

can be used al one or i BEFATPEPBHSVRIPPIONEOHCEICNACKN N Conpr essi ve cappi ng
| ayers in disclosed enbodi nrents have additionally been determ ned to enabl e

an under | yi ng | ayerThsffosiatipe oy gipt filiipsitiepnineiderlayes e msldcsddersieacssi | i con
oxi de | aygfiyards cracking is described. The deposition involves the formation of a flowable silicon-
10 containing layer which facilitates the filling of trenches. Subsequent processing at high
substrate temperature causes less cracking in the dielectric film than flowable films formed in
accordance with methods in the prior art. A compressive liner layer deposited prior to the
formation of the gap-filling silicon oxide layer is described and reduces the tendency for the
subsequently deposited film to crack. A compressive capping layer deposited after a
15  flowable silicon-containing layer has also been determined to reduce cracking. Compressive
liner layers and compressive capping layers can be used alone or in combination to reduce
cracking. Compressive capping layers in disclosed embodiments have additionally been
determined to enable an underlying layer of silicon nitride to be transformed into a silicon

oxide layer.

20 Without binding the coverage of the claims to hypothetical process
mechanisms, inclusion of either a compressive liner layer and/or a compressive capping layer
is thought to stabilize the flowable gap-filling silicon oxide layer during and after subsequent
processing. Flowable films may require curing either as a distinct curing step or as a natural
by-product of heating a film stack including the gap-filling film during subsequent

25  processing. The gap-filling film is typically reduced in mass through outgassing and
develops tensile stress. Such a layer may be referred to herein as a tensile layer. The
compressive liner layer is thought to stabilize trenches prior to the filling of the gap with the
flowable gap-filling silicon oxide layer. The presence of a compressive liner layer and/or a
compressive capping layer also may serve to physically adhere to and stabilize the gap-filling

30 layer. The physical curvature of the substrate as a whole may also be mitigated by the
presence of the compressive layers, reducing the curvature imparted during curing of the gap-
filling film reducing its tensile stress during subsequent processing. Additional details about

the methods and systems of forming the silicon oxide layer will now be described.
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20W t hout binding the coverage of the clains to hypothetical process
mechani sns, inclusion of either a conpressive liner |ayer and/or a
conpressiweo 20upEpseg | ayer is thought to stabilize the flpomalsh@oysys4$illing
silicon oxide |ayer during and after subsequent processing. Flowable fil ns
may require curing either as a distinct curing step or as a natural

by- pr oducgxgfipieatiliddd oxide HomhsdAGkodelek udi ng the gap-filling film during
subsequent 2bprocessing. The gap-fillTing filmis typically reduced in mass
t hrough out gassi ng il i

referred to herein ngqalg?\éﬁ%?@% ﬁl E({ S%p% 1?%%%@4 I nerak@ Sﬂ%?s

t hought t oxig¢ lmsd aczwdmgmmlmiupqmtmf th@lnvhmem 1Th¢ mgthod l(ﬂ(]wclgd&ps damsttinghe

fl owabl e 0 xi,de. | e 0 essive

i ner | ayg I§1?1 ond(?xulienlgler 1a ercoé/r}n@ %enélgb%l;{sma ?g@gﬁﬁgl @gﬁﬁfﬂoanasu Ptraﬁ E’Fz’ physi cal I y
adher e5t oHEPACEDabail ¢éxzmptahemgtapd bf ﬂohmmg a3Dicbay-ade laSFehedeflyesahmals tedsitevat ur e of
the substrate as . Wnoe als .ti gated by the presence of the
compr essi VBN aPEFlY 8RGeTHG R PR Ry BE sarPad CdlsPoNiE diR Gy of ¢ he

gap-filli ogek hieﬂibﬂﬁ&ihlﬁben@eﬂ Sg. IP@@}&AB @ PSC VDS fihhdce BgidS Mo FeaLBBbiliBsOCessi ng.
Addi ti onal det ails about the net hods and si/ﬁ?tems of formng the silicon

oxi de | ay@FldafImpressive HBingdwEr Vil wouldbsnikrly eﬁe?tiveéhmébﬂ% thesfoRatiofn
Pr Ocessesofcracks in the corﬁblgted Elrh Stadk éqdr prah@f&uomvuuﬁggfﬁ@tﬁggﬁ e SilRRACH.N
met hods 100 of nak |ng i con oxid | ms according to enbodi nents of the
i nvent? onThaemnpressive nm@@aﬂeh@m@lé%b@%bwgummdggrawgublyuacveﬁetwf tehniquesr | ayer

by hi gh- dﬁl@ﬁl‘dh% gﬂﬁlﬁ%% P¥EVOIPB: ﬁﬁ?an@g&%&ég%ﬁlg ei'c‘ pP-CVD i's an

exenpl ary net f formnga3| |b|tsten5|le

stress especially | i he suhstrat. oS
deposi tion pr ocessuﬁlﬁmﬁ%m(21 lop Hlﬁﬂlla%sepmw ge Car%on%%wgco%ﬁ% S

furnace oxdactéyn chembeariont ke (Salr‘tbdnCﬁDER: sﬂi@bﬁipreemrrﬁ@shey&)r kxamhpig alsaicer- awhl ch
woul d be sjmlarl effectlve &l\h#nhl b|t|n the formation of cracks in the
conpl et ed™ OB E %ercﬁwﬁa andrgy r8$qnd%£7?°ﬂfb‘ BOF f NGPHEREPHG-OF-WHRSET | m st ack.
10 Thes copgitasish pRchkét Nfordgd¥Rdr cliBys 8t $8c0RPréeltsbGOBpatifid dARpEs OMAely a

vari ety of techniques i nc|uding HDP-CVD, PECVD, LP-CVD and using a high
t enper at uPECYERTHBEE include silyl- ammes'ﬂ‘@ bt NG INGiIFHs hetndiNSiHidtedBieovi di ng a
car bon- f r g@eSdili-EAR LT BLW $-ahRe@mhEBE QR vilhaABEbnat Qdses HREMERERAN-f r ee
silicon precurSor may be, for exanple, a silicon-andnitrogen precursor, a
si | i con- apdTiyRIsSgERCYE getgs. 90 botho Exampley ofdbmthaictaddigieral aprgs mpr mséela Ho,
15contain r ecu , r Speci fic
exanpl o5 S VRLEEHENl 1 AR SLIGE FLATRER Sl al ik e A FEMRS i T

HN( Si BB) Zalscamdlultilé 8laHSISiH4)aambctgal<mermemusddlvyithcamrmélson Clémsl@(sﬁi{sl)sylhydmgnles may
be m xed le h%sddl o'rﬁ@r%l erg@ tﬂ% Jey. act as carrier gases, reactive
gases, Yot es She’ é)se addis§onal gases may include H2/ N2,
NH3, He and Ar armn Lher ases. nrgla of car bop-free sﬁ;ﬁl i con
precursors may 20al’s§ Yeakriaes f?%@r@gv SPEHEFd @ B on B i ¢ h

ot her sil i 6@NMTHcGadeal-n¥oRbiBeSirsorRYAPOGE Plasma effluents created by exciting a

nitrogen-containing precursor in a plasma and exemplary nitrogen-containing precursors may

25  include N,O, NO, NO,, NH4OH, NH3 and N,. The radical-nitrogen precursor may be a

nitrogen-radical containing species that was generated outside the reaction chamber from a
more stable nitrogen precursor. For example, a stable nitrogen precursor compound such as
those listed above may be activated in a plasma unit outside the reaction chamber to form the
radical-nitrogen precursor, which is then transported into the reaction chamber. The radical-
30  nitrogen precursor produced may include one or more of ‘N, ‘NH, ‘NH5, etc., and may also be
accompanied by ionized species formed in the plasma. In other embodiments, the radical-
nitrogen precursor is generated in a section of the reaction chamber partitioned from the

substrate processing region where the precursors mix and react to deposit the silicon-and-



(e.g., H2), and/or nitrogen (e.g., N2, NH3) containing gases. A
radi cal -ni trogen precursor nay al so be provided to the reaction chanber
106. The wadbtizl498mt r ogen precursor conprises plasnma ef PChasee00625as ed by
exciting a nitrogen-containing precursor in a plasm and exenpl ary

ni trogen-contai ning precursors may 25 include N20, NO NO2, NH4OH, NH3 and

N2. The rﬁﬁbgéibﬂﬁ%h@@@?mﬁbﬁ%u&ﬁﬁ&(@E Qﬁm&nﬂh&BP@%ﬁor@Héﬁﬁcapﬁﬂbgmnlng
speci es that was genera ed outside the reaction chanber froma nore stable

ni trogen picedsirdeyy. alodie aeseaimsnied by a seraip gos fiqhras JedrogindEak §duns sitpound such
as those listed above may be activated in a plasma unit outside the
reacti on chanber t dnflermadihe clnaamiec dlhe-umickqigd emrbpr-casiBam prwtuirsohaﬂdsthdz hen

transport el reaction n? r.adi cal-.30 nit recur sor
pr oduced rr%/ca?rﬁlgrp%e&l é)recHrsor ?nx an reac tGO (ﬁposh[mlhcoRlﬁEd nmio en cont é]glrll%ﬁ a? 1o be
acconpanlmddbmmnmnmmﬁdm&peﬁmeﬁt&ﬂﬂﬂﬁﬂnﬂﬂdﬁh@spﬁﬁ&ﬁﬂkmkmxomhamcbﬁ%@@knents

the radic nitro cursor ectlon of the reaction
chanbor palBPurERTE Bt HocSimettSles ThPeRE L roRGeron g &t he
precursor gaﬁﬂwmgasamrq@a@gucﬁ@sﬂbpqwm Thetr&ichésaRdy aRela heiphttah@gedih kiayer on a
deposition substrate (e, a sem conduct or maf<gé The radi cal - ni trogen
pr ecur sor 47fHy aa|a§t?ctbféﬂ%§%>rﬁ§énﬁf@bghbgp the width {igp HyWa thatspicadicayidr Se (H2)

helium efifan 1:1 (c.g., 5:1 or mord,®: L §Endr83CT biGHoieh@IMBEMmorel 8¢ oHRRXS T §.8Wr fRFHON-f T ee
silicon precursor and the radical-nitrogen Efecursor mx and react to

deposil® alkillor mert- &fid.onmprcogfen hm@IWlmtmes b MgbriFSisiduc thepsdlizep idtBubst rat e
108 wi th trenchesod bR 90 hid b bious Y5 mco?iesl ;ﬁ;&ﬁg@ﬁﬁ 8 nfll §5 hiGu dé nth0 Fill

wi thout formn v0| S or seans using |ess ms prfoduced wth
prior art23apf 14 ihmge.rechni ques such as HDP-CVD. The trenches may have a
hei ght and wi dth that define an aspect ratio (AR) of the height to the
width (i.e., HW tihdikeasosiegtivrfal AN nytrige i) fitdhahe de:p&m(ee siicon-idl or

nore, 6:1 nore, .7:1_0r e, .81 or mre, 9.1 or 10:1 or nore, 10
11: 1 or mBiaEeTeonpinge il b gpvably c&%rﬁct%?ﬁys illgSiniclodIPhata g ARPS o due to
snal | 1gaptrmc¢l&mmoh@t stf@ag@ JultReagHbn QRfaBNB 1t Re albOtlte. 28:A1NcORe hRESs (€.

about 90 nm 65 nm nm_ .32 nm 22 nm 16 nm etc.). Unllke a

convent i ofayaRe:|if @8 rffl”rﬁat’sr Wt&léhleks@wt)ratﬂqwWﬁhowrréeaaléaagudﬁ gigveak seams around

si |'i con- apgdnidQaen QARE AhRHNY Fol LIRS ah&ﬁ%‘éﬁ'ﬂ% Bow AL Afalcpind iS iés§§ke%l {oowi ng
it to flowinto narrow gaps 15 trenchés and ofher structures on the

deposi t i opreguRrdy elogfhetthpofsthhsan befae itBeeumumecly fidled aYlkis miag help swerdies,ori t  can
fill gapsthﬁQ&Q%Q@r%ﬁﬁq&%mF?{mgﬁn&ﬂéQﬂﬂ%gﬁ%eat'ng voi ds or weak seans

around the center ng nmateria or exanple a depositing
U SN N A R T T LR
which r erTB(brﬁlpdanttlﬁl eherdepaited Hfm. tIRE cgample %Bb@ositb@ﬂmbmhy hyvermylanac-type, at
LgfséxéﬂpggN %@8%? Ehzﬁgﬁnﬁrﬁ%gﬂﬂg\@% ot éese%t Arapikpas backbone
(i.e., a SblyMelof tHeMlazafd @PabWhtA Yoth B sBlcdR pFeegtidrtand mrfacﬁmrnttrdge@ ned

precursor are carbon-free, the deposited silicon-and-nitrogen-containing film is also

25  substantially carbon-free. Of course, “carbon-free” does not necessarily mean the film lacks

even trace amounts of carbon. Carbon contaminants may be present in the precursor

materials that find their way into the deposited silicon-and-nitrogen-containing film. The

amount of these carbon impurities however are much less than would be found in a silicon

precursor having a carbon moiety (e.g., TEOS, TMDSO, ezc.).

30 Following the deposition of the silicon-and-nitrogen containing layer, the
deposition substrate may be introduced to a oxygen-containing atmosphere 110. The
deposition substrate may remain in the reaction chamber when the oxygen-containing

atmosphere is introduced, or the substrate may be transferred to a different chamber where



pol ymers of the silazane type. Wen both the silicon precursor and the
radi cal -ni trogen precursor are carbon-free, the deposited

si | i con- ama@-2nitfasegpen- containing filmis al so 25subst ant iparius2@iankzsas f r ee.
O course, "carbon-free" does not necessarily nmean the filmlacks even
trace anmounts of carbon. Carbon contam nants may be present in the
precursor tm&?%énadoﬁta{nlﬂ%t athbdplete REIroMRYd.| TH XY B -ERRASAE Rfhosphere may o
silicon-and-nitrogen-containing film The anount of these carbon inpurities
however ai€lugfi@Re PTeBaye PRYEASN GRRIMAING @ases siEd ap modecylipl pvgen e @apdP:havi ng a
car bon noj T, : 3 I | t:bon of the
silicon- ahﬁ{eﬁ?’é ?’68@9 Lﬁ%ﬁf#ﬁg&?@ﬁ%@%ﬁ%@% ?%ﬁlt %ﬁ%ﬁ%ﬁ@é&%y be
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may repaip. i L] Qn [ Wh X - cont ai ni phere is
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wher e t hendotxangemted antd diersubsratichmsipdre fans oS oxygtin-oaudeidg sgdees may also be
oxygen-cont ai ni ng at nosphere nmay i nclude one or nore oxygen containi ng
gases such¥&nol ecul ar oxygen (02), ozone (03), water vapor (H20), and

ni trogen-oxi des (NO_,2 NO2, etc.), anong other oxygen-contai ning gases. The
oxygen- cont ai ni ng at oS pEREreniHneAReSHhRE PRYAICS QHYEEA o epnyert e allio®y dr oxyl 5

speci es sEedniase A BMamiMB AR silikhdxRKigRS) i 10. elhotedih@lioddRY thRe
generated renotély and transported into the substrate chanber. |0ns of
oxygeh0 cokiclphéarpngp gsisdsorrayd-aitrogeroniginergeiphm results in significarntfyj gewer pores
oxygen- copf Al e AhdTR; FRY | HRS LAY fibn fMneal i

si |l i conand- n:e('?rnogeen %n@%ﬁ%ﬁ%ﬁ@?’l%ﬁi nt %%?E%em Inf%%ﬁgéél} %e ?esall gfﬁdufc?(i m 110.
As not ed py depiositisg y flowhige dificdnagki-rifrogsarcbataining filinend coivedimgansitienn axodgen
containing filmresults inssiagnificantly fewer [.eseforr [ he final

S 11 con o crgoRerE bpiEnk BBk il LSRR ates oo B RS AT E e B RE M tc e
by deposi tenvgrsinfpraassbihe sshstrite osmmndum intay ogen fioandbaltisng té abom Ared°C

converting to silicq xi de a po to depositin gl qwabl e

ST Con. afiet onfubASED Bab R PRt Bai 300 Ry pechg b AL LR on

Eg ?cess, it 8@09% z[bgtl@(lé)eﬂm g@tggwagaw)r z«g%%nﬁdagm mbgglgré%@gwmﬁgggtc 1180C
e.g. , .about , about 0C, about 4 , - about ., about , about

700C, aboﬁ}fg%ﬁt?@gh g@o%xﬁbogo‘éczo?é%d?“)fe@w p%%té.eatﬁreﬁtﬁle%%i@m(%@ié{ealt Pe vol une

reduct i onyingrvidd Bitin ROIAER thf f&m in ARQVAP ad 2 r&@k oP/MOShrln®HD)sillcBn B¥igE.dinpost

heat treatnment steps to fill, heal, or otherwi se elimnate spaces that form

in the gapn embogdimens the capversioa maxoCek Y osharts.c G By ree conyeraen @abodi ment ,

the CofvefiaDa RY cAfEHfurd BrohWeuB R fnfiatcTHEoLRi T lovkABY St BB

include a | ow tenperature ozone cure to Initrate the oxidation tollowed by

a hi gh t eaperlan an exypeneattainmggnviodaygen- cont ai ni ng envi ronnent .

The process of Fig. 1 describes a process wherein silicon oxide is forned

by first depositi ngrhe psodessadFidlil tde@pibes- Cooteas wherginlsdigen oddédisttherrddonverti ng

the | ayer .i nao sili co.g oxi.ﬁe. I n ot her1 enbodi nment s, Ihﬁ1 ge}%osi tefi filmis

created byhIePRNiRGR YK GUROPECRRINe 18T ABdlh POy CTig Fh YA IS et ai ni ng

pr ecur sor oxhé.Cia Jias cMbbdiear tXepbe@d Bym & PbASIBY: a rhiicaldapesi gredhrdot | m woul d

then be a sil.icon-and-oxygen-containing filmwhich may experience_nore
shri nkage cURINRG VetiBSaPeBRPN BN BEPESTIRET Whikh Atsatpt Dicprxéited by cedsmpntbt vi ng a

si |l conangdedakitddGasnv G OMneh Bé DG1ibdn-dRd-d=Y EHPLAfni £ AHRORHER Had B Mndy €CUr SOT
whi ch does not pass through a plasma may include TMOS, Tri , TEGCS, OMCTS,

HVDS, TMCIPRIC sijTege dgingaviPs,quarniBiockiyDgeoand & ity mpseessTh yinglh gkiferoxy gen
precursor arﬁf?ﬁm%e%@c%n&ka Exemplary carbon-containing precursor which does not pass
through a plasma may include TMOS, TriMOS, TEOS, OMCTS, HMDS, TMCTR, TMCTS,

30  OMTS, TMS, HMDSO and/or TMDSO. The radical-oxygen precursor comprises plasma
effluents created by exciting an oxygen-containing precursor in a plasma and exemplary
oxygen-containing precursors may include O,, O3, N,O, NO, NO,, H,0,, H,O and NH,OH.
Cracking in films deposited in this manner may also be reduced by using compressive lining

and capping layers described herein.



effluents created by exciting an oxygen-containing precursor in a plasm
and exenpl ary oxygen-contai ning precursors may include 02, 03, N20, NG

NCO2, H202yvora0/@mboNHAOH. Cracking in fil ns deposited i RCThiSS0wmmTes nay

al so be reduced by using conpressive lining and capping | ayers descri bed
her ei n. Enbodi ments may include nultiple heating stages with
di fferent tenperat Ui danch:AhPRRNES BSitiplca®pdewitR diffebht teh@&tatdil&; stage
may be performed at a lower first tenpperature in an atm)sPhere

i ncl udes gtdeHmPENRLEY. Foitepmaply, asfésidivatinedage mpydeRgeormed abeloper fiest rred at a

hi gh

Ssobet ant I s FERERAHESakD s BRI FOT Al Wl ORAD S ) 60
conduct edpérforaicd - logley esvondtemppmiwmginat drp sxirpen-eorfteingg atndesphd@ whids,  Ar,
etc.). 5 substan‘uallléfc%ckggvf %IE @Asp%g R%{({ﬁ@&g Ill%%%)g%f% S stoq)%rcoﬁclu%% r?& %101{ 3 a/%hﬁ) wn

illustratin I'n ne rmng a silicon Fde fi
in a trencdntaamngaﬁhdsphdr@(e@rmbﬂNmm ar,afic.X he | nvent| on. The nethod 200 may
include transferring a substrate with surface trenches into a 10substrate

processing regi on. Rdt@rihg BHRE RES rmun&@eruﬁmhmsdh&ﬂ:zraulastfamg sdagddng:pand
structure of device conpanents ,.transistors) fornmed on the substrate

The net hott Rehodsrop éﬁégma%wamgoxadecf&muaﬁ t@?@eacgwmngwra?%?}?%? e a

reaction GRefRA! T%Q&ethGaab@ﬂla§ [RE1S krhh FGANPE S SO GHh VR e HeSGds Hesh | N
conjunction with Fig. 1. A radical-nitrogen precursor is provided to the

react ilon @F@éﬁﬁﬁeprozmnaﬁeg@ms clhictysachgp miay b@ﬂ@déthélétatedhﬁngcmg andagaictyre of15
al ternati M@vl%@a%ﬁlbg&&té gl AU & p)' {3Eh QACh O té’”?ﬁ% qu@rd?aﬁ'd egontai ni ng

precur sor i cal “0xygen precursor to o m a f
silicon- ap@vmwhmrftemsmcmgplfemrmrMa chactanchembériiog. C@ﬂbamfmeslycomr e

shrinkage Ide llirlsoqgwglueb e?.'?’:gc'lq c%l Ca?t? %Fl 1. Aradlcal-nltro%@'n Xprgcu GS% oI free

silicon pPecursor rog nprecursor réact to
deposi t apffolvmmatml the mal:tlcﬁmhalabd 204 by dngaﬂbedosnﬂlaeﬁerdnge fblngT'IlOI’Agahlle deposi tion
substr ion 206 | owabl e . filmfacilitates
Che i1+ A TarvE REDSP R BVPbe BN P DRl s St Be PR PP Ie ¢ o
conpl et el ydfdal-bxylgsn p@cdresso fdn@wfbiwabfelsilmsnaﬁ@dxg%eﬂcmtalhln@ Ifil:@ fwhédht may
gapfilling techniques such as HDP-CVD. Foll ow ng the deposition, ozone is
flowed i nPERHEIAEEY Moshshrialies ARG IPRAUSHIPEIP#INg i s heated to a relatively
low tenperature to initiate the oxidation and conversion of the

si | i con- and- ni t r ogekhecempeilisk sigjodr tragurser endsthi radénal-eifrogdndec2soper andi on

207) . A coupng ﬁéd ¥1‘? 2 ARRRIDGiibGY Sld- 1&0% tgﬁﬂl%%ilﬂl%‘ﬁ tﬁé’%@o&%&l &%Etﬁa‘?e f iim
whi ch contarns silicon, oxygen an y ni't rogen
deposié a(qpalpp'bmgoﬂ)a? be flowabds natwnpf ‘és flilm dacglitatad the lﬁﬁmtg@f thepodide tIGIIChMS th
HDP- CVD si of .depos td f Fi 1. The
cappi ng | a)ﬁ?elil juil ng ervwse g?&?"h)cugkoe co etel 1% ngﬁlesrs1 flo :blg rf S roguc 6 ,Ex%th
trenches atri& alrtagagﬁllhylg tdchhigaks aﬁcmdea)R)divﬂn Hoﬂiotvh@ th at@emon G‘mmneﬂ@vede
capping | 81.1¥§) {hg realétlon region and the substrate is heated to a relatively low temperature to initiate

the oxidation and conversion of the silicon-and-nitrogen-containing film into silicon dioxide

25  (operation 207).

A compressive capping layer is then deposited over the cured film which
contains silicon, oxygen and possibly nitrogen 208. One way to deposit a capping layer
under compressive strain is to deposit it with HDP-CVD similar to the method of depositing
the liner layer of Fig. 1. The capping layer may be made thicker than the lining layer since

30  the trenches are largely filled at this point in the process. Compressive capping layers are
integrated into the process flow and may enable the use of a thinner flowable film due to the
additional material provided by the compressive capping layer. In some embodiments, the
trench is not completely filled with the gap-filling layer, in which case the compressive

capping layer fills some of the trench volume. Once again, other methods may be used to
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integrated into the process flow and may enabl e the use of a thinner
flowable filmdue to the additional material provided by the conpressive
cappi ng agenir/d4psogone enbodi ments, the trench is not cecplustebpsisus | ed
with the gap-filling layer, in which case the conpressive capping |ayer
fills sone of the trench volume. Once again, other nmethods may be used to

produce th(?d&&r’EH’é %@ré’s@w@@ﬁ%ﬁﬂg@la%@Y E PEEVD, TREEVD, fukReCYBde i AAGSuIOXi de)
a

whi ch wou be simlarl ective inhibiting the formation of cracks in
t he conpl bt ggnilpily ﬁﬁf@tlaw igfubifing tha dernfapn ebfrads dhhe sompletedfiln pack durigst ack.

The conpr Doy a
variety o?ﬁfggﬁwﬁ’Eggﬁgﬁ%ﬁ%%§%g?%%%{q%EP&B%%%%%Q%E?%%%#%ﬁﬁgégﬁgjusing a
hi gh t enpsltieanuritgide gravade. a variety of techniquasatdlelingig DPHEV ASPEET . [dhCD ande

conpr essi eposition substrate may be introduced to a
oxygen§co§ alﬂ$ghg EWﬁ%%ﬁg?gqgfg Again, the deposition substrate may

remain in the react n ch r wher e. t he oxygen-cont |n|n t asphere is
ntroduced, or the Kl Bgftnrgi@m b e R e T s et B ber

where t heswsweﬂray 10 irkRBLRH Rd mx;ﬁgtaﬁr@&nmﬁlg atnSosp & DT CBEhin, TRQicposition
oxygen-cont ai ni ng at npsphere is as described wth reference to Fig. 1. The

oxygen- coMtPairHF AGY SRR BIHB? BAgog M BRT SSyhe Pty sebitarias EWOSBISHGBr si on of

the silicomoaidd NirikCA8RratORPhtddGrcfrbd 19 d e dhhBoh vaxIdRe 0y geRNVer si on
which was initiated during the cure. The conversion has been found to

proceddl dewiiniag pimospheesie miwdagedt e evrgsnseyhivmeetpphric Isay describpsavitihg t he
cured sil ¥?8’an%%1¥%'. I.r%e& Qﬁéﬁkﬁlﬂga&@a@aé Hovia rbx QS@orﬁ@@Ee% I ng

at nosphere again fornms a si'Ficon oxi on t strat in the
substratecgapmmmhéﬂewﬂkomﬁmbnmuemiam@mnmaéhﬂeMemhwmme@ﬁandmwe@snv@kmne

reduct i Onwt shl?‘n ia edrgurn‘:il t che ”E sion has beCe%r oun t(gﬁ dncfe Ql% %Iseﬁor s that
have S|gn| | can quan |es (0] car resent a er e heat

treatnento&mepnmﬁenpmesgnmgmyMﬂEhgn@awemﬁabﬁh&mgmdhnﬁmﬁnmmmnmﬁg&wmencapping
| ayer ' e conbi ned,

of Fig. 2 di scl|.osed to f er
b ot el et PRiRe e E SOV e Salen oxdk TRef ol e siusgtahd WSt O,
fl owchar t sitkstrats gaipatThagﬂﬁzsﬂl egitlety&thap fevich parddiddi leR abluaxesqlcasy thaetihogs 300
of making a SI|IC§ e filmaccording to enbodiments of the invention.
The met hoJ¥Cr8HIMCA Hith ¢ a’éﬁﬁ%tillﬂnﬁé’“‘éu@?lls ithad Ravs,o g it fuiantytisy gf cagkpn

hi gh- denseyenPras By & \derd-ERhEN BeatinBst M Qﬂrﬂp’i‘és@lv@ QRing gy@ﬁsrof FRL hegs may be
used (e.g. PECVD, LE CVD and_ 25f urnace oxi de) formthe conpressive

i ni ng | ag@rPipysbicarung lnecraph g rampx oo ‘F?étbriiﬁésmfdéﬁdf?ﬁ%ﬂ W?ﬁt@lﬁ teefurthaii ng

| ayer »§0 ﬁﬁﬁk§gﬁwﬁ%£mﬁﬁ&§gg%ki dfksracking during and follow ng curing
and heati steps later In th 9%rocessmg sequence The met hods 300 further

i ncl ude |ntrodUC|n a SI|I cont ai i cal -oxygen
brecursor i nto a sdbecrarkl SERCLA DL AGRE SRUT Vol BheRieBl S en

pr ecur sor metpdOE0gE Iﬂt&lﬂ(ﬁatged;llfwh skide ﬁtﬂ‘i] @copfcﬂlgm e@¥bdiments of the invention. The
methods 300 include depositing a silicon oxide liner layer by high-density plasma CVD
(HDP-CVD) on a substrate 302. Other methods may be used (e.g. PECVD, LP-CVD and
25  furnace oxide) to form the compressive lining layer provided the alternative methods form a
compressive lining layer to assist with a reduction in cracking during and following curing
and heating steps later in the processing sequence. The methods 300 further include
introducing a silicon-containing precursor and a radical-oxygen precursor into a substrate

processing region 304.

30 The radical-oxygen precursor may be generated outside the plasma CVD
deposition chamber, for example, from a stable oxygen-containing gas (e.g., molecular
oxygen (O,), ozone (O3), water vapor, hydrogen peroxide (H,0,), and nitrogen oxides (e.g.,
N;0, NOg, etc.)). As with the methods of Figs. 1-2, mixtures of stable gases may also be

used to form the radical species. The radical oxygen may also be created in a separated
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deposition chanber, for exanple, froma stable oxygen-containing gas (e.g.
nol ecul ar oxygen (02), ozone (03), water vapor, hydrogen peroxide (H202),
and nitroyoerrooxi4eses (e.g., N20, NO2, etc.)). As with thecrashad®s1318 Fi gs.
1-2, mxtures of stable gases may al so be used to formthe radical species.
The radi cal oxygen nmay al so be created in a separated section of the

reaction ¢hagbefhahabtidn AREBLrHhRbAdETHY BR ik B ReQHH Bdof e@iteR. | n that
separated section, the stabl e oxygen-containing %as is excited by a plasna

renot e fr epREakd segiiont thastablp pﬁcg@wplﬁgmmé@iaw exqtvd Dy amiasep sematafondie

apertures r
S PI i con-c %%?g?tgﬁ%égglrn g ?{?‘? sn(r) ?lqletsf)glitl?]lt Ir1 0 P@Zf g% %]1% i o ?ﬁ]ggg%tgbass tar ate

pr ocessi nghometficathhereoinavoi d pl asnma ex0|tat|on in dlsclosed enbodi ments. The
silicon- containing precursor may include organo-silane conpounds i ncl udi ng
TMOS, 3Jri MOS, TEOCS, THOMIES)- cbﬂi\zﬁﬁing PMCTRYr 1T MEDHceOMES;tly TMB theasatsttdMDSO, anong

others. The silicon-contai nij recursors al.sq. i ncl ilicon
omounds Perin S 18 xar Bl BlER DGR TR S BE BT ¢ he
deposi t edcanrdififg bickisdrsmay 1da@@dor ot aihd dompodmaqmudmgemwomww al so be
used such as TEB, TMB, B2H6, TEPO PH3, P2H6, and TMP, anong ot her _boron

and phospﬁgpédQNﬁgﬁéﬁggDsﬂ@@gﬁgs]ngsd@ggsbgkﬁ%@@iﬂWDﬁﬁéaﬁ%?%%@@“d?@%ussed

wi th ref eggasecdnuidih@precuksots mhy alwﬁlcru@@ﬁhe&lrboﬁl@aimﬁ khat hA\@ rdickiveRuBT ecur sor
and the radi cal - oxygen precursor 15m x and react to deposit a

si | i coh- apusilensy deHansoeie alfrthWqueﬁpéﬁef ke ischegssd pxidnfion idepanapeEc@eBs wi t h
trenches foraRgyl ﬂsehtsﬁchsag'ﬁ'fE%c%l\%Bﬂﬁth W?ﬁ M, R %?Nﬁ’ %ﬂh&%ﬂ&h&%rw dt h

that define an aspect ratio (AR ‘of the héi g At “t6 t

that is s algmlfosw@muls ylopanesa tDmpanth enay alsd b¢ eseg in thg nicthords diseussedBrith referamoe e, 7: 1
or nore, §]% re, 9:1 or nore, 10:1 or nore, 11:1 or nore, 12:1 or

nor e, etc‘ﬁ gﬁn fany i nstances the high ARis due to snmall gap w dths that

20 range from about. 90 nmto abqut 22 nm or | ess bout 90 nm 65 nm
45 nm 32 nm 22 niif tegeHpn ghagbyr. the silicon Precursorﬂ‘fé thq rﬁﬁiﬂﬁ%&"ﬁ%ﬁﬁl@éﬁuﬁ"f h

t hese1set hedsmdatet todchbbad 4 sﬂléohcawalakyagewfuoﬁtlamafganm thd1@dPotiBod bu@WrdtOI8@ narr ow

gaps or trenches and other structures on the deposition surface of the

subst r at e Vitlrifanghes fgmed Gifsishitfreg dps traehes rnitsglwvag peight angdeyigth that fefEgran

creating Xs%'eéjéatﬁf(A\m%kthe%él @t@'@e RdaHnd, Hh@) ﬁl@ﬂ%@l nf?ifcat{tf}%réa'tér kiaQ et erial .
For exanple, a depositing flowable material is IeSs I'ikely to prenaturely

clog the (ecg; ot ormggpo:bet e, Vil or s10ew il @imedrs: 9 ¢rineqiet 191 @ranae.d vloird in t he
m ddl e of %Rae 1988y more ctc.). In ma Pétluﬁ\é\ﬁ {Ag %{%@%QQ%@ 'tot énga.nl rﬁg{j wtlglﬁs that

si | i con-and- éxygen cohtalnln a conpressive cappi l'ayer Is
deposR@ edrapgefromhbogion |nontnahmd-2a intiy @dess {conab@i i Ohgn.fG5nm, 30 8m, 32 nm, 22

nm, 16 nm, etc.).

The films produced with these methods are initially flowable which enables
them to flow into narrow gaps or trenches and other structures on the deposition surface of
the substrate. The films flow into gaps with high aspect ratios without creating voids or weak

25  seams around the center of the filling material. For example, a depositing flowable material
is less likely to prematurely clog the top of a gap before it is completely filled to leave a void
in the middle of the gap.

Following the deposition of the silicon-and-oxygen containing film, a
compressive capping layer is deposited over the silicon-and-nitrogen-containing film 308.
30  One way to deposit a capping layer under compressive strain is to deposit it with HDP-CVD
similar to the method of depositing the liner layers of Fig. 1 and the capping layers of Fig. 2.
The capping layer may be made thicker than the lining layers of Fig. 1 and operation 302

since the trenches are largely filled at this point in the process. Compressive capping layers
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30 One way to deposit a capping | ayer under conpressive strainis to
deposit it with HDP-CVD simlar to the nethod of depositing the |iner

| ayers ofw®i2gi/d9sand t he capping | ayers of Fig. 2. The eappisagolosses may be
made thicker than the lining |layers of Fig. 1 and operation 302 since the
trenches are largely filled at this point in the process. Conpressive

cappi ng | ay%ekiSoraddl futd M PRl EdW dHdndyBahE LeSSof 4 Wnath Wil MRkt e t he use
of a thinner f%ovvabl e filmdue to thé additional material provided by the

conpr essi {he addippnahgrateaiplarrovifled by the peraRrpsseye spmH lredit & aligmativer | ayer is
v : . Pt ; . i
used w g}ngcﬁ?&ﬁan@% L&Y us@@%ﬁo&%l%%g{#ﬁggola%%dhéaﬁ%gg)grﬁshgeﬁ a lining

| ayer. 5T m st a I's cured in oper n"310 to sone of the

fl owi ng agéhey alliefng layert he film Any outgassing fromthe curing filmoccurs
despite the presence of the conpressive capping |layer. A cure step nay not
be necgssary dependitedilantache ddesliin egkrgiona 0 to @mooé sdnheoffthaddwihig hganst ack.

I n ot her odiments, the filmis cured Ln the course of further processing
whi oh 1 ned TR BT i R e HE A CHE o P PRV GBS R SO ong now £ o
di scuss g%lﬁ;]ﬁradsivlérc@lﬁﬁﬁg la@s. of cutd\ReLRIPHR HE h¥RsdaBy®pSndigasiant egirbder ei n,
conpressive |iner_ |ayer according to djisclosed enbodi ments are thinner than
hal f the RioBEHDI thhidnal filRsRes TnQthsF erabodiments. (thadilpre cwed bt ettt ieyfdeposi t ed

flonabl e Hidn@ f8cdsdifyuvhith thel o1y BBV Jathc3RRing Urtncthbgpess of the lining
| ayer nmay be less than or about” 400A, | ess than or about 300A, |ess than or

t
about ;200A or | ess i ihfe t i e
conpr éési ve lining f@@ﬁ% gg%ﬂg@y%% %ﬁlﬁ gL&gﬁéor{ﬁ%Shorf?% CB r %\?f‘{ggggttaﬂgrgh%%%%%ar y
st abi | i t yhéroin, ¢dnepréssienbhadayanakcardemg thidoklescdtdndn diorenamouthindbAhart Imlfdker t han
or about 50 t hi cker, st h 50A in

i cker than,or out 100A or bout .
1 for ant VRt e RPaRfo R SRRt ErfiEA g AN BB i oy of
t he | oweEI tﬂﬁiré’ﬂliiﬁin%(gaﬂ.ol’mtﬂidlﬂieﬁd omed liﬁﬂ@mgéﬂmaﬁt&.les@@mnrwssduv?omp@h ng | ayers
presente erein V. r atitu an the 20co sive_ lining |ayers
since t helf?&PEatoyt 5008 555 @?%wwd%%ﬂé i ﬂ*aaf)r iut COBSR Aty enches.
Conpr essi ¥ab&aRpit§ OThAHpEes Ry lilg [d)érs KRkt BBk efough @ ifrodiddhetnBéglegy t han

or about 50A, thicker than or about 100A thigker t han or abou% 200A,
t hi cker t Habiligrfornsirenchooamdare tigkenthen qriphont 3o Aathister theroos abputdiops dickax

enbodi Men{@n oMRREF 1d()!ArB.rttl§icl@? i r Elmu? LSS d?ffer&ﬁl%nﬁ@&m{eﬁé.s 'A‘ﬁ? of@RPi Ng | ayer
are typically determned by a particular process flowin
upper limits may be combined with any of the lower limits to form additional embodiments.

Compressive capping layers presented herein have more latitude than the
20  compressive lining layers since they are not constrained by the width of the substrate
trenches. Compressive capping layers may be thicker than or about 254, thicker than or
about 50A, thicker than or about 100A, thicker than or about 200A, thicker than or about
300A or thicker than or about 400A in different embodiments. Upper limits on the thickness
of the compressive capping layer are typically determined by a particular process flow in

25  conjunction with the final thickness of the flowable layer.

HDP-CVD is one method which may be used to form the compressive liner
and compressive capping layers described herein. During HDP-CVD deposition, the
substrate may be in a separate chamber from the chamber used to deposit the flowable layer.
An exemplary deposition chamber is the Ultima HDP chamber available from Applied

30  Materials, Santa Clara, California. A substrate may be maintained at below about 500°C or
between about 300°C and about 400°C during the deposition of compressive films and the
total source plasma RF power applied may be between 5000 Watts and 10,000 Watts

excluding bias power when processing 300 mm wafers as substrates. The substrate bias
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25conjunction with the final thickness of the flowable |ayer.

HDP- CVD i s one nethod which may be used to formthe conpressive |liner and
conpressiweo 20upEPsYg | ayers descri bed herein. During HDPPCVIDSA@posisug on, the
substrate may be in a separate chanber fromthe chanber used to deposit the
fl owabl e | ayer. An exenplary deposition chanber is the U tinm HDP chanber
avai | abl epby@mARRIveREB00dddalkd AdFooSaNkE [FledbbiasRinefsQoRtRte viSubst rat e
may be mal ntai néd at bel ow about 500C or between about 300C and about 400C
duri ng t hBigHEFEEPtsBYE BesTis My linss prdecappingrkry e d Chiabarpether thanthe Bltpraasma RF
power appligpd;, : o : i bi as
power when pr o%?sleslgg%@%g mﬁs\%gl? glra?%gg&slu stlt;rjogl? g@.gln#%h’gwggﬁe%&g?las

power nay supplitre prwensigOObaLPS tathdserg@adivvay sisll itHihgladr Thé squensies s

correl ate w hi C essl i h \per i | ayers.
Cnambers. St P RETRhAERBRRREH KR Rhars Ry bEuklifeg MIRL of0Me SERRAEY,

oper at i oncaotedby thertsasdidt miwea btrerdteromypreabesdidhg Midanl Aswupiptyl of oSy @en- may
sinply be krtlovvn todt..ose f.ordi nar% Sk{)'%l in. %htg art. The frequencies 5
emi tted b§PTHETAAN Bi'RE-REBREPUFENEPA Or SV hE BEPRFGERE "L WM " End t he

fr equenCy]{{@I’i-(CVBdlnEYypﬁd‘a_EpI_Bhﬁtﬁ)ngclp_@élﬂ_BE aigieSiel, alnQhe Wit et tRd3etho laracbtﬁﬁ}r%vl-lz . A
vari ety of oxygen-containing and silicon-containjng sources nmay be flown
into the fjrted‘é‘é{ggi?lﬁ‘dr t@éart’&r{olﬂg%: ihy Mapde eglheboglg,é,?%épn fouttdors incl ude 02
and SiH4. In the event that these two precursors are used, a flowrate
ratiol®or 02: Si H4 g blat siewth mmoproc@d ahile thesybsistedemneraturci9Fl owabl e
f11m gr ovbinieant REARHMbL forl DR GURSIS A BoliRIIPRIA i onl Bn iR Afded at a
relatively ]Iowterrperatu e during deposition of the silicon-cortalning
filnms (whiwhch mcluddeitrngdnrandencabal iorthcomepinples given dwvex dpllesabiy axade fdhove.
The fl owab| e ide. fil si.ted on the substrate surface.at |ow
enper at an bR ies aph e RS EBCSIRY ekl SRR L ALR el kS Rl

deposi ti othe silserageelddsd tk dapogitionc Thidp:dogatmaygnaadd lentioaldiongodibgondui t s

i nside_the pedest.al .shaft a t the tenperature qf the destal and

L Unst Tat ccuBEiE BN R BRa b gk R S b bR e et 3t RROER ana “amout
160C, | essBetivBaababioudeCLEQGHO: 206FS bERabn sttt 0040&nd Bbaat fdoeC el tearbodi ment s.
During gromh of flowable filns, the pressure in either the chanber plasna

fil :
regi on or RWEIQIELF fess Ban pbouedQG g ditEgsns pmbedimpds-hel ow or about 100 Ton,

bel ow or about 50 20 TOM bel ow or about 20 Ton, bel ow or about 10 Ton or
bel ow or about 5 TdPwingigeoywhes dewae filnsethemegssuye inpather thegflasibst plagmdbe above

about 2 TOR T Ay Rl AEi kiR iy BB 8 RE o T o Bl ook e 38, P
| ower 26ouilids, ek reabowtrdi Tved belpwior aboyt 0 Toter bipe or douhdi$omnThdhre pressures
to form additQualif. 0085 oLikiLAbl 6L 85 SMLAR PEGL HL NN Bulisehgsed 25
above or about 1 Torr, above or about 2 Torr or above or about 5 Torr in different
embodiments. Each of the lower bounds may be combined with any of the upper bounds on
the pressures to form additional ranges of suitable pressures according to disclosed

25  embodiments.

The plasma conditions present in the chamber plasma region during the
growth of flowable films (to produce radical-oxygen and/or radical-nitrogen precursors) may
include an RF power between about 3000 W and about 15,000 W, between about 400 W and
about 10,000 W or between about 5000 W and about 8000 W in different embodiments.

30 Exemplary Substrate Processing System

Embodiments of the deposition systems may be incorporated into larger

fabrication systems for producing integrated circuit chips. FIG. 4 shows one such system 400
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The plasma conditions present in the chanber plasma region during the
gromh of flowable filnms (to produce radical -oxygen and/ or radical -nitrogen
pr ecur sorwd 20Hy04pse0l ude an RF power bet ween about 3000 WCans2@boszs445, 000
W between about 400 Wand about 10,000 Wor between about 5000 W and about
8000 Win different enbodi nents. 30 Exenplary Substrate Processin System

Embodi mengsdpbsitife ba&ROSiddufiRg SH:SIbeRBcIRYInE® dilEREP &h@éc@ﬂeﬂt@tlﬂ thar ger
fabrication systens for producing integrated circuit chip FIG 4 shows

one such Sgaeenaroy FOSPsdapropeniemunibeddaody HWRGuRly wbgtrféﬁ&%@%t@% &&eording to
di scl osed; m&d%ﬂﬁa%ﬁwa[féﬂg) Mg%ré LBV & byEoBdtcTarMl 4&4%&8%1%%& O a BRP“' ng

uni fi ed pods 2 supply substrate substrates di anet er
waf ers) t hassusylwldiog aicy €0 bejore bbiog pkaceaﬂrlnw af@af tim dJaﬁ-Ir avwdssingtcbambdrow

pressuge h@éahar{r%se%g oé‘ ﬁ(gg; plﬁfﬁg%na COI’l dm) E}‘g(? gmlt ﬂ{[eosuﬁ)sn rgte%aférg?ro%tlg r

processSing C ers c arm e used to
transporthcblhﬁgar.daﬁt)ﬁaithemt@smgfchmthetm%}cﬁlaﬂimkar ea 406 to the processing
chanbers 408a-f and back. The processing chanbers 408a-f may

incl ude one or nor erte)sdRHirpUNRAPEE 168af OhaydQHeEd driciHP modd Y8R ddghposdilts NY
and/or etching a flowable dielectric filmon the substrate wafer. In one

conf i gur atA GAROSHiRE, 4PAFY S AR PRTSEDE TP el idec e g on hesebsHatgng

408e-f) 1Q1afé?-YInQﬁqe UsEthutRioAaRAPhirs §Mfe frouahl @ha@hb%% R MoSc-aBhEhdRLl on the
substrate, and the third pair of processing chanbers (e.g., 408a-b) may be

used 1® ameeht uscHeo denewis the Elaweble distctric. materiad Ao theerbstraist induhathirdpair phe sane
two pairs h
p 1%fc s@%%%ﬁeﬁ?ﬂep&gl . Qg%)agﬁ ane?fnaeﬁlsed é)oaﬁﬁe Iférth(ﬁﬁgc?dltaﬂactﬁﬁﬁ Qﬁother

configure Iovva ricfilmon the
substr at eponﬂgutaaom,h@ Stamertwlo parsrof@focchalgt@@ambe(re(e@ »40408 and¥04eey mop beised f or
W or LN f, th fi til

confi gur a? r%mueglt? thﬁ e e Egl?cf%%garl a%ﬁowngl d lﬁicmcnﬁlﬁl %](}h gl*b%rge thlg t}(1:eonf| gur ed
t o deposi thnarpdlr@ﬂclanﬂ)efsl(ag/abd)& b:}lnﬁiyfb@tulsed:fof UNmrdnbdahecusiup sf thatlepositad yet

208e- 15 il SilatS P cobGrR o LR RSt oSt e GREDR Yo of the
fl owabl e iRt td Gepovibhddecuse 4 Mdwdabldpditlectad fih %m&u&ga@hmaﬁom@ g.

408a-b) nmay be used for, neal i ng t he, di Iectricfilm t will
20appr eci & @uraflﬁ%ttwaa%}r%qr}@r%ﬁ‘sw PRt orfd 8ot aa%é%iérr@ﬁbe aﬁﬂé%ﬂ ing and

curing chgphatsoshioh ahd OWaRIEEvdhedufiag bf the FlolviBc lcRcCRNVEINR @8 Haib¥r Syst em
400. In addition, one of nore of the process chanbers 408a-f

may be coﬁ@p@f@méahaa@beas (et 4Q8acba M be ustdfarancal me dicediglecte §im. clh ambbe s
i ncludg h éc‘i‘ﬂe& bt %Jd@d’éﬁ@l' c%nﬂgfrhtﬁﬁl% Bf&eg%hhéﬂ 'aﬂnéﬂngéﬂﬁ%ﬂ m%élﬁn{b%%tfoﬂ ncl ude

noi st ure. ments of “system 400 may I ncl ude 25 wet treatnent
chanbers ﬂ@@d}lbdlahdtrlarﬁlﬂtemrepo@%glsuedgyemm@os 408c-d to perform both wet
and dry anneals on the deposited dielectric film

In addition, one or more of the process chambers 408a-f may be configured as

a wet treatment chamber. These process chambers include heating the flowable dielectric
film in an atmosphere that include moisture. Thus, embodiments of system 400 may include
25  wet treatment chambers 408a-b and anneal processing chambers 408c-d to perform both wet

and dry anneals on the deposited diclectric film.

FIG. 5A is a substrate processing chamber 500 according to disclosed
embodiments. A remote plasma system (RPS) 510 may process a gas which then travels
through a gas inlet assembly 511. Two distinct gas supply channels are visible within the gas

30  inlet assembly 511. A first channel 512 carries a gas that passes through the remote plasma
system RPS 510, while a second channel 513 bypasses the RPS 500. The first channel 502
may be used for the process gas and the second channel 513 may be used for a treatment gas
in disclosed embodiments. The lid (or conductive top portion) 521 and a perforated partition

553 are shown with an insulating ring 524 in between, which allows an AC potential to be
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FIG 5A is a substrate processing chanber 500 according to discl osed
enbodi nents. A renote plasma system (RPS) 510 may process a gas which then
travel s twioaagh4ssogas i nl et assenbly 511. Two distinct @as/usag@ploy2sehannel s
are visible within the gas 30 inlet assenbly 511. A first channel 512
carries a gas that passes through the renpte plasma system RPS 510 , Wwhile

a second ghaeael théﬂlés@yms@&, @RS RN sTheTh 56r8@es§§&%@ﬁ%ls Rughey be

used for the process. %as and the second channel be used for a
él

treat nent fi agharnaeléul% bl e areses SZWm%be(eéplt@de%wn@bﬂ@bﬁbru on)

between, B h S50 PRAL bl BBt WUERYSI0N L BRollt Fepfifog, 70 ©2% 11
relative plespergonag@dndier RPS56hmEsBe refdied e acesmogadasiaay st hterhmough first
Channeg 5%’%@ #)éﬂrlf‘o?at&p %@t?on (E]ﬁg edqg LON sh% %rh%g ng?X Q&te%)&ﬁérﬂ%gpg%ﬁ}g‘ pl asrma

i n chanber asna ne or in co The
conblnatlammmﬁZﬁm@nbemmpmﬁsmammeggnnmﬁZUOamﬁhmmhRRSh&mGSaaﬁhmanh@merred to

as a reno asma, system T e perforated rtition (also referred
fo 5o a shovllmaday e SRl SeBbecHamarepr s2hE S R het e Rt B
subst r at esypseaepolaging egiicis 797 Ghikesnidial bwHizaweitdiepetid IS trava oI digabkr553
allows a p|lasma p in chanber plasma region 520 to avoid directly
exciting @'&@B%regwnééﬁw %Hbé“?ﬁ?B‘E?é%“é’P%egﬂ@gﬁ B 570, while still allow ng
excited species to travel from chanber plasma region 520 into substrate

proces8ing region 5ﬁ@“®¢@@hﬁﬁé$h@&wn5$®ﬁW§ﬂp&@mb@dﬁ@dwbgﬁmbﬁﬁhwﬁanber
pl asnma re A st 473t f | ews pl asna
effluentsg%egg??gﬁayﬂg§ aI|%@gﬁ%Fmggﬁgﬁ%ggﬁgﬁ%kqg?ﬁggdégg% SOgreated Wi t hin
chanber pb@smreprs egither gBRE) Qrgatghwghm hlnml;thlasrpa wg@mSQQ tooﬁass thraonghh hol es 556
that trav t hi,cknes t hegd po3 as one
or nore h II ?a%t k! ’Pmu I hog 15%\?\/?1}|1 aéha%eé% t@ %fckp? gaahg“ﬁ % r ScouVFesr@eraa:g%?t he form
of 15a vaples hasrong asmpsunlioasohntks 55 cohick ont & mlmmlmmwmr n taatbripas’s
t hrou snmal | hoI 555 int.o sub trate proces egi.on 0 but _not
it ootTy PR BremguE ot welitrr et et S TS SRl IR R AR han ¢ he
ljenglt h 01;I sdﬁﬁngatg pﬁbés@ﬁg réglcamtod eut B Qiredtlytifie chirhiu gﬁ:ﬁ@@&@i@ in this f

i scl osed_enbodi n order to ain S|gn| i cant tion o
exci t ed sé%vreé%eaggﬁ%ﬁ QP*%&@FW’&HEH‘B‘%F sl h%la%t@'i R %y tﬁr u@h@%& ate
processi nNgsd 8ahi9RiseEdd chibBdidfend. GABERr R2RaiMhint Ger3iBh! @Bl cndhASES Rk ciRd0 Of
t he through-holes may be restricted by formng Targer dianeter gortlons of
t hr ough- hditceiss paGtrptEe oy ghanbepplang tsaios AAersHed@tegmacessiercgien g h thf ¢ he
smal | Qét Qz’n @'E)f éé nglfles{ (,}ﬁgmétgtr %Qﬂiﬁle%%ﬁ%éﬁ(ﬁemb{y lpeeregtﬁgteé %Hﬂ ‘%er . of

magni tude a t e smallest dianeter of hr ough-"hol es 556 or s in

di scl osedlageh ddinetsn pertiomGifthrohgh-kaitsd mar tvas Iﬁtmgh thﬁdmleﬂ@aHSBSLT haay

di stribut Feng)% o?the'l %H%*Pdﬂ&' %fssﬁﬁ&)the"t%?o ighR @§§§§m¥*‘te e SO Al gxy9en.

hydr ogen an gen an l"asma P Such process gases upon
ex0|tat|onmgyuﬂepimsmmManmmaahaﬁmwﬂmm@mhe@sﬁﬁM52@muimy$mb¢dlnents t he
process gas | troduced into the RPS 510 and/ or chanber plasma regi on 520

t hr ough fF@B? MR%¥nel 512 may contain one or more of oxygen (02), ozone
(03),2y20,

In the embodiment shown, showerhead 553 may distribute (via through holes
556) process gases which contain oxygen, hydrogen and/or nitrogen and/or plasma effluents
of such process gases upon excitation by a plasma in chamber plasma region 520. In
embodiments, the process gas introduced into the RPS 510 and/or chamber plasma region
520 through first channel 512 may contain one or more of oxygen (O;), ozone (Os), N2O,

30 NO, NO,, NH;, NyHy including N,Hy, silane, disilane, TSA and DSA. The process gas may
also include a carrier gas such as helium, argon, nitrogen (N3), efc. The second channel 513
may also deliver a process gas and/or a carrier gas, and/or a film-curing gas used to remove
an unwanted component from the growing or as-deposited film. Plasma effluents may

include ionized or neutral derivatives of the process gas and may also be referred to herein as
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30 NO, N2, NH3, NHy including N2H4, silane, disilane, TSA and DSA. The
process gas may also include a carrier gas such as helium argon, nitrogen
(N2), etcwoDhe/mespond channel 513 may al so deliver a preceds2ga®smagl/ or a
carrier gas, and/or a filmcuring gas used to renove an unwanted conponent
fromthe growing or as-deposited film Plasma effluents may include ionized
or neutr ah rfefl-¥akky pRc@bortah@oPs AGRESHIBBSNINEuIBY rcfirS; B8hd fbRicred to
herein as a radical -oxygen precursor and/or a radical-nitrogen precursor
ref er ri ngeanstifupeds af therprocess gat intredieéd of the process gas i ntroduced.

I n enbodi nents, the nunber of through-holes 556 may be between about 60 and
about 2000. Thr ougHakwmbedmssts, thayurhizy ef thronghheley 5 mghbpledwbmtabawteédOnost

easi ly made r .Ihe smal | est di.anmet er . 550, of through haol es 556 may be
ot weon atgieb Rt THGEER: SHmeuR Ea Dt B SeHe Dol ail By

di scl osedreantodhdmemnillsst didnete 566 ofdhsmgh abdlet fibemaybecivooshabout BSmm and
Cross-section shape of through-holes, whi.ch. may be de coni cal ,

ooV s el Gt R0 Conr et 1Roh BRSSP ARSI S o MCa O nol e
555 used fa@itddBld EdUSiRg the IRSs-kddtiOnad sapt bEthRUPR-BERS SiHeh h8JbaRade cOnid@ly be

bet ween about 100 and about 10 5000 or between about 500 and about 2000 in
di f f er ent CEiRHEER! REMEYLINHIEN G Hivdie shages: t Hie nemary of seprkb 8ol558 ieed e bet ween

about 0. 1ifau@d RADe substR prlob&sin®Rglioh 0hokbeBeieenuiut forshawssiead 553
for use with a processing chanber according fo disclosed enbodi nents.

Shower head0®53 betvrerrasuneltd) andiehout REOGInsEs b stnbsdiowntsi Ahedignctspef the
Through- h%ﬁ?h&&%s@&%@%@%ﬁ%@ﬁmﬁ F'.llgndlﬁwﬁfou{ B -diameter 15 (1D) on the

bott om of shower hea a snm r I'Dat the top. Small holes 555 are
di stributed substantj.a venly.over the sur of the showerhead, even
arongst  he ¢ hr ougt fiorad SN Sta gl Tt BaTpElentPa TR X gt han
ot her enboiginitenicodanas dieldsddendbdimeAs. Sk@ngrhauw\s58 corispends metattied on a

substrate supported by edest al 0 shown) wi thin substrate

or ocessi niiorEHREh AT DAL 5%- bRl ons o SED PSSR TRIEREH- ol es
556 i m5 shapgbharRtboReB of HPNCARadb S Nand aSinlal I6OM> £ @idttah NSML1 RIIQCISBSRY arri ving
t hrough the small hol es 555 originating from holl ow vol unes 551. Though

subst r at edisiibeted syhsintialy anlE PEcTRS SubRCERfihpThar e e gyFgrtongst feas . f or

ot her progesRAshoRYSHs dRich UEIpDB prBAdPhBRRel RiRELASNbhAWniREintdAg 9rowt h of
the exenplary film 25A plasma may be ignited either in chanber plasma
regi on 52desgenddicsiiower head 553 or substrate processing region 570 bel ow
shower head 553. An AC voltage typically in the radio frequency (RF) range

i s applied between Ahexcophdufiin iserdacyd oparstibomteSAiponted bhe ppdesiob@si ng chanber

d h 553 to ignit I hanb I .r.egj 20 duri
Gepostt orteomnaTis Bl FeThleBRRE 4 BrURRE BN TRERE i ReRor om

pl asma i nthrough-holes 556 in showerhead 553 combine with a silicon-containing precursor arriving

through the small holes 555 originating from hollow volumes 551. Though substrate
processing region 570 may be equipped to support a plasma for other processes such as

curing, no plasma is present during the growth of the exemplary film.

25 A plasma may be ignited either in chamber plasma region 520 above
showerhead 553 or substrate processing region 570 below showerhead 553. An AC voltage
typically in the radio frequency (RF) range is applied between the conductive top portion 521
of the processing chamber and showerhead 553 to ignite a plasma in chamber plasma region
520 during deposition. The top plasma is left at low or no power when the bottom plasma in

30  the substrate processing region 570 is turned on to either cure a film or clean the interior
surfaces bordering substrate processing region 570. A plasma in substrate processing region

570 is ignited by applying an AC voltage between showerhead 553 and the pedestal or
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30t he substrate processing region 570 is turned on to either cure a filmor
clean the interior surfaces bordering substrate processing region 570. A

pl asma i rweubsligtoe processing region 570 is ignited byPrapaiSgémmsmns AC

vol t age bet ween shower head 553 and the pedestal or bottom of the chanber.
A cl eaning gas may be introduced into substrate processing region 570 while

the pl asnBoitotn & tBS &Rknber. A cleaning gas nl@eSHRRUERL RORIOEER YA Gs St Eh | S
controlled by a systemcontroller. In an exenplary enbodi nent, the system

cont rol | e?7q weilqigeslagmhigmecselitsk dri ve, a floppy disk drive 5and a
processor. The processor contains a single-board conputer (SBC), anal og and
di gi tal input/ out pukhelsobstds,proaesser systemboamttsllany stysmeontnaieor Ingont r ol | er
boards. Various parts of D system conformto the Versa Mydul.ar .European
(W) st anttarvRr er et Fes TRt ETo i i Rl i S S AP d i one: and
t ypes. 5 ThendiMrosdssmndahepatssordeiithing s sinple-tbus computet (BBE)amalvguhdidigiall6- bi t

data bus and a 24-bit address buys. ,10The system controller controls all of
Che act: vIPHEAGBH DpHLSs GUBre AT PGyt hfOR BT BPATeT CHEBLEEE Tyat em

control soMDAgERM dhioeh tb the e NISHUES ERFIPOArAIVINE st i arldRw HacHCAUFIREK i@¥ard; €adabl e
medi um Preferably, the mediumis a hard disk drive, but the nmedi um may

al so be of#Hiérage; Hicontecins dinspsionrand sy Ths VNHotndaid aho dgtiass thekus of

i nstructi QAR hadingladlctif Hen BusThdP24 Blosbaeg vaf. gases, chanber pressure,
chanber tenperature, RF power 15 |evels, susceptor position, and other

f ] - - th
paranmggers of a parl‘ﬂg%ﬁigt%ﬁ F@(t%‘fl@ﬁébn}r&fs*&ﬁroﬁlggg@%tg{s SoE’EhgﬁrH A earﬁlﬁé. on other

menory devices inclu r exanple, a anot her
appr opr i asystedr ¢onepllergycates oydten oswe! sodtwans tvhichtis 4 bempystperproosbredlih er . A

process for depositin i tack on a.substrate or.a praocess.for
ol ean ng SompaaaidpRm Rt I EHER LRy P R S e IR uct ¢ hae
i s execut ady bio bhethdkisdssif ertnoent Tiel daputed fregaonipeltidss spk ofinaracaotahaan be

witten in any conventional .conputer. readabl e progranm ng | uage: for
exapl o, BSBE0NS LBEROTYE ARG CAMbOERSSU SoAaTber fBPETRRPC: & TBVREr 5.

Sui t abf e RROGsaiBepOfositonCAdRN IR phiakibted oFk PakiGulbt prBeesOr Otk donfpur f i | es,
usi ng a
d programs stored on other memory devices including, for example, a floppy disk or other

another appropriate drive, may also be used to instruct the system controller.

A process for depositing a film stack on a substrate or a process for cleaning a

chamber can be implemented using a computer program product that is executed by the

20  system controller. The computer program code can be written in any conventional computer
readable programming language: for example, 68000 assembly language, C, C++, Pascal,
Fortran or others. Suitable program code is entered into a single file, or multiple files, using a
conventional text editor, and stored or embodied in a computer usable medium, such as a
memory system of the computer. If the entered code text is in a high level language, the code

25  is compiled, and the resultant compiler code is then linked with an object code of
precompiled Microsoft Windows® library routines. To execute the linked, compiled object
code the system user invokes the object code, causing the computer system to load the code
in memory. The CPU then reads and executes the code to perform the tasks identified in the

program.

30 The interface between a user and the controller is via a flat-panel touch-
sensitive monitor. In the preferred embodiment two monitors are used, one mounted in the
clean room wall for the operators and the other behind the wall for the service technicians.

The two monitors may simultaneously display the same information, in which case only one
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conventional text editor, and stored or enbodied in a conputer usable

medi um such as a nenory systemof the conputer. |If the entered code text
is in a hwotrolemedool anguage, the code 25is conpil ed, aneCrhs20essisugnt
conpiler code is then linked with an object code of preconpiled M crosoft
Wndows(r) library routines. To execute the |inked, conpiled object code
the systemdds€inpuiMakps. tacRE Bkt @Rd Soreh@H Fhtbod, MR SRARMHIAIh&YStem to

| oad the code in nmenory. The CPU then reads and executes the code to

per f or m t Aesigngier grep @EHE ftguchdensHive mongeih ghhaieucBoimien ¢hapgosftasighbghteteen a user
and the cosbt 6t d il htndcel [HipRABE kol ML oAt odRBLTAE opdidlor e
preferred enbodi nent two m)nltorg re used, one nounted I n the clljean room
wal | for tibthe parksasisivamdnitdre Qshdndevibrshiuall ag hieeyhadrtl, e tdnethsepointing
FeChm §! QQISCOmmlﬁl\}\(;]a% g&l@éet 2% Pé@éd?ﬂs{gﬂh 5?‘(?‘618 gg&l% ndtlo%Pel t‘fé"%{d{[—&gsiﬁ_ [re
information, 1n I'ch case o y one accepts |npu? at atine. To select a
parti cul amostsraenlloy thtwnatté commtiieatopéh dfcoysttrouaitegica desi gnat ed area of
the touch-sensitive nonitor. The touched area changes its highlighted

color, or a new nemk @ed h&tiaeBubisGatel B} BYLApp&OQIbsiAE HGh GORTIRGUL GatisON

bet ween the operator_and the touch-sensitjve nonitor. O her devices, such
as a keyb&4mad theisqae ThGHUPBRhEILSERS MRY Ag2bdruldehehineBond el p daictnel pe
used i nst ggfin@foneéntlaRoRdell Efo@i'fbstaﬁd e, HPUGAPRERSH Ldn¥CondBAbL Rbstlafe Sthow t he
user to communi cate with the system control Iper: , As used herein
"subst® at &b ey ibtheanayfspore ofdufbgraicd cscurist N gop inyint "Rotited bated psused herein

t her eon. : i ] uctor of a
e e G R T
sem condudisgrciagdizgt/onioeizod stethe A@eypey bisechnnatihe ohvoufrawtrageenfThent egr at ed
circuits. eA 92RcH 19 u S tl';r { iotu{a Vg’ltg}l(? }Iﬁ? nlic onl'l[ﬁgtctihehe‘%gh%idn (grg 3 rI{eQes arfly B

wher ei n a{ east Some or rhe gas nollecul es are IR vibratrona y- XCi't ed,

di ssoci at atlgecdizattaliagpeicz@do SVatves froh dpage tmyurfiee areacibinngtapmar afcutano or

nor e gg\ses. Th termttrerlllfh i S usetd %héoughout with no inplication that the
et ched® geBYRMACY SRRU JSEAIGUIA) FAY AU QF 8PS ont al aspect ratio. Vi ewed
from above the surface, trenches may appear circular, 15oval, polygonal,
rectangul ar, or a Vavingdps@rehseysiel enbgsaments, it will be recogiigsd tyghers o€ pkiked
several emadiRAL fariohd mWilikkatRfs, LREAMYZBR R dROSR Qlivakicl nal Be LG art

that various nodifications, alternative constructions, and equival ents nmay
be used whitheuitdepeiee from ghefspioipf the inypitiant Agiditionally, avembsref wepddpwvional |y, a
nunber of g%@étsgési%'ﬁgmnl%ﬁtggﬁg\%%%B@eﬁ%e&lrlﬁg@ to%%%%V%oﬂpﬁnng&g&riﬁﬁé&édrﬂ%(?hé n
order to avol d unnecessarily obscuring the present 1 nvention.

Accor @) ngbsesent heerativoy é cdadimglypthic ebovshlesdrigtioroshobld noabketakasas llinnding thg t he
scope of the ijnyention. Where a range of values is provided, it
is undersfcggao{]%%fmg%én' intervening value, to the tenth of the unit of the
|l ower limt unless e cont ex | early di ctates, ot herw se, .between the
upper and | ower |i#?§earantgﬁatt Vﬁ%ﬁ%g@%&lﬂgﬂ,ﬁ%s ?H&@mﬂﬁé%t FYFNARISFYERA.  Each
smal | er 2531 0%cRekVERR: @&iYofIhAbRer Wah URleQrthd UnBKkY8RIrRAiMakiGhérRid, st at ed
range and any other stated or intervening value in that stated range is
enconpass befweqnige upise andglawyen lgpisy ofithatirange gralgorppecafically disclosed. Each smaller

25  range between any stated value or intervening value in a stated range and any other stated or

intervening value in that stated range is encompassed. The upper and lower limits of these

smaller ranges may independently be included or excluded in the range, and each range

where either, neither or both limits are included in the smaller ranges is also encompassed

within the invention, subject to any specifically excluded limit in the stated range. Where the
30  stated range includes one or both of the limits, ranges excluding either or both of those

included limits are also included.

As used herein and in the appended claims, the singular forms "a", "an", and

"the" include plural referents unless the context clearly dictates otherwise. Thus, for
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smal | er ranges may i ndependently be included or excluded in the range, and
each range where either, neither or both limts are included in the smaller
ranges i swalso/@mponpassed within the invention, subjecPCraSang/052548
specifically excluded limt in the stated range. Were the 30stated range

i ncl udes one or both of the limts, ranges excluding either or both of
those i nchugeth kiffeh® t8r£pBtae 1hélﬁJlédQ%rahty of such Proceﬁ@s dhaeskchgéabnnand in

t he appended clalns t he si ngul ar forns , and "the" include plura
r ef er ent sPiAIES nchderisiree qns o Wr%nrequa%oééndoquéﬁalﬁn@}éhe@ﬁéigowrf ®r exanpl e,
ref erenceyl,0. (AiPERSH addplitdes @ plurality of such processes and
reference to he precursor” includes reference to one or nore precursor
and eqU|vaIents t hef.eof, known,to t.hos £ ski.l.l ed,. ha, and S0 forth.

Al so, the words cdﬁprﬁgﬁwqwg(man§% ngm'pmm%"icllnc & 4?%%1ﬂ%|ng," and
5"i ncl sidedin M&@hwhaedwdnnmhmﬁaﬂmmﬁmimﬁahﬂ&ﬁbﬂndngnhhmﬁnéﬂm&ﬂmimgpﬁmalns are
intended to s eC|f resence of stated features egers onents
o ot eps, MBITBEREFY S GRER eI GES: BOBHES Brgeon e PO G or ot e
ot her f eaws&@e ot AU RIBE 08 onCATRIE BiAE SeatbicSNftegdS; kémp&ien@] MHRSacts, MHAT I S

CLAI MED | S 1. Anethod of formng a silicon oxide |ayer on
a substrag@uﬁbntalnlng a trench, the nethod conprising: transferring the
substrate into a substrate processing chanber; form ng a conpressive lining
| ayer on the substrate and in the trench; formng a dielectric |ayer
on the substrate and in the trench, wherein the dielectric |layer is
initially flowabl e; and
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curing the dielectric |ayer. 2. The nethod of claim1l1, wherein
the conpressive lining |ayer is deposited using one of a furnace, PECVD,

LP- CVD arwlOHDAR/03%D0 3. The net hod of cl ai m PCTfusealo®s2548
conprising formng a conpressive capping |ayer over the dielectric |ayer
prior to the operation of curing the dielectric |ayer. 4. The

met hod of waharm ¢ amignakn the trench has a width of about 50 nmor |ess.
5. A nethod of formng a silicon oxi de layer on a substrate containing a
trench, the method conpri sing transferring the substrate jnto a
substrate processing redt @ﬁth%o%fo%lﬁ%taﬁ]él@%n ?f%l%f‘c]é?é%rloﬁd SEPSSRISEPUARIGG ng a

pl asma prgggmaggnkﬂbgcgm?ﬁg@%e plasma region to formplasma effluents;
conbining the plasma effluents with a flow of a silicon-containing
precursor in t%@E%ﬁﬁgﬂhﬁﬁ@ﬁﬁﬁ®éﬁk%ﬂﬁ@mﬁ®@P@ﬁﬁn&h@m@ﬁh the flow of the

Sil icon-contal ffge RGRHFIRNC lhﬁé%/l'élgér RERMBHENS £ iPhodchliasTa: Forming a
silicon-and- oxygen- cont I ni ng on the substrate and I'n the trench;

f ormi ng a cor‘rpfoersslg\aehéd@ppl lagpr baytersubsirare andén i ieednwherdindky/djelactvont ai ni ng
| ayer; guri I|c n-and- oxygen-contai ning | ayer. 6.
The rrethooily 151q%mﬁ?§“% gr conprising an operation of formng a

conpr essi ve ||ﬂEﬂng@@%R¢m¢hymTO the operation of formng the

si |l i con-and- oxygen-contai ning | ayer on the substrate. WO

2011/ 049800PCT/ USZOZ]‘O/ 051%§48th0d of claim 1, whereln the. c?mrrFegswedl ?n 1% Lm 5 wherein
the silicon-containing précursor conprises a Si g d- ar %on cont ai ni ng
precursordam@uﬂhsmgbasaﬁaﬂﬁmmuéﬁKBHLdﬂp@VD@naHE&dCVDL-oxygen precursor.

8. The method of claim7, wherein the silicon and car bon-cont ai ni ng
precursor conprise ast T ONCTS,  HVDS, TMCTR,
TNCTS, oS, e, - rhso TR e RBEE i e Pt e S TRB T tses a

| east onecapping2aycdByer NRQlicld@ic MR pribPO2he dql%ﬁman df &ihGlthe diclectric layer. 9. The
met hod of claim5 wherein the trench has a width of about 50 nmor |ess.

4, The method of claim 1, wherein the trench has a width of about 50 nm

or less.

5. A method of forming a silicon oxide layer on a substrate containing a

trench, the method comprising:

transferring the substrate into a substrate processing region in a substrate processing
chamber;

flowing a plasma precursor into a remote plasma region to form plasma effluents;

combining the plasma effluents with a flow of a silicon-containing precursor in the
substrate processing region, wherein the flow of the silicon-containing precursor has not been
excited by a plasma;

forming a silicon-and-oxygen-containing layer on the substrate and in the trench;

forming a compressive capping layer over the silicon-and-oxygen-containing layer;
and

curing the silicon-and-oxygen-containing layer.

6. The method of claim 5 further comprising an operation of forming a
compressive liner layer prior to the operation of forming the silicon-and-oxygen-containing

layer on the substrate.
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10. The method of claim5 wherein the silicon-containing precursor
conprises a silicon-and-nitrogen-containing precursor, the plasma effluents
conpri se wonradim@gdooni t r ogen precursor and the method fuPChars2émob2sdes
heating the substrate in an ozone-contai ning at nosphere to at | east
partially convert a deposited filminto the silicon-andoxygen contai ni ng

| ayer. . 7.11. ThB@chRHROElaRE 5 GhadeM the siMRAL@hRidikEprecursor
silicon-and-nitrogen -containing precursor conprises at |east one of

H2N( Si H3) COMN{sSt H3 Yigon-andrarQosicpERimingiaccursar Hld4Bqilagmackitivensy coBwrpt ¢ ses at

| east one N)'J%;% N20, NO, NO2, N2 and H2. 12. The

nmet hod of rachg.l m e%&é‘f% the renote plasma region is wthin the substrate
processi ng chanber and separated fromthe substrate processi ng chanber by a

shower head. _ 8. Thegetipdef phainnbavhsreie thaisHican-wirkpashan-qontinittpr essi ve
cappi Ng | a¥%ElsdrofERES L RE B3I 908, Bivds! #EOS GV DL and
HDP- CVD. 14. A nmethod of forming a silicon oxi'de layer on a

subst r at e TYERESRIOMTY TMS, FBAPRO anhd MRS Maet! ho nlesthe puegursor compriges anlsdser ri ng

t he substrate A ngio\ans t r ' gion in a substrate processing
chanmber; oog%\jdr?gbéi%Pagé‘sa@blgh@slgﬁlgﬁﬂﬁ?ﬁemte pl asma region to form

pl asma ef fl uents; conbining the plasma effluents with a flow of a
si |l i con-cont ai ni ng $r ecdihs orethiord of bleins fiphtrcat the erwb dgsi wylth elgibovt, SOwner ei n
the flow gglegshe silicon-containing precursor has not been excited by a

pl asma; formng a silicon-and-nitrogen-containing |ayer on the substrate
and in the trench; WD 2011/049800PCT/ US2010/ 052548 form ng a conpressive
cappi ng | ayer over l0he dihkimsthedahdam $ mbgrnm-thositicinrdonginizgy/pecursnd

heating the substrate in an oxygen.containing atnmosphere to convert the
COl’l’lpSIlSFS d S1 ICOIl-aél -NIrogen: aimi ICCUrSOr, ¥ne plasma’c Uﬁn‘[S CO]iI‘IPI’lSG a .
car bon-free 'Si'T’l con-and-ni trogen contal ning’l'ayer to the sritcon oxide

| ayer. radical-nitrogenJecuidoeamighdmdthod fiathar intlhdesfhgatingahe qbppté @ian@zam-

operation of .fornmng a co essive liner layer.prior. to the operation of
or m ng.« REMSInE SHSBEE R 165 aH B BRESt Fi pgTeayBr i BHntoee Sisehrdt e.

16. The neihedl c@taisingiayed4 further conprising an operation of curing the
silicon-and-nitrogen-containing |layer in an ozone-contai ni ng atnosphere

pri or o the operatjon gf, forT g hes CATReRE H20S ARPe S aiing
precursor comprises at least one of HyN(SiH3), HN(SiHs3),, and N(SiH3); and the plasma
precursor comprises at least one of NH3;, NH4OH, N,0, NO, NO;, N, and H,.

12. The method of claim 5 wherein the remote plasma region is within the
substrate processing chamber and separated from the substrate processing chamber by a

showerhead.

13.  The method of claim 5 wherein the compressive capping layer is

deposited using one of a furnace, PECVD, LP-CVD and HDP-CVD.

14. A method of forming a silicon oxide layer on a substrate containing a

trench, the method comprising:

transferring the substrate into a substrate processing region in a substrate processing
chamber;

flowing a plasma precursor into a remote plasma region to form plasma effluents;

combining the plasma effluents with a flow of a silicon-containing precursor in the
substrate processing region, wherein the flow of the silicon-containing precursor has not been
excited by a plasma;

forming a silicon-and-nitrogen-containing layer on the substrate and in the trench;
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17. The method of claim 14 wherein the silicon-containing precursor
conprises a silicon-and-nitrogen-containing precursor and the plasm

ef f | uent swoantwd4sswoa radi cal -ni trogen precursor. PCT/US2018/053Fhe net hod
of claim 17, wherein the silicon-and-nitrogen -containing precursor
conprises at |least one of H2N(Si H3), HN(SI H3)2, and N(Si H3)3 and the plasna

precursor Cconpfohafg a@bmhR3tHe APBFin® fayNefer NOsilibERandNFHH X In-WBiniMagnd H2.
19. The method of c¢laim 14, wherein'the oxygen-containing at nosphere

conprisesast | east one of 02, 03 and H20. 20. The net hod of

claim 14, whergj ﬂlﬂp§ M k100 Y Arind ESiSom-

21. The nethodﬁ%ﬁm%@gﬁﬁéﬁ§% erggﬁy%ﬂ%lfe%%?g%%%gggg&gggﬁéa 'S Wﬁ?ﬁin t he
subst r at esipeaeaslgiinegeo harthisingdadr vehasibtamdxfdedaper.he substrate processi ng
chanber by a shower head. 22. The nethod of claim 14, wherein

th . ; . : : ‘ ‘ ECVD,
L P? CS/E))WEL S S SH::)\F/:) C(\:/%plgl NG Th@¥RIhok S HERP A ﬁ%e%%ﬁmﬂg fn nger%ﬂlowﬂ)[f At &

compressive liner layer prior to the operation of forming the silicon-and-nitrogen-containing

layer on the substrate.

16. The method of claim 14 further comprising an operation of curing the
silicon-and-nitrogen-containing layer in an ozone-containing atmosphere prior to the

operation of forming the compressive capping layer.

17.  The method of claim 14 wherein the silicon-containing precursor
comprises a silicon-and-nitrogen-containing precursor and the plasma effluents comprise a

radical-nitrogen precursor.

18. The method of claim 17, wherein the silicon-and-nitrogen -containing
precursor comprises at least one of HN(SiHz), HN(SiH3),, and N(SiH3); and the plasma
precursor comprises at least one of N,O, NO, NO,, NH4OH, NH3, N, and Ha.

19.  The method of claim 14, wherein the oxygen-containing atmosphere

comprises at least one of O,, O3 and H,0.

20. The method of claim 14, wherein the trench has a width of about 50

nm or less.

21.  The method of claim 14, wherein the remote plasma region is within
the substrate processing chamber and separated from the substrate processing chamber by a

showerhead.

22.  The method of claim 14, wherein the compressive capping layer is

deposited using one of a furnace, PECVD, LP-CVD and HDP-CVD.
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