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15  sizes result in structural features on the device having decreased spatial dimensions. The
widths of gaps and trenches on the device narrow to a 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 the gap.

20 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 (¢.g., SOG deposition techniques). These flowable precursors
can flow into and fill very small substrate gaps without forming voids or weak seams.

25  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 such as silicon

oxide. Unfortunately, the departing carbon and hydroxyl species often leave behind pores in
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Embodiments of the invention include methods of forming a silicon oxide layer on a substrate
in a plasma-free substrate processing region in a substrate processing chamber. The methods
include flowing a hydrogen-containing precursor into a first plasma region to produce a

25  radical precursor while flowing an oxygen-containing precursor into a second plasma region
to produce a radical-oxygen precursor; concurrently combining the radical precursor and the
radical-oxygen precursor with a carbon-free silicon-containing precursor in the plasma-free
substrate processing region. At least one of the hydrogen-containing precursor and the
carbon-free silicon-containing precursor contain nitrogen. The methods further include

30  depositing a silicon-oxygen-and-nitrogen-containing layer on the substrate and annealing the
silicon-oxygen-and-nitrogen-containing layer at an annealing temperature in an oxygen-
containing atmosphere to increase the oxygen-content and decrease the nitrogen-content to

form a silicon oxide layer.
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15  according to embodiments of the invention.
FIG. 4 shows a substrate processing system according to embodiments of the invention.
FIG. 5A shows a substrate processing chamber according to embodiments of the invention.

FIG. 5B shows a showerhead of a substrate processing chamber according to embodiments of

the invention.

20 DETAILED DESCRIPTION OF THE INVENTION
Methods of forming silicon oxide layers are described. The methods include the steps of
concurrently combining both a radical precursor and a radical-oxygen precursor with a
carbon-free silicon-containing precursor. One of the radical precursor and the silicon-
containing precursor contain nitrogen. The methods result in depositing a silicon-oxygen-

25  and-nitrogen-containing layer on a substrate. The oxygen content of the silicon-oxygen-and-
nitrogen-containing layer is then increased to form a silicon oxide layer which may contain
very little nitrogen. The radical-oxygen precursor and the radical precursor may be produced
in separate plasmas or the same plasma. The increase in oxygen content may be brought

about by annealing the layer in the presence of an oxygen-containing atmosphere and the
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20  FIG. 1 is a flowchart showing selected steps in methods 100 of making silicon oxide films
according to embodiments of the invention. The method 100 includes providing a carbon-
free silicon precursor to a plasma-free substrate processing region 102. The carbon-free
silicon precursor may be, for example, a silicon-and-nitrogen precursor, a silicon-and-
hydrogen precursor, or a silicon-nitrogen-and-hydrogen-containing precursor, among other

25  classes of silicon precursors. The silicon-precursor may be oxygen-free in addition to
carbon-free. The lack of oxygen results in a lower concentration of silanol (Si-OH) groups in
the silicon-and-nitrogen layer formed from the precursors. Excess silanol moieties in the
deposited film can cause increased porosity and shrinkage during post deposition steps that

remove the hydroxyl (-OH) moieties from the deposited layer.

30 Specific examples of carbon-free silicon precursors may include silyl-amines such as
H,N(SiH3), HN(SiH3); (i.e. DSA), and N(SiH3); (i.e. TSA), among other silyl-amines. The
flow rates of a silyl-amine may be greater than or about 200 sccm, greater than or about 300

sccm, greater than or about 500 sccm or greater than or about 700 scem in different
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25  In embodiments employing a chamber plasma region, the radical-nitrogen precursor is
generated in a section of the substrate processing region partitioned from a deposition region
where the precursors mix and react to deposit the silicon-and-nitrogen layer on a deposition

substrate (e.g., a semiconductor wafer).

A radical-oxygen precursor is simultancously provided to the plasma-free substrate

30  processing region 106. The radical-oxygen precursor is an oxygen-radical-containing
precursor that was generated outside the plasma-free substrate processing region from a more
stable oxygen-containing precursor. For example, a stable oxygen-containing precursor
compound containing O;, O3, H,O, H,0,, NO, NO, and/or N,O may be activated in the

chamber plasma region or a remote plasma system (RPS) outside the processing chamber to

5
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embodi ”%J}Ec%rso¥hseﬂ6\§9d iy thP 'r&héi’t%g)'i‘asﬁ{a‘%gg%ﬁ 9hd ES?cXteé“b?% éjl?a%n{ae h%%ﬁ%lé)y a

radi cal “precursor rmed Trom an 1 npu consi st esséntia

hydr ogeml(rdyg?é)l riredudsoo Paridahatddycal-narogen pferculebr)gﬂegeﬂso h)macaampmfﬁedibyre ohsiewher e
t he silicon-containi ng recur sor _conprises nitrog the substrate

pr ocessi &4 SYeisordragie (doneiliPEFhtN 1 6ee Flﬂfnﬁeet? aﬁpﬂmﬂtﬂw&éﬁew@éursor
and the gagdl b %B{Hlﬁﬂ &Q% %ﬁfé{)ﬁﬁé eéEbﬁ‘tl danltpdage %N?g% Svifloll SRIkidaECUr SOr

(whi ch has not een ap y ex0|t by a react to deposit a
silicon 1ne¢ygeﬂnelagu§esjlhas @lgehwln[bandltamodmderheofﬁmhéildmp)mélstllosmi sulsliimaite 108.

The dep %ﬁﬁgcon and- ni télgﬂ%gag go%f{) 068652PCT/ US20 0/0 401
cont ai ni 1|c VeFdPBeitor G eplapest Oy Bt ‘ia Werde BW'a¥EYsi ti on
rates). ]?ht%b@éns@sﬁﬁgéks@ﬁmlgr oftﬂiz@rdé%ﬂ@ﬁi)t(%’d @ptldnﬁwmﬂ(tam&r aggnmeont ai ni ng

filmhas Tlowabl e characteristic¢s unlike conventional silicon nitride

(Si 3M) dnitotiepswheicdhe sibedmeaniaising Phesufsovverbpuscnattiagenof the formati on
allows the filmto flow into narrow gaps trenches and other structures on
t he In the substrate processing region, the concurrent flows of the radical-nitrogen precursor and

the radical-oxygen precursor mix with the carbon-free silicon precursor (which has not been
appreciably excited by a plasma) and react to deposit a silicon-oxygen-and-nitrogen-

containing film on the deposition substrate 108. The deposited silicon-and-nitrogen-
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5deposition surface of the substrate. The flowability nay be due to a
variety of properties which result frommxing a radical precursors with
car bon- f r®e 28i1d68@2 precursor. These properties may i nclradasaosiogednt i cant
hydr ogen conmponent in the deposited film and/or the presence of short

chai ned qestajEng G meysispysvetonformedy dorslawriove pragsHiovg dengsties raetwdn ke f or m
q : . e : . . .
(11 m CronolifE e GerfBLRon hatrb 8- QNhiRE B HIE nGORIBER Al Glgd?

backboneaun(ike €onveati&ial Midbi hitfide (SN fikoUdbpdshitvnstdhiniqres pPTRE flowable angrd bie
radi cal precursor are carbon-free, the deposited
si | i con-tAn BRI YNHATEN AP AgWriniofateowgaps tisngiss and PRFT SIUCHI B heee. O

course, {o gﬁgagﬁﬁﬁﬁggf QesLdAQte necessarily nean the filmlacks even trace
anounts of carbon. rbon contam nants nay be present in the precursor

15materigls.that. . find their way.inta the deposited silicon:and-nitrogen
precursdfh.e %&Hﬁmﬁy tt?fdeueﬁgg ety 05 RTAPRELTS Wﬁl@geﬁm%ﬁm&}n@w K ess t han

woul d b, Qs {vith abbh IfRRRIIR6E %cﬁ%Br.hﬁNésE'?r%aeﬁst%iﬁah@é ¥ sigRif@ant TECS,
TMDSO, etc.). The flowability of the deposited silicon- '

oxygen- dydragen cogeonand it the depagpited Film iagd/nothegirggainge afshett ghanerdopadydikeahef or
the flow rates tlined in the enmhodi nents.recited herein. 20Fqllow ng the
eposi ¢TSRS RhteiPE shifas T AT AR IS SRThb RS Ftpafapfinde

depasi t iqing RS bftattBe fivhatien 3NMFHIRI Fob cRdinfI¥ Malkpe QR il Mgy riverspher e
110. The deposition substrate may remain in the same substrate processing

regi on uwslagrnedypas SN Sibrskbenee(i.ox g gem-Hdrti WWhep betihibssHicon pregursat prsuced,
or the t r i.:f: : r

oxygon- aipra el frobRtone HhBORAEE! G ab R UL aL ARy SIRRE MR TUbIE

at nospheils subytantivtlylwdebonrfecco rOffuse Sxyg®n-ftalitdatnhdtgegasaiy sneah thasfilm

nol ecul ar oxygen (02), ozone (03), water vapor (H20, hydrogen peroxide

(H202) drEKSKIVER Bagsringstngredf cerfon. ((epbongoptaminallinigy §E RESSCEIY HSred¥itosi ni ng
gases. i.ni . al 80 igal - en and
Py ar oy T OHY BERAEO DR Pl TRCRAACE - M ERinloDE HRE A BR Do oy
be generdttiemde caob ehyurared hbwanspos tedh lass that heuslibsfouad @ € hidindreprecursors 30

Cenper st Begrci i Do B o 1. HuBRecgehahe dovabilfy SEAEGR B Stieshin or
about 1Q&Qgen-hﬁﬁﬁitﬁoggnc%aiﬁ{?@ﬁln&%& QEnikieSR1y Aaprothised WHth SAOE ratBs

di fferent “enbodi men ~The tenperature of thé substrate may be greater than
or aboutous@egd,in greembwdimérdnrasrtedbaam. 600C, greater than or about 700C or
greater than or about 800C in different enbodi nents. Once again, any of WO

201 Db06 86HIRRAAY HEA0RM A Qhe §iheorippeen hadmitsodiayobritenlae thewcpbsiasty of
the I ower bounds to form additional ranges for the substrate tenperature
accor di rigbstetapdy be eprdalediis én exeeenesotdnipg atgosphere 110. The deposition

substrate may remain in the same substrate processing region used for curing when the
oxygen-containing atmosphere is introduced, or the substrate may be transferred to a different
chamber where the oxygen-containing atmosphere is introduced. The oxygen-containing
25  atmosphere may include one or more oxygen-containing gases such as molecular oxygen
(0O,), ozone (03), water vapor (H,0), hydrogen peroxide (H,0O,) and nitrogen-oxides (NO,
NO., etc.), among other oxygen-containing gases. The oxygen-containing atmosphere may
also include radical-oxygen and hydroxyl species such as atomic oxygen (O), hydroxides
(OH), etc., that may be generated remotely and transported into the substrate chamber. Ions
30  of oxygen-containing species may also be present. The oxygen anneal temperature of the
substrate may be less than or about 1100°C, less than or about 1000°C, less than or about
900°C or less than or about 800°C in different embodiments. The temperature of the
substrate may be greater than or about 500°C, greater than or about 600°C, greater than or

about 700°C or greater than or about 800°C in different embodiments. Once again, any of
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A plasma may or may not be present in the substrate processing region
during the oxygen anneal. The oxygen-containing gas entering the CVD
chanber &Y 20n1dl68&e one or nore 5S5conpounds that have be@aTAstémwasad: (e. g. ,
radicalized, ionized, etc.) before entering the substrat e@(?r ocessi ng

regi on. tHoRPRSk Aawirds mayhe eombiestl wishery of the [ayaer berydsi tadoiiadditienat singexy gen
speci es, i.C X i el G q ing nore stable
precurs ofrojr’ %‘g ﬁ%@lﬂrﬁ (E%tg}t:"% ?%tué % Q%%chlﬁ% %Oeéagillt}fél %wgalgégﬁgre?%ngéré dﬁﬁér)ng% gh a chanber

pl asma region separated fromthe substrate processing region by a

shower hea@laSmadnaydr énayt s be PRseridR Eisrsabrtaie processgustiondtane thssyednd

nydr 09N REN M08 dIa0ohttflAL gﬁée?llt%fg% Y eRex Xﬂarﬁb%ﬁnaggqgélﬁc?éo@efdg &gns. and

nol ecul ar oxygen and/ or 0zo uce atom c oxygen i cal s and
i ons5 A wumongdsathatrtale becmayivited (ngemdiahized, ginvad, ¢the bsfognérftéromthe oxygen

content already present .in fhe silicqgn-oxygen-and:-nitrogen-containing film
Fiovevor i GrobPEamEACEaR 1 HEF GREIE 5PN 0o BB WA GG AR B BHICE5 t he
anneal i Q&gg&%@kiegf}adi&{rﬂyﬁﬂ)x@l %E%s,fe&é??ac@%_@t@é b leQfb %{&%feasfta%léﬁ@&yrs&g”a' n

S
in the substrate processing fegion for curing, or the substrate may be
t r ansf erqoggotndsathhiugh eremoteqiiwnsounker throhgh agomdec phsai négion sepasyshere i s

i ntroduced. .Th ing t t th trat be | th
about - 4008 feoeRSt e AR S HBTEE0EE8 o ke ha GROSsBRe BT gkl Than or
aboup 20Rues whessapgodand BydrafaiberdSAEHHD, JiHat prodite BROHI (ORY Sadichikand

tenperature of the substrate may be greater than or about room 20

t enper atigite angymelacaler prygengnd/aperancst prefusa ewmie payeear O bslicals gglaonyr eat er
t han or about 150C or greater than or about 200C in different enbodi nents.
Any of tAeutippeperirmndsy heynneecssaflyiveadhasiphifi@myt ook génhenkanelcddgpacksnt o
form additional ranges for the substrate tenperature according to .

addi ti orl%IthecﬁﬂéQﬂndé"é’@elé’ﬁ%%&lt’f?éﬁl’t‘@.omﬂlémtﬂ fglg}mH?‘ge\eﬂréé gftirefm SHIEAPSELPYL e

processingg %gmfbdu&éa Q&"{Hg%%éaling%g%ﬂ'tbﬂ BRNAL gtchfagtfhgtd%ﬂas% Y BEarhi Ch

may 25cl ose the near surface networ wart subsurface oxidation. The
f | oWw5r atreayofentaireindho nésirate predessisgiizgionabe cyprngg estic ngbstey may batramsdertdde cur e

step may be.greater than or about 200 sccm greater .than o bout. 300 sccm
or Gr eatieh GRGRN T mBE Y heD g O CrHE B PRl SRRt BB ng ¢ he
cure st apmPEY%tuPEoHhE 3LRkratchBy BY 130N oddboliPE60°CITRM AR of S8ht 300aDoME 20
Ton or greater than or about 40 Torr. Under some conditions (e.g. between

30 substthat er abenp03€Culessthim onabtwyo 260°CoTdess shababo@0POf Clihdifteernier si on has

b f b b i all | ati,vel i gh
Deen ool PRSIy BT SR Reb Bt albggbrwer 2 vre

enmbedi mesiperatling pPoty@eRanCanbauting, gicaRs M besbal 1001 gtdatr ¢hini dt@baind
oxygen anneal provide oxygen to convert the

si | i con-loRygengesatsr Hanos gbeit 28Rt aindiffgrent embediments hdngiof theompekbaiads Si 02)
film 8 r}{\e@ @eoéojfﬂtgﬁg(p\%i?tﬁgé HSL%Q 1‘%&%@)&9&3 to form additional ranges for the substrate
temperature according to additional disclosed embodiments. No plasma is present in the
substrate processing region, in embodiments, to avoid generating atomic oxygen which may
25  close the near surface network and thwart subsurface oxidation. The flow rate of the ozone
into the substrate processing region during the cure step may be greater than or about
200 sccm, greater than or about 300 sccm or greater than or about 500 sccm. The partial
pressure of ozone during the cure step may be greater than or about 10 Torr, greater than or
about 20 Torr or greater than or about 40 Torr. Under some conditions (e.g. between
30  substrate temperatures from about 100°C to about 200°C) the conversion has been found to
be substantially complete so a relatively high temperature anneal in an oxygen-containing

environment may be unnecessary in embodiments.

The oxygen-containing atmospheres of both the curing and oxygen anneal provide oxygen to

convert the silicon-oxygen-and-nitrogen-containing film into the silicon oxide (SiO;) film.
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As noted previously, the lack of carbon in the
silicon-oxygen-and-nitrogen-containing filmresults in significantly fewer
pores forwoaoiwnesdse final silicon oxide film It also r@HuS3010/054466S

vol ume reduction (i.e., shrinkage) of the filmduring the conversion to the
si | i con Axiated prgiougy atiplack Qﬂ@éf%én an gic|silcon-onl gogehnigagdoeentiyee flor med

from Carx@éét{‘rt @ﬁ%@fﬂé?ﬂ&%ﬁeg fiods, ?orf}hﬁ‘fﬁ’ {he Hna ftdon SO ULY n?yltéi)so YQluia,pr more

when conv e su y car
si | i con-lagsdroninkd Rdestidni (.63 stirbikagd)raf ke tiyn @it thd bomelside ortht sisison Keatier ri ng
nowto FIG 2, another flowchart is shown illustrating selected steps in

met hods ERIGX4mBPICs Whete ﬁéﬂémgml“i“&?ﬁ ghogdaysr rf%meﬁ feong GHRpR-geRfaigHle Cr ench)
accordi eéu?so‘?mgg @6 Vélh/e oir &%?@%%con%ﬁedrﬁ)t m&n?o%)de' e s'uﬂﬁélﬁﬁjﬁx
transfe rrng a su strat conprising a gap Iinto 10a substrate processi hg
regi on (capemnaft¢oosiliéd2And-nitregenufidats madyeshnialy biyaveuta Splollfadi leys. of gaps for the
spaci ng and structure of device conponents (e.g., transistors) fornmed on
the subsidratRg nbliao¥a@s?2, %Bth'é@ﬂ@wé‘hé?ﬁﬂs gﬁ@w@nﬂlsmtmgkeléaeéd sE9k inpcARdaspect
ratio (AR) of the helght to the width (i HW 1 is significantly

gr eat er 200dor fpﬂnn(gea ghcor@mdanﬁlnmaesubstwe @np fmtr@chyac_t.owngmre@lboelmem nor e,
9:1 or re, etc.).. In many 15
"ot anced s on” ATtk B i RleG s dinde P Fite Forbinkiue { efiMeont
90 N t & BOHte BrdcBI¥I rebiBh SoricRatibn, 202D 0Vhe Qb sinire nfd§ HANE a HRuriliy 0B 2apifor 22
nm 16 nm etc.). Concurrent flows of a stable nitrogen precursor and a
stabl e dRyeRaaingrasd siryepre aftdsvise epranerantsydl ds riwnpislgr romsdpnghe substrate.

radi cal - 204) .
A car bort rsBY By REE Y Bgh Al R e AU RE B SERRTSE e BREIEBE, Pod by
a pl asmawideh @0., /Mo dhaid Sighifieartpdireatrthat t-ageq., dnidor ractiec &l -00xy@eIV:1 or
precursors in t he pl asma-free substrate processing. region operatlon 206) .
A fl owadn@restilog awr%@b%mam 10vil tor G- léoln?refpﬂqenb?ﬂ 8y BTl b s ted on
the 1%“?51{1]&%56%%( % RARAE 4OR) sm#ﬁ%%%ﬁtﬁsfb? theRYiloe gl%n{ LENROH Gm tolabs@n fill
gaps wt aspect ratios creating vol or weak seans around

t he centZanm)br tebe(efgldhon‘g%mmmﬁ aln, 4¥om, 8k ampP2pmalalepopsict)i ng fl owabl e
material is less likely to prematurely 25clog the top of a gap before it is
conpl et tohclibrbhtahvis laa@ibke ﬁtrﬁgérgpﬂeéhrg&eanﬂ‘a%@db?e Slygkh 9regﬁiﬁor ihfga charnber
as-deposited silicon-oxygen-and-nitrogen-containing |ayer may then be

anneal edlismaaegionyomna a:atsmaénnmqggn @temssph@rrdea (adfrel-axygsn pegOysor @p@raauom tion
the sili xygen-and-mni t rogencon n A further
anneal | (IO SR AR e R REREE Nl e tal SR i bl SRSV Hher
subsor atrﬁlxb@ mrtﬁé tideval-RitREER ind AJRBNS fo¥n hRRubld i Gl SI¥drake fle@yestra0
Again, a curing step may be conducted to assist in the conversion to

si | i con MERGEEN@REIM@Peraber §P0)bet flewadle sdicompipganomdofitrogra-gontanipg ficat i on
206) an |

S con By 086Rd ROnERRLEHBiln AT SR8 1 CARREN Thon

at nosphegaes f;v@thﬂﬁglﬁaspedtlmtm voitione clcatyrgr vaids Mmeeaekwbsmg adoand thealetdt afiththe
substrate WO 2011/ 068652PCT/ US2010/ 056401 gap 210. odi nents, the
proc ess.fﬁan%a}aa% t- e cErmplgy i @%H@gMiq Rty @% hkﬂg (QpirEpU e s

des oy b%ggehfebao @éagga%%?or%@t &k&nPﬁeée uﬁﬁu@@{oqga\%baoy&d iof fh€ nﬁaéub%@ﬁl %@de | ayer

has fewer pore [Ffess vol une tion than simlar layers fo d with
car bon- in cursors that .have ni fi cant tltles f car bon
oo TP B SRS i S-S s oL il AP e T G e
vol une reguédt- b&ﬂalhﬁlgsaltmgmle@r(@yaan&rﬁz g)) to BRHionlHe mlcoﬁfxbsaygéneﬁ@)mﬁ@g@vm d
post heat treatnent steps to , or otherwi se elimnate spaces that

f orm i n conwigaplaysr ta stleon Ioend@f A ﬁléthshatﬂmkll (hgt shiohing 513y dricaieicd out in an inert

environment at a higher substrate temperature in order to densify the silicon oxide layer.
30  Again, a curing step may be conducted to assist in the conversion to silicon oxide and would

occur between the formation of the film (operation 206) and the annealing operation 210.

Annealing the as-deposited silicon-oxygen-and-nitrogen-containing layer in an oxygen-

containing atmosphere forms a silicon oxide layer on the substrate, including the substrate



In order to better understand and appreciate the invention, reference is
now made to two filnms; a first filmgrown according to the process flow of
FIG 2 amsloaphiaosésge simlar second 10 fil m grown w t hoRrCTiUSR010/056401

radi cal -oxyqen precursor. Each of the filnms was grown with TSA as the

car bon- fgape18i I emwbodimgntsi the preassEenaEMAEtaty of codug sk andeplingarasgesathea 1 ow

rate of S%‘é?% e{%‘%%r?dp %bé‘&'%ﬁiréfeﬁe'ﬁtg’?o ﬁ@[ ilé%sﬁ%}é%iz ar_lbgv%:tﬂélvsi[ig(#neoﬂae élggl‘ pgem

into the asnma redgl on separate asna-free substrate

pr ocessifget @geOanddyssaoblionesdbedn. thiMbbiatlat Biye@Xy@esl Wit farbas-colehiningr ed at a
flowrate of 150 sccmalso into the chanber plasma 15 regi on through a

separ at @TPRI¥Fs thabhdverianiicsatayagttienRf camepmrescnive|tee lay & ooy demhaphs
del I ver g dHo; @&%ngﬁﬂfaﬁy Olseb B [k r@ddcpb%égsg@% er%%ﬁgh mﬁ{g?ﬁ%u{ 5 Myothe

first filmgrew a deposition rate o eas the second
fil m grdessato dvebDpost heat tredineengstept terfild dpd sort atherwistedimisata spaces thet fobenef i t
in additjon to afore tioned decrease in reliance on a separate curing
oper at | gAC 24 ar‘@?‘?lhgfte' gah SIBPOR dde i rst filmis also | ower (1.529)
than that 20of the second film (1.5374) indicating that the as-deposited
filmis loloodezto bester madgrsteied amst appedaiaie theanvengpn sicfargwa iondvdmadd tgjo. FI G 3

is a graph of .F spectra take it hout and w 02 .s lied. durin
dopostt | DS 5 APRgree BabBRER Pk DERH BN Dbl P SRR S e Bt o
275 19CCMiliDgrowdAvitHa0the GedTedl Qxy Nimdpraidsdd Eask 6 bk AmEWae gHivA witk Mg@ANas( when
used). An FTIR spectrum 302 is 25shown for an as-deposited

si | i con-tbsgayben-fisel siicen-apERLogar-aPHpingY rag@rseydelivered strigflews rede af Af5 oxygen

o T o N L AP SR R,

conpar i segion acpakaitRirsmaté plasm3Preeissbstamprofadsing fegddn blepolsivwatead.
silicon-and-nitrogencontainjng |ayer and a siectrum 306 is al so included

for the Malsgulps wgﬁ%ﬁ@zﬂmﬁiemrs@\%t ars@OWéﬁﬁ@if 2UpEmpamigtethe shamhgr niasR peak

| ocgk Orl%%i%%rtgkéﬁ ;I&ﬁmmé Rict FRS, fhlaf ﬁQeQrf%}z’Yg% %h{bn?a!?q\/lmetﬂg%x Rrugal - oxygen,

however, once m grown wthout ra -oxygen 1s cured,” the peaks
becone nietigersd ditimg groluth bathe firstHempem ket the saond fidd. Viht Hirs fimesencathod

P on Brogton peChOo SEingRan bR seapgaimdn o 163 K bine de seat
signifi %gssm&@lsd%% RFh@DLEEM ih Addifen T A MRAN I RRFAE nQelifiRe oHP

2011/ 068652PCT/ US2010/ 056401 cured film 304. Cearly the ozone is not as
ef f ect i wepaetewxiiag epergtiarhel besretregiosiinda ofithd GshElnislsa logentlcDi® dhanithy il m

501 Plon BGEeRTHETT, SR G b B PbME Pl bR U iR et

enbodi nmesfrsctioh fongligymasedd (ligsyent i on may incl ude

FIG. 3 is a graph of FTIR spectra taken without and with O, supplied during deposition
according to embodiments of the invention. The flow rates were 275 scem for TSA, 550
sccm for NH; and 150 scem for molecular oxygen (when used). An FTIR spectrum 302 is

25  shown for an as-deposited silicon-oxygen-and-nitrogen-containing layer grown using
molecular oxygen and ammonia to create radical-oxygen and radical-nitrogen precursors
which were combined with TSA in the plasma-free substrate processing region. For
comparison, an FTIR spectrum 304 is shown for an as-deposited silicon-and-nitrogen-
containing layer and a spectrum 306 is also included for the same film following a low-

30  temperature ozone cure. The FTIR peak locations are different for the film grown with and
without radical-oxygen, however, once the film grown without radical-oxygen is cured, the
peaks become more similar. In fact, the peaks associated with a presence of oxygen in the
film are larger 302 for the film grown with the radical-oxygen precursor. The higher oxygen

peaks 302 indicate a more significant presence of oxygen in the film when compared to the
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5 high-density plasma chem cal vapor deposition (HDP-CVD) chanbers, plasm
enhanced chem cal vapor deposition (PECVD) chanbers, sub-atnospheric

chem cal weaporl/wegesi ti on (SACVD) chanbers, and ther mal PChArsR@alosesapor
deposi ti on chanbers, anong ot her types of chanbers Speci fic exanmpl es of
CVD systared filmmd04veylcathypihe papne is mpbei Qfﬁqqtlse @ifOXtChemg theetstdepasitedsilisga- t he

gﬁ%ﬁf\ S systty%ns %3% ngﬁ‘m? rhze#tg%{pél Xé’%e r?rgﬁm%%‘%ﬂhé#%/ ﬁ‘&‘ ara,

Calif. Exarrpl es of substrate processl ng chanbers that can be used with
exenpl aryfth % alicon Quide Danos Y | ncl ude those shown and described in
co-assigned U S Pr ovi si onal Patent App. No. 60/803,499 to Lubom rsky et
al, fil dmeﬁvbmoﬁ(dharﬁb)@mmanﬂynmpleednt' RSNt bf (Hdﬁnltﬁﬁt ﬁﬁﬁtﬁhﬂzﬂﬁﬁaludb

GAPFI LL," e entire contents of which i e or at ed ference
Cor 51 i BeE Pl raial vapedssipn priSh Y ol AR RGP T E own and
descri beglemitalvapor b osﬂNﬂS(PE@\@%hgﬁge@ NALE B3 HRAG ché’i‘ﬁfeﬁlmaﬁ&edéﬂo&@ion
i ncorporated herein by reference pur poses. Embodi ments of the

deposi ti (SACsﬂ,lé): dambrey atsethmead mb@ne:tale‘cﬂpphdeposlauog gharhibdys.i agemigothes yytes ok

of  dopoSTENBH . SR AGCaE B o en b M R dplIRE S frEarhEaame” om 407

enbodi nﬁﬁtamoh MndliR the g@n\erUtaAMTMzt@E@P:t\tm lcRthb&@Heitdiss, und f i ed pods)
402 supplélgsubstrate substrates .g., 300 mm di aneter wafers) that are

r ecdidve PHYDHESBHR® EE&MRS CWWWS&W@ apiliabledroan Ponligst Mataiials, Hst of Pitar ea

406 bef g beapg pl aced into one of the wafer processing chanbers 408a-f. A
second robofIc arm 25410 nay be used to transport the substrate wafers from
t he hol di ng 406 to the processi ng chanbers 4Q8a-f and back. Th

pr ocessilig WE@@E@P@S@WO@@S%& chapbsiyy ab??éll?ﬁuSﬁ%Wét STBI Y BhoAR At Bet or

deposi ¢ i BARLR!hAAde UL HBVANRA e @ IoE RN BsldRURDS q>r9 eoﬁatffa!tatf' | mon

the substrate wafer. In one configuration, tw pairs of {Fne processi ng
chanber Amn. Yo, 68868,489 andubtd@esk et aﬂaﬁlddé\/labsém 2006 30deplodi"PROKESS owabl e

die ctr dthethlrd r . of rocessmg
cha ersélﬁé@ﬁﬁ%ﬁﬁﬁfﬁﬁﬁﬁgaﬁﬁﬁ skt oot efBbicb e Bl ecti oo 1
anot her st at O renkd CorsAPRIrPINSs. PRUdIR0R RERFIBSSI nﬁhﬂWﬁélﬁdé& e »
408c-d anéc}miOBe f T 1renbe gontt@g%r esd to 1b(o)t edeﬂgl(g)lsll?ytS yg%d anneal a foowabl e

di el ect rshewhiahdgrdeseribeeingdids PatalNes. 6wk 1,207t dnd 6830231 Wb 88 GEHSTINgSPO ¢ D56401

third p 408a-b) nmay be used for UV or E-beam curing
of the eef)%lsli)t’e%a f?’rfor%ﬁpgtpols?s anot her configuration, all three pairs of

chanbers (e. 408a-f) may be ) ) o
mbodiments of the deposifion systems may be incorporated into larger fabrication systems
20  for producing integrated circuit chips. FIG. 4 shows one such system 400 of deposition,
baking and curing chambers according to disclosed embodiments. In the figure, a pair of
FOUPs (front opening unified pods) 402 supply substrate substrates (e.g., 300 mm diameter
wafers) that are received by robotic arms 404 and placed into a low pressure holding area 406
before being placed into one of the wafer processing chambers 408a-f. A second robotic arm

25 410 may be used to transport the substrate wafers from the holding area 406 to the processing
chambers 408a-f and back.

The processing chambers 408a-f may include one or more system components for depositing,
annealing, curing and/or etching a flowable dielectric film on the substrate wafer. In one
configuration, two pairs of the processing chamber (e.g., 408c-d and 408e-f) may be used to
30  deposit the flowable dielectric material on the substrate, and the third pair of processing
chambers (e.g., 408a-b) may be used to anneal the deposited diclectic. In another
configuration, the same two pairs of processing chambers (e.g., 408c-d and 408e-f) may be

configured to both deposit and anneal a flowable dielectric film on the substrate, while the
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configured to deposit and cure a flowable dielectric filmon the substrate.
In yet another configuration, two pairs of processing chanbers (e.g.

408c-d armi0o20B8#68§s2nay be used for 5both deposition andPOVUSROIBOB&AM curi ng
of the flowable dielectric, while a third pair of processing chanbers (e.g

408a- b) thiag paie ofishwanticsy (canf@Rhbn gayhe ugedfos &ty peEfbcpmcuping obthe dspositsfe of
th ' ' d f th
fabr L carnh 10y a0 bRSh: TRt A alsE Paty b OB O, Dl FEREL L Ol O hor e

of the poafigasdehasposit Sndtdaafflowryldddcleant ifigmroddhasubdtriee! I Qettahsdbnent
chanber. These process, chanbers incl ude heat”gﬁ the flowabl e dielectric
filmin QRTEURBApREP @ahak PEFRSPIEEh#BPYS (F-&. 10udandHisisd) menbs ussd ©Yst em

400 mmy ﬂo%g%@gitipﬁtan& W&f@-%%aﬁ QﬁHPéaBPtéég@%faBlead?QF&H&%ihegi @ggg%ﬁ&g q

chanbers o performboth wet™ an y anneals on t
di el ect riracdssihgehdehlfars &Ae. i468abimbyg be atcl for aveskngte clidedtes fibO0Aagooe di ng to

di scl osed e di nent s. 15 renote plasma system S) 510 rocess a
gas whi éﬂorﬁrﬁgﬁﬂanavéﬁeg @W@ﬁ@ﬁlﬁé{_@é@@%%%gﬁmﬁ Seppratad Some nct gas
supply csiebe sfien VhSl Pl edivicdi Snbdem@Ag. i nl et assenbly 511. A first
channel 512 carries a gas that passes through the renote plasm system RPS

510, whil e a.second chann 513 bypasses e RPS 500. .The first channel 502
may be J8gaRER e SRESREbepieeR AR B B R B b used f or
a treat eAtm@Ashimbdl JhtQs@ecalOendesbri@okugde hdtttgl thelfloRhable AnMkieid fgn trop
portion) 521 and a perforated partition 553 are shown with an insulating

ri ng 524niampahgeedhat ipglpdhmaistuos Tays. Acbpdimentsicdisy stemP0 syl ineyde wet he | d

521 rel at| e jbi S Y ough
st chigyh 8y8ibaPitt et sftiidt Mepily (LB AEET RSP Fel o2
pl asna idiy afegatadn the dspmité®dicotrkXmal one or in conbination with RPS 510.
The conbi nation of chanmber plasma 25 regi on 520 and/or RPS 510 may be

referredqyosass Qsﬁ&%&%rﬁ%ﬁ%ﬁ%g@ Eeggg@%&)ir&n ?J‘&’isﬁs&fd%?&oﬁﬁn&ﬁ{tz&“ on

(also referred to as a's separates chanber plasma regi on 520
fromda sulsterEisengrysces@R S e giaypréZss bemeahioh gteovevhls sldobgiBa gShioleer head

553 al | ows I resent in chanber plasma. region 520 t.o avoid directly
oxci 11 ng gl ST DB SR sy uduE SR e Bt R RRS @sifiP ISRt g
exci ted sspeq it biinhbesel catiQm gfabﬁ[a@gﬁs_s@sotﬂahﬁfgﬁﬁhé 1%&10@@;315&% bydién RPRStrate
processi ng regi on 570. Showerhead 553 is positioned between ‘chanber pl asma

regi on 590, whde & s¢sond ghanngl pldepisrgs thediinS ®7 Ol kenfar se¢haongd SPP asayebeafstd uent s
Wit hj. nmber

(excited. dgrivatives of .precursqrs qr..other,_gas (% re tqﬁ [:n,ch

praorm 126 st 65 e FRE it S IS neRBT P L B,

t r aver senidodirhéits kniesisd @r chhduchik@top. poHien)Showad heatdoatd Rk EsS Lne or

nmore holl ow WO 2011/ 068652PCT/ US2010/ 056401 _ _
shown with an insulating ring 524 in between, which allows an AC potential to be applied to
the lid 521 relative to perforated partition 553. The process gas travels through first channel
512 into chamber plasma region 520 and may be excited by a plasma in chamber plasma
region 520 alone or in combination with RPS 510. The combination of chamber plasma

25  region 520 and/or RPS 510 may be referred to as a remote plasma system herein. The

perforated partition (also referred to as a showerhead) 553 separates chamber plasma region
520 from a substrate processing region 570 beneath showerhead 553. Showerhead 553
allows a plasma present in chamber plasma region 520 to avoid directly exciting gases in

substrate processing region 570, while still allowing excited species to travel from chamber

30  plasma region 520 into substrate processing region 570.

Showerhead 553 is positioned between chamber plasma region 520 and substrate processing
region 570 and allows plasma effluents (excited derivatives of precursors or other gases)
created within chamber plasma region 520 to pass through a plurality of through holes 556

that traverse the thickness of the plate. The showerhead 553 also has one or more hollow
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vol unes 551 which can be filled with a precursor in the formof a vapor or
gas (such as a silicon-containing precursor) and pass through small hol es
555 i nt o WOketwms&@2pr ocessi ng regi on 570 but not direct PgTiustaonbanber

pl asma regi on 520. Showerhead 553 is thicker than the I ength of the

smal | es tvogurawei% rwigslpcar be filed: Witlo & grechspeR tBe Brrmpftayadorpisgas dsist as a

5enbodi t. | : i I Lant. L ent.rat.i .excited
speci es e lRHEE preb Tl Bheftolbifhin FGRY sSERRENBe BRI oo g
regi on Sé@iontne vbhengdirc&R6inaf cHabhhespabhe sdgich R0 tShowaiadb53 kahicker than
t hr ough- hol es na% be restricted 5% éorning | ar ger di ameter portions of

(8]

t hr ough-th® leagthasghgspslicgpdiampien defhok the thipeseholenif g shis diglosehgt h of t he
snal lkest. di r ] I . . of
mgn’t o SaIRE! PAcRlo il OUGARlBReARRuaRYE BRI SRR RRR O
di scl osérenhodbarpitsma regiot 20 endubstirate ptocsssowregoh G0y the &ohgB53 6nafithe

distribute (via through holes 5 rocess gase jch contaip oxygen,
hydr ogeﬁff&h‘é?t&farmt?rr#@aﬁ%@%}gﬁg@\%ﬂw&% liegf_élﬁteé tgloggog ?%g%_ﬂ%@e% ses upon
excl tat 'ﬁ?)‘i‘ticﬁhé of tﬁbéﬁﬂﬁolhé‘sgéﬁfg@%s r%%ﬁsthé SIlvh24G53! The 'I@h%qi dm|pts, t he

process gas introduced int and/ or chanber plasma regi on 520

t hr ough shiatlsst digneserarielt thel throngh-hodest Biomaynkee the sare erdef olbxggratud¢ 82ihe ozone
(03),,, N20 ) NHy . i.ncl udi.ng , N2H4 .. si | ane i sil.ane, TSA and DSA.
The 'Br ocael SRRy A e bes SRS iadoudioneliin i 2 gon,
nitrogen (N2), etc. Ml ecul ar oxyggg$(or another relatively stable

oxygen- daritasmbetimgaisshovrayshew cthsh By ditaRigh (e BeRENCIMINEI0) BIRSesthi | e
amoni a - Y - = r :C ni ng gas
s dol ; vERea R BahEPhor BitiphPEl Pt SHRRP B RARRG e 11 "9 029)
si | i con-peaygegasandpon éxcagbo Bonpakma gcHanl bes plasma eion $8d [hendodiments,
Alternatively, the. oxygen-containing gas and the )

ni t r ogeriP&RWCRYEASFRIIEe Bl G §ad Orag opeharlith pheta armiob ot hihrough firdlr ough
firsk chanhgl sﬁﬁlagfcoﬁt%ﬁlo&fé SRR sk o;%g%n é@b?o?d%%%g), KDONRE), NohINFRYNG SO
deliver a carrier gas and/or a filmcuring gas used to tenmdve an unwant ed
conponenncliidiognN;He, sjlanwidiglane, Tse\ aepoSAt diefprdarss Risasayealef kudat samigy

i nclude 25i oni zed,.or neutral derjvatjv of the process gas and ma | so be
" of er r odit UG AT HIRS TEOP-Ja s (O s e SEUPE B Gro e e s Hibl ogen
precur syxyb&f-85thilBol Qs 1%y B QverQRRIuish Y&BhE cRinnkN$1 W REESAMBAR (or

i ntroduced. In enboglnents, t he nunber of through-holes 556 nay be between

about 6Gmathdr ehwively2tdde nifiegenrgind-hpdregereaBitaragizavds delivarddethyough fistapes but

ar e ,nost . easij | de round. The 30 small est di aneter 550 o rough hol es
556 ey B bLea S Srol oG e Yatie BB~ Stmi SEER B Tosl PR and
about 6nMtdrAatficHe kl&&ﬁ@g@rﬂb&dhiﬁﬁi@t%s ald eenitr eﬁb‘h@-ﬁyﬂfdg%ﬂ@@nﬂaﬁﬁ@%ﬁ@&h@g t he
cross-sectional shape of through-holes, which may be made conical,
cyl i ndr ikeatombineg aad bpthniaew dhioegh finskchappelsta e secopf gh &}3. ofhesyegdnd hol es
555 use ' i _ ' i may be
et eon 60U 108 age dsaAR Bhir o By L EaRhSETAPLAGEER Rfovdth
2011/ 06 8b2RET/ oBPOL &t bt cadoin obAO depditabiilnt. PRORa effludhfsieayeintiude
enbqdi ments. . The di ameter of the small hol es 555 gray be between about 0.1
mm #nd d8uged or nawral derivatives of the process gas and may also be feferred to herein as a
radical-oxygen precursor and/or a radical-nitrogen precursor referring to the atomic

constituents of the process gas introduced.

In embodiments, the number of through-holes 556 may be between about 60 and about 2000.
Through-holes 556 may have a variety of shapes but are most easily made round. The

30  smallest diameter 550 of through holes 556 may be between about 0.5mm and about 20mm
or between about Imm and about 6mm in disclosed embodiments. There is also latitude in
choosing the cross-sectional shape of through-holes, which may be made conical, cylindrical
or a combination of the two shapes. The number of small holes 555 used to introduce a gas

into substrate processing region 570 may be between about 100 and about 5000 or between
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FIG 5B is a bottomview of a showerhead 553 for use wth a processing
chanber according to disclosed enbodi nents. Shower head 553 corresponds with
t he showewbeat/wsbe&an in FI G 55A. Through-hol es 556 ar ePd@&fisceiessent h a

| arger inner-dianmeter (ID) on the bottom of showerhead 553 and a snmaller ID

at the tabput X0end ahenteX08 Hxdigfcecndcarbpdipentsd Tdgtsieanagien ofithgsmaglbhelys &3%er t he
Surface1§%y5@@&%@8¥§£ﬂ?&9MH%¥§8a&§QQQ§BLthe t hr ough- hol es 556 whi ch hel ps
ing

to provi nore even m X an ot Her embodi ments descri bed herein. An

exenplary filmis created on a substrate supported by a pedestal (not
shown) VilBnPR 190 baiipa eyt of pyhorwehsad g9 &iush “ather RIRESTSIBE §83RDEREFQUERES

arriving, Hﬁ%&%&{‘eﬁgﬁécﬁfﬁgﬁt‘s.hgh%exﬁé&l 39 %E%g@%ﬂ?%hﬁﬁ@slfo?&% 8 SR iPFIG.

silicon-contal ning precursor arriving the sma
or i giSnatimgThnoogh-holeh 656 weldepesdshith a Fngargimesdisnatat (ED porothedsitog afegi on 570

b i d I f h i ,
PR NN R TR AT SRS Jr i i g A Py
be i gni tQangidyBehe st FERATRRS sHBWRRBA, S8 MoR2Q HRNANS o INBNE 556 Athi G515

substrate processing region 570 bel ow showerhead 553." A plasma is present
i n chantteprgplidsmeareraygh onxib thanptherethbodindngs deadiilesl herdinr ogen and
radi cal - oxygen precursors froman inflow of a

ni t r ogena@ecnihy 8y FORNs eRAtedion N@ibgase alihoRBd BYX Y PedestP Morshdvrd) widin An AC
voltage typically in the radio frequenCéngRF) range is atgpl i ed between the
condfct isubsttasppreoesseetpian §24 waen plasmp elusstsiangying drpegh thrnpghtolesreads 553

Coianit | . ' . . S RF
pouer - suRsMEESE b SRERE s Bl ARG Brspado M R HERRRIL i s
gener at &56tdiiginating divanicol sy adlomes 63 1.1 ThoughBubsatatcqprovdsting rdpgorl 37(HBimavbiz

frequency.,Thg top pl asnma mafy gtg left at | ow or no power when the bottom
pl asma iS9UtPREd ELUBWPPH A& 2813 To 88T MCTseRsisyrh B71INg, R PIreg2 HrPeEEIWHE cure

afilm qu gllo%ﬁﬂoﬂh% eix&hgf Finsur faces bordering substrate processing region
570. A plasma I n substrate processing region 570 is ignited by applying an

AC val t age, bet ween shower head. 553 and .t he pedestal . or hottam of _f he
charBer (ORI RS IR Db AP IR L RS 2BoPT SN beess A r egi on
570 whi ls@pithee o@@s@ﬁlﬁiégi% 836 BtlowIHol BB cRESIESt Al 1IBY iDANSerR ih@RImRX Change
channel through which a heat exchange fluid flows to control the

t enper atplasgaokgiohd28 thprodacethe Tadigal-agrddeyg andrddacal-aky ganpreduessossiyemraat e

temper atyng, 0. B, GO0LEd 0h NERLSH, LR SBLANALD Lol atdoyely | oW tomRerat ures

(from roon‘i)vtvgnperaqgﬁre h?gl?éﬁ abobY %&). & N BT O8XY a%ées'f ul'd may

conpr i sevoftafiylypiellgly e lradd tred@iney (RF V@20 bp PREOEWEN S201RIcE6WE1 The

waf er support platter of the pedestal (preferably alum num ceramc, or a
a

conBOnatnosiion frdr &fdhg pivsgssmgsdamber andlishowgidryd hatodanifan plpsna i hagdrf eve

relativ i ah: fro ng an
embedded LR o2 LA s oS A B e gy R A RV BT,

t urns i ni3t3eMitrbut afaypdsogichehteaping drvquecisi al@leas in Aombiubtton wpbitid BB6Of t he
heater el ement nmay run adjacent to a perineter of the support platter,

whi | e arMHRABAUSSYti on runs on the path of a concentric circle having a

smaller radius. The wiring to the heater el ement passes through the stem of
t he pedéBteabp plasma may be left at low or no power when the bottom plasma in the substrate

25  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 bottom of the
chamber. A cleaning gas may be introduced into substrate processing region 570 while the

plasma is present.

30  The pedestal may have a heat exchange channel through which a heat exchange fluid flows to
control the temperature of the substrate. This configuration allows the substrate temperature
to be cooled or heated to maintain relatively low temperatures (from room temperature

through about 120°C). The heat exchange fluid may comprise ethylene glycol and water.
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The substrate processing systemis controlled by a systemcontroller. In an
exenpl ary enbodi nent, the systemcontroller includes a hard disk drive, a
fl oppy diwR 2drivosessand a 10processor. The processor cont &Cmaisaosiosghe- board
conmputer (SBC), anal og and digital input/output boards, interface boards
and st epBErwafpt sibpeidntatter ¢lthe pedasas (prefarabbld up &g cefanay/Or $yeOMdMagionf orm t o
t he Ver r 0 \Y/ . r )| i r ge,
and connigray T RS st Hleh AR Gt s B P B OB B

st r uct uraboasl 20a¢itingugh dkoudil 1oAY asiby an ambleddcA4irpld-loag dhdsddddusatct 5The
systemcontroller controls all_ of the activities of the CVD nachine. The

syst em COMRESICPRISIEXRIUDEY tpHB RradHt e forguplrislle] CoRPRICIcECles ¢ SRS

pr ogrzam - TR s a
P a7 o h b G R TBHC l ErTRI HRrn e EO h Ebor rRR cEHil,
conput eringregrtam runcdbn thepathedts ahcémst cudt hevisg tlhatllehi redias. e Thdhreidrigiong,

m xture pof gases, chanber pressure, chanber, tenperature, RF power 20
Ievels,tg%E%E%F% %6QF??%ﬂ#%qgaéﬁbﬁﬁ@ﬁn§§H%W€?@rs of a particul ar process.

Q her conputer prograns stored on other nenory devices including, for

exanpl e, The subsspyty pidcessingrsysieinas ceistlaé by appstoprooatrellatr ilven cxamyplatyso be used

to instruct the systemcaontraqller oce or deposi ti .a filmstack on
L subet refiodsie g sRTE Pt ler Blendsy PhREER Mo ATBERY R Refeiaddl ber g o
conpwet erprp¢R@ramhp hRstdsor Ediading § s@XRCBHaeHc It SBY S Slogantd@ditagr . 25 The
conput er. program code can be witten in any conventional conputer readable

pr ogr anTHIPHY/quENgG begjds. interfacndnspsisend sBODE raciseeantiplicnbrtid eV arpus asts ofPascal |
Fortran @?Pf%ggt?&sc-on%‘ﬂfntté%eeVQJs{Pﬂ/foad‘[qa? %ﬂel%ﬂeg%f?lg@f)‘ﬁgﬁgﬁh%h%ﬂé}ﬂﬁegb g€ Of

mul tiple using a conventiona stored or odied in
a conputeard cupadnd covrakdion disisediordand tyeRD MYic SAME etinddrd tahve defingthebus | f t he

entered code text is in a high level |anguage, the code 30is conpiled, and
the resdfiigite Bdtyingey [ehgdatpdus paha PHRKK@EdE Pisan obj ect code of

preconpil ed Mcrosoft Wndows(r) library routines. To execute the |inked,
congdidl edl'ebiysten caottell¢rtvensyls b mwf twerctivities kethe tthéD apickint. dbdeystaausi ng t he

conmputer systemto | oad the code_.n nenory. The U t hen reads. and executes
PR R AR B M S O NS Sy

2011/ 068G rahfet/ b0t QB&AO Prefii@bly MR Mmh e RES WER ik 8R! btk hB&um

controller is via a flat-panel touch-sensitive nonitor. In the preferred
enbodi menay alswbaethit londs efrmacrueryd, Therrempoien peagram inchades beant nstowatinas that or

t he Opeﬂﬁéogﬁ a.d.the.qthe%.behi d Hpe wal | Kﬁr éh% service chni ci ans.
The two HEAICEST YR T HN Y ESu eI B Ry R S i PHEBT vt BHY™i n whi ch
caseonllyve)guaepOPpsSsitidhahd 6ﬂleﬂpirhﬂﬁéters%f-ﬁgaaﬁtﬁiuﬁﬁtpr@cepﬁr@ﬂh@ﬂ&o&ﬁpﬁ@rr een or
function, the operator touches a designated area of the touch-sensitive
noni t or .PIgfams s1gEdern etheramemarygteyices 1chiding, ifeyrxarpleok Soppovdiskh oneticirenu or

screen i i i L QY i e operator and the
touch-séﬁgﬁffgggﬁﬁﬁv g$££t§ﬁ%$§)EVICEE%Sg%%%Qg%SEZ é& %?ge; nouse, or other
ni cation device, may. be used instead of or in addition to

pointing or co
Phe. t ouChDESASI IPT JePosHE Ed M oK I iDNEAE 8B PROSCHORTRHIRE & SETURF EH1 ¢ he
syst em qNi,RIn&ied using a computer program product that is executed by the system controller.

25  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

30  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.
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The chanber plasnma region or a region in an RPS may be referred to as a
renote plasma region. In enbodi nents, the radical precursor (e.g. a

radi cal - 'wWorogemsgeecursor) is created in the renote pl aSFaUS2@YI05RFOBNI
travels into the substrate processing region where the carbon-free

si | i con-Brntgrfacnbetyeacapssspnd theegnireléa ipyiaprlatpaeil éachperdiiyesoenitqry In
enbodi - i] - GO WAl r i i only
byt he raepregrrg ARERLBA b RonRbl FEM LR ARl B RS Ut ok hBE RS TS

the remjperapdraandthcadhd Behind tiehalt foreind srvitOtcehsitiags. tTiat twloheorifds eal
precursor provides the dom nant excitation to the carbon-free

si | i con-EBRtHICATThY disPlay Hieswme Pfor@abRHihAcS @By PRgaECRH AR AL pliEsma
regian, fd@&%gga&@um a5 STAURAL fhe %B@rfa%q %ﬁﬁ%@% g%g%@tefa a%&aC&ﬂtR@to@E%-t he

substrate processing region partitione roma de on region.

deposi t isonsitiegmonitoralThe tdurhedhartee ckingesass higblightbd tolat, or pnowessiurng scregn 6N, | S
wher e tqﬁgﬁla ma effluents m.x angﬁreact with the carbon-free. )

si | i con-CHPEnf GBI SonIBni¢asiogdetesen thepesates b FChiserg5emendiptr on a

deposi t i OfcSHRRS Augh k€a BeybolrdS RISuSQBHYMEPPoNGAES) cominiEationt R dicB! Asya
effluents may al so be acconpanied by inert gases (in the exenplary case,
25ar gon)be uspéinsrd ohof ineddgiohite the-towhtsensitimg mendeuostowdbessentt  pass

t hrqugh a pl as before entering,the substrate plasm region, in

enb inéﬁ?ﬁ?u ngegﬂ%g@?%?%nﬁF@gggging regi on may be described herein as
"plasma-free" during the growth of the silicon-and-nitrogen-containing
| ayer. "Biegpdpmberplasmasgionmsta rpgien st RPY e refsarcd éypoonrampteiplogng of

pl asma. | Z | r I € it hi .l .r egi on
ot v avdr Py SEeORE SR 300 lAGF pReERHE I Ak AR B b0 REAIMRAE Y, he
car bon- ftheensité plasmna ceidraanl thy cpriguUhs aubstrste Ppodcesdils fogivini vathdry thexattioad by

the plasma power applied to the plasma region, The borders of the plasma in
the charffRSrSIHICASRRIHAE BisCuiser IR axetedPydas radecabpgcewayr dRErbedmansoict he

subgisr atc%r%ﬁlgt?@ess?]!ié&l-croﬁﬂliirﬁﬂ% E%rcgjiﬂgnstegatéﬁl%# Fﬁ; R rhdicdl ?ec.%lps%Y\.ef’ﬂ%g- In the

case of an inductively-coup asnma, a s anount Ioni zati on may be
ef f ect ecbomict may csdeatidy BO4Mi06 8652PCTY 18RO HAGBGAQIbns bstbelimes.daessi ng
region directly. Furthernore, a l.ow jntensit | as may be created in the
Gubst 2t L PP ORAUPC RGO (BF AR GGG (P A1 B P BCCF t he
form ng HGilaMinfblecGayses for a plasma having nuch |ower intensity ion
density than the chanber plasma region (or a renote plasma region, for that
natter)lduring.th creation gf %helexcited p&asn&t%eﬁfluegﬁs go not devi ate
from t he "SEESE Y A RSHRE £ Bam Y PIFLE RGP RNR S AR HRIRTT #Subst r at e”
may Joe eaeiardrih aSedRhlotie: dbttate proskdshputgibayefBiohed freeh 4 dipbsi€ion rekidh.
support substrate may be an insulator or a sem conductor of a variety of
dopi ng cocisnesiten tsinapldo krewn hersingsdheppstrate prasessiis giopeisavhgssiheonduct or

subst T atg, gl b6k e USEdali i TRAAREUNR o cohhEA AbETs b S

"Silicor Xl I's used herein as a sho
the silicon-and-nitrogen layer on a deposition substrate (e.g., a semiconductor wafer). The

excited plasma effluents may also be accompanied by inert gases (in the exemplary case,

25  argon). The carbon-free silicon-containing precursor does not pass through a plasma before
entering the substrate plasma region, in embodiments. The substrate processing region may
be described herein as "plasma-free" during the growth of the silicon-and-nitrogen-containing
layer. "Plasma-free" does not necessarily mean the region is devoid of plasma. lonized
species and free electrons created within the plasma region do travel through pores

30  (apertures) in the partition (showerhead) but the carbon-free silicon-containing precursor is
not substantially excited by the plasma power applied to the plasma region. The borders of
the plasma in the chamber plasma region are hard to define and may encroach upon the
substrate processing region through the apertures in the showerhead. In the case of an

inductively-coupled plasma, a small amount of ionization may be effected within the
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10f or and interchangeably with a silicon-and-oxygen-containing material. As
such, silicon oxide may include concentrations of other el enental
consti t uemD0BUMEReSAS ni t rogen, hydrogen, carbon and t hePCITRS2010/056&00e
enbodi nents, silicon oxide filnms produced using the nethods discl osed

herei n cs@hsﬁaéft preseserigiregipy dgectly; |F|pvéf<bﬁrr%ma, pleygatensithelasa: may be stardar” i s

used to t[l trat P?@c%ss%é) %g% Vgl"?t?out\fmm%pa&ﬂ%ﬁésn%?fetfeétﬂreg ]pf ﬁl%%ﬁ}? ﬂgs rneI t her

rem)ve mat eri a{l om or eposli

"excit edAl$tatses fod ewsnh&&vmggﬂ@chvlb@éﬂnfen@&y lodakhsis,otfien the ohbmbgqﬂasmi ecul es
are in V|brat|onall¥ excited, dissociated and/or ionjized states. A gas may
be a corfBFARIPIGHEBIOtE RlAsTR? regisme foy dhat gnatter qusing éhy creptionaf S oxcited plagmat o

descisi berlasi® RIIVBN BohdoR3pl O M FICh PG LAl Rl ch [ exiting a

pl asma) part|C|pate I'n action to eit renove naterlal from or

deposi t terlal sur, radi c dr oge recugsor’

r adi cal ST SRt SW&F&Q@W&% WE8F Mifpw it Orlaa%rbereon
precur sofpe 5%956@%%&%%@%11 ihMA5006M B cARILPLESLaridly 8f dgfhgal - ni trogen
pr ecur sor and nitrogen may be present in a radical-hydrogen precursor. The

phrase "donesntratjers'andgfrefilss @mi Ay, fgasxamlts Hve@csemlqmﬂqutolrm stiwdero € dile tyyends

when et chi beij in film. inert se
el uge b Bt n B RO BRIl postibn RiaCs€ Maloteih BEE tnRES,
bondg arfer &uf iafcrE@—nBESIY itk RisARbhY¥hd ok 3e- @Mﬂﬁh? ndt@ial.r APREsh, bilicén f i1 M
The term"trench" i s used throu%hout wth no i ication that the etched

geonet r yoXidesmay ingluge chrgeniraiang|ol atise elemental epnstjusigs quely sriitipgsnehydiegen,
surface,, }Ho%naﬁﬁ?ﬁe qu@/p Iggeﬁgreen}%g%&gngs; %u18¥§$ﬁd9§ir%{98ﬂaﬂ+ced tg%ﬂ Hleflogs OF 2

variety o er shape OM/aspect
rati o trdsutdscivheen ¢comyisogsseminllnof sibieorf add @d/gen.t 'ﬁhmtrﬁl“pfe@ulfsﬁll” s asadeot i cal
electrlcal 30connection. As used herein, a conformal |layer refers to a

gener al IT§iChf #OrRTPECAY 83S WRIChLakSs Pt INghregetiqny tp £&her rimeNe Matensl EARMS as t he
sur fiace, geho&t mﬁt{ehﬁlcﬁfﬂégg‘&%c@f ﬁxagﬁ 111%{% c?t@&'s he d%%&‘rfb%? %ex!vﬂé}eﬁ%‘ffé .6d are

generally par a A person ng or tnary skill 1n t e art
r ecogni zmentehdtthd gre ndpoddstaedimaberipedlly-exdcetd, dtmncl@tted laed/ﬂ)f)ﬁ%zed nfacrsmed  and

thus the term."general ly" allows for acceptable toIeramces
D011/ 06 GES THeBESSITTOIRE 4D I ST BRGu s et P IO B AGHRETo ¢ i 1
be recogiiaRdMYedthQ@SRis A ad kidited std WRicRES cxifi@l a ﬁlﬁéméb%hleﬁ’ﬁhrftﬂcﬁ)@k' iAns,

al ternative constructions, and equivalents may be used w thout departing
f r om t heegqsionite eldiertrmovm@tﬁtlaldmmp«dqusﬁ madtdrial on amuirfixesy A)fravlz@al hYdﬂi@mm

procgsses and g have no een, des bed

Cnnedos Ay clierameng e g U ORISR hecki gty bR intcupsre
descri ptdoanairshoubebnn ¢lydaschakso eédnmnta gich PRIt EaPSreOirsd i dinltydidh ingy-
Where a range of values IS provi it is understood that each intervening
val ue, ths mresentigrigdisel h&ﬁiéog@ﬁuprfe@fsor hé&he phiese [inert gasumtfesdo pmegisonielkt

clearly i L&tfgﬁngﬂ%}ﬁlcx\f] lfo%ds %E %%%Eaglﬁg?ﬂc ?[quadea)\fﬁtg i 1@ tﬁgﬁ%g@at

range is a SO Specl d|sc ose Fange
10st at ednatapases chludlatnebkeegamg)uv alay éndlindecotBérafaesh sbaﬂ@asanﬂblﬂﬁycaﬂ)bbﬁs at at ed
or |nterven|ng value in that stated range is enconpassed. The upper and
| ower | ifRimed When (el ypireeimeutiyds tiraled itddp8hdent |y be i ncl uded or
excluded in the range, and each range where either, neither or

The term "trench" is used throughout with no implication that the etched geometry has a large

horizontal aspect ratio. Viewed from above the surface, trenches may appear circular, oval,
polygonal, rectangular, or a variety of other shapes. The term “via” is used to refer to a low
aspect ratio trench which may or may not be filled with metal to form a vertical electrical

30  connection. As used herein, a conformal layer refers to a generally uniform layer of material
on a surface in the same shape as the surface, i.c., the surface of the layer and the surface
being covered are generally parallel. A person having ordinary skill in the art will recognize
that the deposited material likely cannot be 100% conformal and thus the term "generally"

allows for acceptable tolerances.
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both Iimts are included in the smaller ranges is also enconpassed within
the invention, subject to any specifically excluded Iimt in the stated
range. Wwoeotwsetat ed range i ncl udes 150one or bot h of PChAISRIMIOS&1 r anges

excluding either or both of those included limts are also included. As
used herldavingdesciibed ssscrabpabribarcrisaf wll be rrsognirylyathoscorirpkill igthe argfrat gnd
"the" i . . refer h . i S

ot hor wi a0 FBUeRodsCRFRNS R R R0 EnF R RO Lo BRBNE® ) a1y
of such depaciag e tedpirebettenaention.” Mdgitiphetyhsambet oW eltl&BowH pretgeence to
one or nore precursor and equival ents thereof known to those skilled in the
art, andndglagntmhavangpbeepleseiibed i ordshigraverl unneesspasily ebseyring thequpseae,

"i nclsudi; ©oand y ed i ' iofi j; ' he

Fol | oo rig e isne s ARl R p0F BoithBlon heh o PR ch e Bl RGeS T e,

i nt eger gshe commaorent s, or steps, but they do not preclude the presence or
addition of 25one or nore other features, integers, conponents, steps,

acts, OrwgEQWSnge WQRRLY NEEESERCTAHS9B04 0264k IMEATNS WAkl MER: tSih 1. A
met hod of formng a silicon oxide l'ayer on a substrate inm a piasma- free
subst r atod thy woesisthatpwes dinohuilessdhe edngext aleerlp distatessithg wedesabtsween theeppet hod
conprising: flown ydr ogen- cont ai ni.ng,. precursor into a first plasm
Fegr on 140t tht S Eni b A A SR TGO HRI S B Bt bR eBh N i ng
Preqor s QtatédWAuPoSiBedtshiny ASidin6@it8Nranfe PSRN stAsH SahtcBVendfvalue in
precursor; concurrently conbining the radical precursor and the

radi cal -thatypeet gngeisrcaermpgssed. al hearpenandrleweslimite ehthessntmaglisr ragepy @evir sor in
t he pl aspr-f r j 4 i i t he
nydr ogen absr &S TR HeRGEIS! Htnt BRLEIdMSALD; Bhec ¥Rl BePbr 0

pr ecur s@otlchimitabre includabi@nhe smaller ranges is also encompassed within the invention,

subject to any specifically excluded limit in the stated range. Where the stated range includes
15  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 example, reference to

"a process" includes a plurality of such processes and reference to "the precursor” includes
20  reference to one or more precursor and equivalents thereof known to those skilled in the art,

and so forth.

Also, the words "comprise,” "comprising,”" "include,” "including,” and "includes" when used
in this specification and in the following claims are intended to specify the presence of stated
features, integers, components, or steps, but they do not preclude the presence or addition of

25  one or more other features, integers, components, steps, acts, or groups.
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depositing a silicon-oxygen-and-nitrogen-containing |ayer on the substrate;
and anneal i ng the silicon-oxygen-and-nitrogen-containing |ayer at an
anneal i ngwvbenpearssdsare i n an oxygen-cont ai ni ng at nospher @CTAISR00/0ESE t he
oxygen-content and decrease the nitrogen-content to forma silicon oxide

| ayer. 1WPIATHES GBARMEDLS:cl ai m 1 wherein the annealing tenperature is

bet ween about 500C and about 1100C and t he oxygen-contai ni ng at nosphere
conprises at |east; one B radical

speci es derived t hle'r ef r%%%e%d Oq?fmﬂagasm%g?d&%a et ﬁgglg)%%{%gflgﬁ)%s%v\her ein
t he fir diceplubsrac progessimgirsgibhén & adetiaie pkassang dgindrr,3he inothod @dmpaking:
precursor and,the r%di cal -oxygen precursqor are produced in the 20 sane

pl asna. flowing a hygdrogepreo ISP EFUrRAr A A FITHHEAEHATCRI8 18 BEWHEF I asnma

[ 20l 8N _Ixdich) AcutlER Lhile AR B SLA CBRTnil OFAL Aot deoldifaHPRLIAL ©
processi ng chanber and the radicdl™-oxygen precursor enters the plasm-free
subst r atte pprdoce s sidagplosggarpredursvout passi ng through the first plasm

i on. 255.The method of.clajm1,. inth d.pl ion is i
emote pi asmtoByaTay CapTo it fr et tib e Stk R aE T weats g R hanber
and t he gainCide SRLASIONRIEEY pRRGrsSNERS plafifa 506 AMskiRlcas bR SR kioher e i t

is further excited before entering the plasma-free substrate processing
regi on twhaseiglat shstone o€ thel ydragsegopipiningepreeurperaand sheeatbaofrce 80eFhe net hod

of glaim 1l wherein de ition rate of the silicon-oxygen-
andﬁr(?i trcgateaﬁqng%ﬁliegilrglorncgﬁfaz%}élrtmiggn’gr eater than or about 2000 A/mn. WO

2011/ 068652PehbsHA 0 5iDD&H0:1y gen-and-nitrogen-coftainihe 1ayet fiothe 8fibstdasd; Bhd wher ei n
a deposition rate of the silicon-oxygenand-nitrogen-containing |ayer is

great er t han d@pcagihe Sbom-gyigen-and-nitrogen-containigg laypfeat ga eA@liBg ¢l ai m 1
ey [ EnfGRRR bl AL BLR bl Sbyf S OHGERERIE A aEBReaaRtRL Al

t he si | ithontogygeomtantde fiorhT DgEoen aodd liyed. ng | ayer conprises a carbon-free
Si-ONHlayer. 10.The nethod of claim 1 wherein the oxygen-containing

pregursor comrises at east, 008 8150741 Qin H2 i BB torRha i LIR2A

about 500°C and about 1100°C and the oxygen-containing atmosphere comprises at least one

of O,, O3, H,0, H,0,, NO, NO,, N,O and radical species derived therefrom.

3. The method of claim 1 wherein the first plasma region is the second
plasma region so the radical precursor and the radical-oxygen precursor are produced in the

20  same plasma.

4. The method of claim 1 wherein the second plasma region is in a
remote plasma system (RPS) located outside the substrate processing chamber and the
radical-oxygen precursor enters the plasma-free substrate processing region without passing

through the first plasma region.

25 5. The method of claim 1 wherein the second plasma region is in a
remote plasma system (RPS) located outside the substrate processing chamber and the
radical-oxygen precursor enters the second plasma region where it is further excited before
entering the plasma-free substrate processing region through channels also used by the radical

precursor.

30 6. The method of claim 1 wherein a deposition rate of the silicon-oxygen-

and-nitrogen-containing layer is greater than or about 2000 A/min.
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1011. The nethod of claim1 wherein a dielectric constant of the silicon
oxide filmis nore consistent across the filmconpared with a filmgrown
under ot OwDHE®6845A1 | ar condi tions but w thout the radi earAS219Om6401
precursor. 12. The method of claim 1l wherein the substrate
is patterned with 7 trektermethod pgelainwd sthircdt a derssitiosgatamef gie Sileos-xvacn-he

Si |1 0N R0 AN RS R: hBYGlor o L UAR RodSdgi no_deposi tion and fills

the trenc ‘wherein the silicon
oxide layer in the trench is substantially void-free. 14. The
met hod of clai m 1 8her €ffie théthod of dhinpl adwrein &demBition rate ofl theesiibdo-¢Xygsiva

system (RPS). | ocat ed. qutside, the su strate p si.ng chanber. 2015. The
met hod GdElitPERNICORIFENRE f?yf“h’é gf‘?at@tt sai?ﬁu @ﬁgi(nﬁl% a partitioned portion
of the substrate processing chanber separat ed fromthe plasnma-free

substrate processigig regicicthyd 8f SHAVEWNeREH th%@ﬂfE'aﬁ‘ oL ARshdRhiteh&-m 1
further conprising an operation of curing the filmin”an ozone-containing

at nos phexostaphing kypm¢ampaisas dgarhon-diep Sf-6-Nrld ldyst. ow about 400C.
10.  The method of claim 1 wherein the oxygen-containing precursor
comprises at least one of Oy, O3, H,0, H,0,, NO, NO,, N,O and radical species derived

therefrom.

10 11. The method of claim 1 wherein a dielectric constant of the silicon
oxide film is more consistent across the film compared with a film grown under otherwise

similar conditions but without the radical-oxygen precursor.

12.  The method of claim 1 wherein the substrate is patterned with a trench
having a width of about 50 nm or less and the silicon-oxygen-and-nitrogen layer is flowable

15  during deposition and fills the trench.

13.  The method of claim 12 wherein the silicon oxide layer in the trench is

substantially void-free.

14.  The method of claim 1 wherein the first plasma region is in a remote

plasma system (RPS) located outside the substrate processing chamber.

20 15.  The method of claim 1 wherein the first plasma region is a partitioned
portion of the substrate processing chamber separated from the plasma-free substrate

processing region by a showerhead.

16.  The method of claim 1 further comprising an operation of curing the

film in an ozone-containing atmosphere while maintaining a temperature below about 400°C.

20



