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[ 001] This application clainms priority to U S. Pravisional Application No.
61/ 588,964, filed January 20, 2012, and U S. Applic /414, 619,
filed March 7, 2012, both of which are incorporat edmmmmmm’mﬁe herein.

| NTRODUCT! ON Fi eld [0002] The present disclosure rel at es; %gnera y to
formation of SiN materials on substrates. Mre particul ar t he disclosure
relates to formation of SiN filns on sem conductor substrates. Background

[0003] Silicon nitride (SIiN) thin filns have uni que physical, chem cal and
nmechani cal properties and thus are used in a variety of applications,

partlcularly s ' qm:g arriers, gate
i nsul at ors, ewa sgagelqgaﬂe]%g?pssfu mn yer?ﬂ!wﬁa&?ﬁ lms in )
transistors, andthe li ke. SS1 is the relatively high
tenperatures used to form@NF mey%]% in Front End of Line
(FEQL) applications, SiNfilns are typically deposited by chem cal vapor
deposition (CVD) in a reactor apryogiecrtdAwp 750C using dichlorosil ane and
ammoni a. However, as SINfilnms are used in | ate-stage sem conduct or

f abri cat[0eo1] pThic appleatioraslgin3 pridey ﬁﬁj 8i HibﬁlﬁioﬁﬁlSAﬁﬂhBitidﬂLt@o te1/53BpbAkiled her e

IS an i ncreasjn emand for fi to | ower tenperatures,
for ex anlﬂqu@rx gOf blo%éppl?ca’t\llon No. ]3/414 619 ttlled March 7 2012, both of r\E/Fl)nch are

incorporated by reference herein.

INTRODUCTION

Field

[0002] The present disclosure relates generally to formation of SiN materials on substrates.

More particularly, the disclosure relates to formation of SiN films on semiconductor substrates.

Background

[0003] Silicon nitride (SiN) thin films have unique physical, chemical and mechanical
properties and thus are used in a variety of applications, particularly semiconductor devices, for
example in diffusion barriers, gate insulators, sidewall spacers, encapsulation layers, strained
films in transistors, and the like. One issue with SiN films is the relatively high temperatures
used to form the films, for example, in Front End of Line (FEOL) applications, SiN films are
typically deposited by chemical vapor deposition (CVD) in a reactor at greater than 750°C using
dichlorosilane and ammonia. However, as SiN films are used in late-sfage semiconductor
fabrication processes, and as device dimensions continue to shrink, there is an increasing demand

for SiN films to be formed at lower temperatures, for example less than 600°C.

SUMMARY

[0004] Described are methods of making silicon nitride (SiN) materials on substrates.
Improved SiN films made by the methods are also included. One aspect relates to depositing
chlorine (Cl)-free conformal SiN films. In some embodiments, the SiN films are Cl-free and

carbon (C)-free. Another aspect relates to methods of tuning the stress and/or wet etch rate of

W

*G00002*




SUMVARY [0004] Described are methods of making silicon nitride (SiN)
‘materials on substrates. | nproved SiN filnms nmade by the nethods are al so

i ncl uded. One aspect relates to depositing chlorine (Cl)-free conformal Si N
films. In some enbodinents. the SINfilns are O -free and carbon (C)-free.
Anot her aspect relates to nethods of tuning the stress and/or wet etch rate
of 1 conformal SIN filns. Another aspect relates to | owtenperature

nmet hods of depositing high quality conformal SiN filnms. In sone

enbodi ments, the nethods involve using trisilylamne (TSA) as a
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substrate to a vapor ow of a first nitrogen-containing reactant
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In certai n enbodi nent t he vqurreh(chlowratlo f the f

rst |
ni t r oged ST KiehiAAgNe: B4 examnie ¢ &Ry SERIBR IR B G&) OQSB‘ﬁ'Eté’lth‘? ﬁﬁt ME®R S ant is
bet ween RBQMinglredet-A0R tkbukyl dnfife. €xanpl e between about 1:1 and 4:1. In
certain enbodi nents, the volunetric flowratio of the first
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In cert dl‘ﬁogé?HﬁB‘HP‘ﬁ’é‘ﬁtrEaCtaPhé‘abfse‘Eg‘HF'ét from spid fird Aireesacemainingreaciant y fied such
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reactant. For exanple, the pressure in the reactjion chanber can be cycled
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example between about 1:1 and 4:1. In certain embodiments, the volumetric flow ratio of the
first nitrogen-containing reactant to the second nitrogen-containing reactant is between about

1:10 and 1:1, for example between about 1:4 and 1:1.

[0007] In certain embodiments, the pressure in the reaction chamber is cycled such that it is
higher during the vapor phase flow of the silicon-containing reactant. For example, the pressure
in the reaction chamber can be cycled between a first pressure and a second pressure, the first

pressure being between about 5 and 50 Torr and the second pressure between about 1 and 5 Torr.

[0008] In certain embodiments, the substrate is continuously exposed to the vapor phase flow
of the first nitrogen-containing reactant through the method. In certain embodiments, the

substrate is periodically exposed to the vapor phase flow of the first nitrogen-containing reactant.



.[0008] In certain enbodiments, the substrate is continuously exposed to the
vapor phase flow of the first nitrogen-containing reactant through the

met hod. I n certain enbodiments, the substrate is periodically exposed to

t he vapor phase flow of the first nitrogen-containing reactant. [0009] In
certain enbodi nents, |ow tenperature processes are provided, with the
tenperature maintained at no nore than about 400C or | ower, for exanple no
nore than 375C, 350C or 325C. In certain enbodinents, the stress of the
silicon nitride material can be tuned. For exanple, a silicon nitride
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tenperature is |l ess than 400C. RF power can be between about 0.15-0.5 WcnR
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deposi t i figogdn %bﬂtéiﬁiﬂ? rdakdahit stéh 4sl dnihonld 6t IBBRANHAL HSom@RmbOGIneAtE, tRe Kif8&hl ON
chanber; a source of activation energy to formthe silicon nitride film a
r eact antSOiingie; reafaNtaisc rarbeN-rRftainmg feadant r ol eeme FMbpdiEENfgethe n&IPEAtL i ons

for flowoR@infie" fehctdMdis SEaRRreNbe h QARRHCOREAING REotkiR 3H kLR ChilrB&en-
reacti on chanber during a deposition cycle; periodically flowng a

hal ogen-Pp@wing teactanh- donsubstistn emneetirastn batfer epmplecbriveeprnberaiMher aadir i ng

the depagihi80°€%E b&wedboRI0o 8 hiPAtott 4085¢ 1 I\ Gni RIbBSHRndstht RhpeRasd | On
chanber when the flow of the silicon-containing reactant has ceased and

whi | e t Helesd then 409a. BEpoviet can be bajeeencbattd iirhy Wemcinapme embadimendsent in t he
vapor phase in the reaction chanber. [0015} These and other features and
advant ag@8lldf Anptherpaspsenielafasvienan appaggitys| fopedegessténgi edicpm nitide fat ailhe bel ow

with r efa%Eﬁ‘Qtﬁ? chiPincRGe qsé&%ﬁ‘tcﬁgn}%’,aw &¥ree of activation energy to form the silicon
nitride film; a reactant inlet; and a controller. The controller can include instructions for flowing
first and second nitrogen-containing reactants into the reaction chamber during a deposition
cycle; periodically flowing a halogen-free silicon-containing reactant into the reaction chamber
during the deposition cycle; and periodically igniting a plasma in the reaction chamber when the
flow of the silicon-containing reactant has ceased and while the first and second nitrogen-

containing reactants are present in the vapor phase in the reaction chamber.



.BRI EF DESCRI PTI ON OF THE DRAW NGS [0013] FIGURE 1 shows a tenporal
progressi on of exenplary phases in a CFD process. [0014] FI GURE 2-4 show
exanpl e process flows for making a SiN film [0015] FIGURE 5 depicts an
exanpl e of a CFD processing station. [0016] FIGURE 6 depicts an exanpl e of
a-schematic view of a nulti-station processing tool. [0017] FIGURE 7 shows
an |-V curve for a SiN filmdeposited using TSA/ anmoni a system [0018]

FI GURE 8 shows bottom and side step coverage of SiN filns deposited using
TSA/ ammoni a systens for various feature aspect ratios. DETAILED

DESCRI PThé) O fts¥ lafiVolh@PkurelNfid REGHEREs &K HE LRI SuveRlidl §f s QivaRt) on of
SiNfilms, particularly on sem conductor substrates. Methods descri bed
her ei n imat defeil belgw wath refereneedd itherpgsociated slzavings. content in SiN fil ns,
particularly form ng | ow carbon content SIN filns, as well as confornal

fil mdeposition éCFQ). met hods of fornming SiN filns.
BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIGURE 1 shows a temporal progression of exemplary phases in a CFD process.
[0014] FIGURE 2-4 show example process flows for making a SiN film.

[0015] FIGURE 5 depicts an example of a CFD processing station.

[0016] FIGURE 6 depicts an example of a schematic view of a multi-station processing tool.
[0017] FIGURE 7 shows an I-V curve for a SiN film deposited using TSA/ammonia system.

[0018] FIGURE 8 shows bottom and side step coverage of SiN films deposited using

TSA/ammonia systems for various feature aspect ratios.



,Defipitions [0020] As used herein, the follow ng definitions shall apply
unl ess otherw se indicated. [0021] A "silicon-containing reactant” is a
reagent, single or mxture of reagents, used to nake a SiN naterial, where
t he reagent contains at |east one silicon conpound. The silicon conpound
can be, for exanple, a silane, a halosilane or an am nosilane. A silane
contai ns hydrogen and/or carbon groups, but does not contain a hal ogen.
Exanpl es of silanes are silane (SiH4), disilane (Si2H6), and organo sil anes
such as nethyl silane, ethylsilane, isopropylsilane, t-butylsilane,

di et hyl si | ane, diethylsilane di -t-butylsilane, allylsilane,
sec-butylsilane, thexylsilane, isoanylsilane, t-butyldisilane,

di-t- buﬂ@@ gﬂP§P§Sc§ﬁHTFW§ | i ke. A hal osilane contains at |east one

hal ogen group and may or may not contain hydrogens and/ or carbon groups.
Exanpl es of lkpdéw anes are iodosil anes, bronosilanes, chlorosilanes and
fluorosilanes. Al though hal osil anes, particularly fluorosilanes, nmay form
react i veooia] i @be ppeat disclodued reagen t@ forinatginl of SN fiims, erartlilarly ion samlcmaiuctor

enbodi nen descr.i be er ei the con-c¢ t ant
o7 osent URURCE IS GHECrd Dk e MR GniBRLTY ditotareeonent i
t et r achlftimespaktivntarly Sorailidy Jowt-tarininl conest SiNNBIMsHS W#18)s cdﬁfcﬁhhbﬁl@ﬁdépaneon

(H2Si C1 chl r05|l C1Si chl oroal | yl si |l ane,
chloronébﬁypgﬁgaﬁb %ﬁﬁaﬁg?hyIS|lane chl or odi net hyl si | ane,

chl oroet hyl si l ane, t- butylchlor05|lane di -t butyl chl orosi | ane,

chl or oi sopr op¢lkisiticasnne, chl oro-sec-butyl sil ane, t-butyl di nethyl chl orosil ane,
t hexyl di net hyl chl orosilane, and the |ike. An am nosil ane includes at | east
one ni t r[0eEOh As osedihereile thetfollawisg definoionathathapiytinlesytieihsise mdicatad.n hydr ogens,
oxygens, hal ogens and carbons. Exanples of am nosil anes are nono-, di-

tri- and08d{r A-“atticorosintamag (w&t( NHZr)eagenHQisglNIor Ql)')@l,lre HSH&@)Q umddo make

St (N1- 12a? §'N a%erBi?Ct I ¥ tké/ )eh n? CSN? ins, a feaﬁ%bg Elll E ounr('io The 5111c0n com | poufid! d

t et r aani‘nosilanes, tor  exa T am nosT 8 ylram nosi‘l ane,

t er t - butcgh e, | famnaainpke, a mbns(atlmtdsﬂmey)banﬁ ythmosilang. sAlsElm o@ﬁnHRbNhlﬁﬁeﬁHﬂ@l/B) 2
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at least .o trog | e noni a, .. hydrazi ne,

beari ng dd‘ﬁ?%ﬂﬁ‘yang’uc et%ls‘%éf 3%“%5'38‘? met K i1ati; nec- bé’f%i}\aaﬁ"m ntEexg'PS‘ ane,
| sopr opYikcfyRdanet t-b&tS'Mlsﬂﬁﬂen@lrt tlikyldisibé, \eha tetke. QYEdieHpERYhATsALleast one
sec-butyl am ne, cycl obutylanm ne |soa | am ne, GF %P%Ibutan 2- amnef
tri met hy12 'hémuaﬁngd‘b% P’&h“ﬁfec"’lﬁﬁ"é 9f|°$“§‘6|cf‘r“ 9y Ic&RpH groups.  Examples o

di-t- bUtMIdﬂMﬂkﬁ&b r&osmes\w}dmoaﬁanag @maidsnanepmdaﬂaawagaxﬁgn ARFousH GflodRines,
ani | i nes, pyridines, enzylanlnes es |nary, secondary,

tertiar waarcuad&tfblpwawez froRy % packve b@tdﬁafafwwa%m% LHsep Suateriafs, im

ni t r ogeneRANtMbHMENICRGEMRYE Herdh, GRNEfitsh-ORtAiRA+QBBNOLNRE prdian m&]r@gen
for exanpl e, hydroxylamne, t- butyloxycarbon | ‘am ne and Nt - but

hydr oxy | Bi#fmaes &reckni Speeie ﬁﬁle&slﬂaa}iewﬁgetraéb}etoa ng (szgrhiomsawﬁsrfés)er s to
a plas ”Bdlétﬁl&b&ﬁﬁe '(leﬁC‘iﬁa%hQ&l&g@gpeer(C@in)e%HfoﬁJaM Sifle, bEfﬂHHﬁﬂktH Rfighet he

reacti on chanber. asnas can i nclude the reactants descri bed hereln and

may i ncldigdoremptbylsidagent shlofodimethyisipnee  chlagesthylelangast: bU@rICM@Q%EaWe digeci es
such as fHygas Sﬂla Schly&%oﬁl%ﬁgglf’aﬂg S cﬁl@% QL '%G{ylsﬁ%“ttsb %%?c?sglme' n a
reaction cha Is struck, or “a renot e p may be flowed
into a dhwybiemethﬂelvleroslme randdha ks én@rrpmdmmdn@scﬂt lqalsteoneeamwnta@nand/ or
carrier . Lgnite p I he
react | orbaneies STigb® HohE bul o oL ARIENFERNE ShyBHS, RUGHANnd S0y

t echnol d’giamlelsy)f pmaosibines, are nehord dngrit nmtlmtrwmmm@ogpﬂiédﬂ‘ﬂhas raSi(ibd):,

m cr ownay, a for n i h | d
appr eci altg%a\lﬁr{ﬁ; Kﬁﬂﬁé Eg& ;%Hv"lt%éb 25 VYC(?] Qg Qﬁf Ytu%ela nd an d ?r F}ug']ida\é@}éet
developednmkamma aneemmnmg mbmhhmmusﬁmmgememmanpMEMQdthobﬁgbﬂmmhmn t he
scope of the invention. [0024] "Thermally renovabl e group” refers to a
noiety, on either or both of the nitrogen-containing reactant and the
silicon-containing reactant, that breaks down into volatile conponents at
bet ween about 200C and about 550C. Destribed herein are non- limting
exanpl es such as secondary' and tertiary carbon group, which undergo
elimnation reactions in this tenperature range. One of ordinary skill in
the art woul d recogni ze that other groups thermally deconpose as descri bed
by ot her nechani sns, for exanple, a t-butyloxycarbonyl (tBOC or "BOC')
group thermal ly deconposes via both an elimnation nmechani smwhere the
-butyl portion of the group formnms isobutylene, but also the deconposition



,Thus a thermally renovable group is not limted to a particular mechani sm
or, conbi nation of nechanisns. As |ong as the group breaks down under the
specified tenperature range to produce at | east one vol atile conponent,
then it qualifies as a thermally deconposabl e group. For exanple, under a
gkven set of conditions, t-butylethylamne will undergo thermnal
deconposition of the t-butyl group to formisobutylene while the ethyl
group remains, and thus isobutylene and ethyl am ne are the products of the

t hermal deconposition. One of ordinary skill in the art would recognize
that t heoné(ﬁl’t gjk:'u{ytla){m%)s@ang 0 WE%?NHC@%MS J (B‘"Irhﬁﬁgr t terPBu lhe mFﬁ@A%a'nQEé
conditions un he conponent gener at For e , 1sobltyl ene

may be VEHHEEH)ENEH)be, $@M@Hsbﬁm(§1(€HabNH()nart§1h@¢rﬂJé¢ ﬁrfdéhertel’i@nnléﬁﬁl tions
of heat'arﬁ%nﬁﬁoquﬁn%"*%&g %ni??ff@déﬁ? t does not react with the adsorb_ed

reactants exanpl'e ni a, although generally a volatile
conpoun darg iplng rbed on
Che surfavelof o eunt EREHARE el So YL EPPRER, ARt ST anPRRE G o

maki ng SiyNragink, nmm¢sn(apme§|bcmrmrcaebmbqulmtmet®lmnhie,l dimnethy minged ethy kg, _
pl asma- qg&ﬂrcﬁ%iaﬁgneconf oL mmrfninlem %—P‘B }a'm(?rgf: ( jg?opr églaﬁﬁ)r{ge e %{k{f;ﬁﬂ; s, SIN

films are depositéd using an an1n05| ne stli talning reactant. In
sone e rrmydiobrmmlammesl 1$<bafnylarmncar ngdpytistangsanise.n grimahyliraineg diisapripylagiiteanes.

In sone gp Sl N fil are depasited usin si.l yl ami ne. [0026] In
sone enb(g 'SO 1IQlef tr%lkvar SRS rad ﬁsélaﬁomaélgccé’P 3015 pRges et 85

ni t r ogermndoeag, aoynqu areldxcnaﬂmnmésnAm rreusribeqbnnmnt secoBlaly, fiariiarg oaqtexted:mnpsi ted
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car bon- dmetrcaatcrmsrtghemtmamgmgeﬁabt aiampreghycﬁa;quzamhe t{b 2okl cdrbongDarRine BONL Ment s,
s  ar.e osited. In some enbodi nents,

hal f Si
hgl 8822 ﬁ/gh&){ gqr{nn%? %’8'“8%?.%%?%“}‘“‘@%&2‘?‘??%3 are dep05| ted. In sone

enbodi h ree confor.mj N fil ns,havi n ned ress are
depost t 00 "BlsRER CsbH ATRT™ €0ie ot hieeashnp e e b oL it

t enper atthig &ﬁctlcﬁ&ﬂarﬁlﬁh’ﬂ.ﬂ PRbaak cad (i0(de theaeiivtais debaibed asrsmcahs ma§ ibhsie otHeed i n
nore detail below [0028]. In certai.n enbodllgclrﬁ rs?y CFD i s u ed to deg&z

the Si NFIFE°" SRMRELHRAHET $5uY TGRLXE FRSSIES A drogenngas- |[1; Fnrqa@antﬁa

Q her SLtitlﬁeilbgﬁltsmﬁﬁ)h&jﬁreieﬂﬁinwj@aoﬁbﬁ),chd?ML BhelCYPlasm PGk, dnd r@th@s ﬁﬁsrﬁilhanCed
cyclic chem c vapor eposition (PECCVD). Methods for formng filns using
CFD are ’H@’sl??r 1htR a9aarpher arhere Ay ?)Teﬁ‘if%‘tt? R preseit |aa4/°rﬁb?rffé?‘af1tw‘6%% cauisT f | ed

on Apri | gad hay BO ighite®ieh #Wlhith reMole NG BRIughE RN fe&diish eREeh €A epRshoTis al |
pur poses. For context, a short description of CFD is provided.
meant to include any plasma known to be technologically feasible, including inductively-coupled
plasmas and microwave surface wave plasmas. One of ordinary skill in the art would appreciate
that advancements in technology will occur, and thus as yet developed plasma generating

techniques are contemplated to be within the scope of the invention.

[0024] “Thermally removable group” refers to a moiety, on either or both of the nitrogen-
containing reactant and the silicon-containing reactant, that breaks down into volatile
components at between about 200°C and about 550°C. Described herein are non-limiting
examples such as secondary and tertiary carbon group, which undergo elimination reactions in
this temperature range. One of ordinary skill in the art would recognize that other groups
thermally decompose as described by other mechanisms, for example, a t-butyloxycarbonyl (t-
BOC or “BOC™) group thermally decomposes via both an elimination mechanism where the t-

butyl portion of the group forms isobutylene, but also the decomposition forms carbon dioxide.



-.[0029] Manuf acture of sem conductor devices typically involves depositing
one or nore thin filns on a non-planar substrate in an integrated
fabrication process. In sone aspects of the integrated process it my be
useful to deposit conformal thin filnms. For exanple, a silicon nitride film
may be deposited on top of an elevated gate stack to act as a spacer |ayer
for protecting lightly-doped source and drain regions from subsequent ion

i npl antati on processes. [0030] In spacer |ayer deposition processes,

chem cal vapor deposition (CVD) processes may be used to forma silicon
nitride . V\Mne |y

et ched tjf)Hqu g‘;ﬁq&%fgﬁ%@&@kg@ é?gér&zﬁrﬁi%\?\g\?er cgﬂsalr}%ﬁ@% gﬁgﬂe gﬁa}%r\%/e@g]?t%gate

st acks deehanyes, Asalosg s dresgopp brdaks dawi omderothe GuBdifipalstepiperswrer gt tons nay
cause ch e |bit

t hi cker b‘{ﬁg%ges %tt)?%gﬁ %g% Vaglmgghélk g{égtgmeﬁ “ guah%s & @E@ﬁa@?tdtﬁé/&ﬁ %?Ab &gm tion at
t he bot tkem cempls sundér @ageferstsatm cdﬁdrtrbhfert blbsdcibylsmlrsowdl dindergmythéraak

regi ons i nskt ) ffects across.the
water s tpormbostBh o e T G I ek jr B Rept AR PR G ato%f i ARG L <

vari at i dsnbuffteas enct ¢thylkmins srevibe pratimommf ticaierad dlécbmpcsmmne Oneto€ hidirgryodkils ome
regi ons der etchin egl ons. Thi.s de

perf or neindte ARSPL SHFEGF ail R BED & Bopeh Pl ehde o6 PP B R G ehese

i ssues icouditives tmtiemwmclt &tﬁ&bmﬁ@r&ﬂSlstgeﬂ&’tatéd\LB)r exhMplepRbAE Enewhdyhbeay Bl
process, where thernma I acti yat ed hase .reacti ons used to deposi t
films, m)bﬁf%'&oevsgéfgmtfséaeﬁwﬁ R e PR S A heine st bR b§cEposi t
filns ontdoes ayteeadnwltayleeracibasedsneadtmgmlleWampkLBnmbmaeﬁtﬁouga gehdasity at e
surf ace, aatfl udi n%ﬁa %P ul ati on of. surface actjve sites, s ex osed to a
gas phas@a#i<MPEH% Y eg repgtionwitha-silicopcontaning egaiantadsrpg %’f‘" €act ant
A may f affnsabse@@densed phase atop the substrate surface, including

chem sorbed speci es and physi sorbed nol ecul es of reactant A The reactor is
t hen evacuated to renove gas phase and physi sorbed reactant A so that only
chem sorbed Mabodds remain. A second filmreactant (B) is then introduced

to the reactor so that sonme nol ecul es of reactant B adsorb to the substrate
sur f ace.[002P¢r Pacriberk hgyinprrowetheds vH makiag Sl Silmat dn petticviat esbslimérac §iN

reactio bet ween adso eactants form.n film
ayor  RAmAAT R anE Bl RaRE SutmbL i Ar-SERS ( e e tims e BftoBuct o
and unr esiNtféts nedepaied Bingamndintigstline sAchh-egmdtelng Adckaiitl OmsdmeldniDodntnBs may
be incl | d.fiil mthickness. r ot her ner neans,

e used Y1 TUBR ol epPoist WPbs BT aminos et PlesomepoEmegn sy il e
substratc&pd)s’ted)nsi@"mtswldﬁmv.e t he reaction between reactant A and B. [0032]
Dependi ng on the exposure tinme of the reactant dosing steps and the

sti cki ngooxgf i mn&rﬁrtﬂ)odfmdnﬁesnEﬂmisadﬁé 8eposited usibk @ catboh-Ereaitrog@pasmtdiniag f i | m
| ayer of, in one exangcﬁg \Aﬁﬁl‘l one-half and three an troms t hi ck. Thus,
ALD pr oc8&L8L 9™ Empe e'bt%r‘?éu YA SRS UE AP oo IRERSa f ew
nanomet &SN fillnk ak. deE(MslitEdl&sl’mg SOMRure 088 tabbbiredsontpaurl hiftbgnsMamingaedctaies t o

deposit a.conformal film which may al so reduce wafer throughput tine.
[0033] CHARGFRET-COTHRES RiFfpeen- %taﬁeneeb%ettted on pl anar substrates. For

exanpl eflecti eIa ers for I|tho terning applications may
be for ne[(q&% pPang™ 8‘?‘5‘8 S E"ﬂﬂ%‘?ﬂ“l ?Fn‘é’“ 'ﬂ@s £19 AsPosifrds . Insseme

ant i r ef | sHobieentsayalogentByind) &adpffiR¥ | FoRfdRmyl ng ﬁlﬂts]-QQO depdeiddr o kdhek,
maki ng ALD Br ocesses | ess atfractive than CVD processes. However, such

ant i - r efEROHMAAts| Bgjegen-freg ponfoaprl MY dilms haVieg a t4Icd SEeR 8T dPOet il SOUBT er

t hi cknesgnbéaimientsl QAfSRAISINGNNs ¥ depIsREES 3@ SpeFRMePEQ\hAGbolTAD0RX aHh 8f @
600- angstrom thi ck antirefl ectl ve layer may tolerate a thickness range of

| ess thafhessa%‘i%tsr%%'be‘[m %‘ Pfﬂﬁl‘g enbodi ments descri bed herein include

CFD to de805|t SiN filnms, Genera CFD does. not relfy on conpl ete purges
of one dPUIRr & Fertpin smbedipentsy CF]B is é’aiﬁ‘t it Herasitfths MitG; flms.Fethorghy mstheds ¢ her e

may be qRerBkd ABER FEAGLIMIA tPCEDE Bihéruldife ¥RROds 1HB§§£AE59PE@LIB|@$BB (or
other activation energy) is struck. Accordingly, one or nore of the process

steps described in the ALD process may be shortened or elimnated in an
exanpl e CFD process. Further, in sone enbodi nents, plasnma activation of
deposition reactions may result in | ower deposition tenperatures than
thermal | y-activated reactions, potentially reducing the thermal budget of
an integrated process. [0035] FIGURE 1, shows a tenporal progression of
exenpl ary phases in a CFD process, 100, for various process paraneters, for
exanple, inert gas flow, reactant A reactant B and when a plasnma is
struck. In FIGURE 1, two deposition cycles 110A and 110B are shown. One of
ordlnary sk|II |n the art mould appreC|ate that any SU|tabIe nunber of

) o v o "



.nclude, but are not limted to, flowrates for inert and reactant species,
plLasma power and frequency, substrate tenperature, and process station
pressure. [0036] The concept of a CFD "cycle- is relevant to the discussion
of various enbodiments herein. Generally a cycle is the m ninum set of
operations required to performa surface deposition reaction one tine. The
result of one cycle is production of at least a partial filmlayer on a
substrate surface. Typically, a CFD cycle will include only those steps
necessary to deliver and adsorb each reactant to the substrate surface, and

then reagqicVhosR AdseS Qrﬁf}née@aé‘}&ﬁé”cﬁerﬁl@alf\%@ §dBsiRe (P CVBY eM&hods! o The

cycle may include certain anci’llary steps such as sweepi ng one of the

r eact antferning filmsrusing it aradessribadrindtS Fagent mphpmom wialfniumerals/ ke 368 filed!.
gggre;f: 'Oc)r(]]sA& /@Y%Eh Ca%"w%'ic'ﬂ%s 91%%?8{%8 by Péf&r@ﬁﬁl:%ga tnhf%r %ﬂi‘k@ﬁﬁei ﬂgg@%?{) s

(i) del |9hem9¢5adl§®mpm°CBB ls)ﬁrow@att ant A (ii) delivery/adsorption of reactant
B, (iii) sweep B out of the reaction chanber, and (iv) apply plasma to

dri ve a [8029 abdmnufecturtei drsemicorduatod dBiteas tf'mcqﬂwtih@l\pardbbcaltingidnmorayoeer thim t he
surf ace. hQQRT) nGRpEH QbR Bl R hica XA RS pBB%s! S ShAWahATIrife 3! |
phases o process react ant exposure p ase, 30 ctant Ais
suppl i edniagrated qmnessoitlrw el wsefud do depczsita:OpfoondsthmsiﬁlaISI dror tegargpit.ua atlisorexposed
surfaces u t |.e de it on
react ant lt?'fi ¢ Jil '9%{)#9 dgposn 0?8,1} %é)nOfé%g?%Yag?dngg%é%c ? Y ?%%er ln% rent
shown i rprﬁbc(ﬁdglﬁgﬁﬂy-d@aésmmte mdﬁfmgmmﬂomamsdwnmm pdntation d&npemestl on
cycles 110A and 110B. Unlike a typical ALD process, where film precursor
(react arf0y30@x pospacez dayar derweipan atoedssd:soc}mésaé wapog dspgeitias €CVBaptdcensgs maact ant S
A and B IR d to.mn 0 a
CFD pr ocesl}sée‘})%otafm GIt) yltrrs’%ep%l ?nngle r“8‘é gﬁtslaﬂ%a% %lcg %8 gmsgfogicac?n may
reduce aitched informtle saacreeatﬁtcamt Howdveryas atiBtaheerbetvaeen gae s&tlabiel:nezsai ingss ti me

co aredto e reactant Ais fir

o beT F JurnaR s B D o Pltip SERG Moy e, ichdirbre "Sandan iRy
renoved Suchreffacts egsitaly . exiiliitl didkbre dgiobidon perdp Slifaves ofgdtt GdBE ﬂnddemfet S
react ant, A expos Pthase 120 as havi nstant flow rate, it {r

o col BAARa tehoRaR O ere R | DaBeranicae AL Ao FRg
flow, Wff&ﬁxgmh@ﬂﬁﬁlw\ﬂnﬁd@t fardspért SEQREcASss the Gvalsr 8@tk nibly FEuASH Mahinldle SOME
enbodi rrents react ant exposur e phase 120A may have a duration that

exceeds &INiHarFaeel lgrmhf%fe%*s yaiglient Thepe hickpess priatignipaytesyll iInfYEr-gxiid| e,

t he enmbagi soRiRt re@ibndhidURidel eichial Wil @%hed ré@@k! ARis ey B&dradeadeWicdtgeFBmMRMBOSUr €
time 130 in reactant A exposure phase 120A. Optionally, reactant A exposure
phase 1204rd Yiekt| ude a control | ed flow rate of an inert gas. Exanple

i nert gases |ncI ude, but are not limted to, nitraqgen, argon, and helium
The i nerlf03Yas ﬁa?amoaﬁhwpa%eﬁsagé@é? sSEuw'tVﬁ'Vﬁrammaéewa?S&font@%réﬂure
contr ol RhirdshRitRaQOES proekAl Whtke RVANR! REVASH QK phask iréidlichs fAeded R depdBit €
rapid delivery of the reactant and/or as _a sweep gas for_renovi hg process
gases ferist«ﬁDmﬂzfe%%US§tsatfmrfn%wdo(ieps%%@gct@ﬂw deposH filpsiong: layasdze] At
react ant S gﬁarzﬁe t t

react antla\%r?%psguIH ' ed at aﬂ%rrlﬁe(s)sl’ Qgﬁtﬁgﬁg%ﬁrﬁ? lnamxg:eb&)ru?ggg?g %%gtc? on to
sat ur at e'flctlYRa51@i(>p‘é§él@PSS<hE>sQ gast rhasqdiptaibetion) of 2 fiskreastanipie, SP@a@IOaﬁmﬂeBOﬁan be
a nitrogen 4o ?. 3 L86HaeMkd phik a%egam' Sivs oA Lafafcbemanmg ﬂ?rﬁfsor@rad Fl GURE
1 depicts reactant B exposure phase aV| ng a const anht owrate, it
wi || be sappesenid phpsisortedtmaelepples of reabiant A (ﬂme tsfactpeigdhenngva@ated e ramtiva gas

vari abl 0 e s be: h esen sure.
Furt her epha% Xy’d lsagecpggeg%:t?')attgcfw thg J;llrl}eacetngér:lot?lpea g&%%ssﬁeﬁea{nphg‘sgeec%f {ifnP

have anyresant %I ie thgn matqdmtd to thegeartor gartat iamermeleculesad reatantB edgodsiarthe phase
140A may, I i I t for
‘ eact ant® E@ﬁ Os?rfgé)jea?rquegn l%ﬁ rS\“r‘ ﬁ{c)) edto’ t;}{?%']&] s@étgaal{/ { %&E%?ﬁ t?ons %ntv}eerpe

r eact antad®rpaktelsatiesrediréaotants posB, efonmm@a ﬁlinﬁ)lalyerc | Firchidgl, thtﬂrelaﬁalClB avr:tcuBed
exposure phase 140A. [0039] In sonme enbodi ments, surface adsorbed B species
may exi st as discontinuous islands on the substrate surface, nmaking it
difficult to achieve surface saturation of reactant B. Various surface
conditions may del ay nucl eation and saturation of reactant B on the
substrate surface. For exanple, |ligands rel eased on adsorption of reactants
A and/or B may bl ock sone surface active sites, preventing further
adsorption of reactant B. Accordingly, in sone enbodi nents, continuous

adl ayers of reactant B nay be provided by nodul ating a flow of and/or

di scretely pulsing reactant B into the process station during reactant B
exposure phase 140A. Th| S may prow de extra ti me for surface adsor ption and
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.for sweep phase 160A is supplied by the continuous inert gas stream In
sone enbodi nents, sweep phase 160A may include one or nore evacuation
subphases for evacuating the process station. Alternatively, it will be
appreci ated that sweep phase 160A nay be omtted in sone enbodi nents.
[0041] Sweep phase 160A may have any suitable duration. hi sone

enbodi nents, increasing a flowrate of a one or nore sweep gases nay
decrease the duration of sweep phase 160A. For exanple, a sweep gas flow
rate may be adjusted according to various reactant thernodynam c

char act qp irhb eSreRtfith 8-pARABE hd GnEhALARbAAN S finglind REPPLRRESRadificthal ON
and/ or process station n fying th e uratlori of sweep phase
160A. | MIdgAeydiesngi lmlm“-ln@dégéwgi felm thiskneseir Blasrom oppthar engegefic phansemambe be
optimz
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pl asma aeactigmbétaeenghaetaat A80dMBof t he enbodi ment shown in FIGURE 1, plasna
energy is provided to activate surface reactions between surface adsorbed
r eact ant[§03%] aRPdpamdingoen dheagppasuret e pdfathenreasigntddosingt btgpsoand rthi¢ rsecking
activat €S, .ofa e, t an | s.
These. r SarEaie D s RN RaEs PR AP SFHE Sy st SRR ok ot BB

resul ti rhgtwegn fqnt-mlf endrithiee sngstrense thicgkac Thusn 4 LDPprasesses autyi bcatxmrcophm;ng 180A
concl ud ' i h Q R

Fol 1 owed s Copsie e b S e hic PR RO el s

phase 12@8Bysuartneont¢posit mgm\fdrmlal fime ¥hh nrag abbaabc&wﬂ&thmmgmmt ph\ase 1608 and
pl asma activati on phase 180B. [0043] In sone enbodi nents, the plasna

i gnited [0933pl @snﬂhnnaitf 1msamhy)aisq3bﬁa®@osl@®An p’ayartsabs‘tr@tesrdﬁbr citanepdd, bytirefbtiee t he
substr at e I ensity and enhance a
surface lf%éegscfl on lcbpegg e Crf’ hca 1%%,[% }A%%ﬁf m peaQ%r St?e{(s coﬁngrslsrlrré% for
CFD pr ocitssetsngnfilyn typesgéne}rammﬂeblyveamksymm;gbaapmoiumatktyemOemde(( Ei@strd'srhel dto

a |l ow pressure.ga si.ng vely,.cou at es n tabl e gas .
may be” B8R ARSI E s Bt thE SRS Bt R e o

ar gon orlayesd inaynalss hagsed iabangletahdehfor eathtrﬁmfeAthncaméuSt\raﬁgm e inahy IOV
reactant, to formthe Ias onlcfﬁ)gtl on of ge ﬁail bet ween t he pl ates by
the RF fAM{esPes gRY PEY4 gobf)ﬁlgWLe APEYg™ thisk aapedectyR JaveR may dol E'iaaesa«a

di schar gRicke@d @hge of&5 haBaRistroms. are accel erated by the RF field and may
collide with gas phase reactant nolecules. Collision of these el ectrons

Wi th regooamt Vﬁﬂéle(ﬁﬂ{tﬁﬁmﬂﬂ)é deqtiibed RéttinahclSROECF® %o tépabit BN Filkd. patmerdly, t he
deposi ti@ﬂ?gr ocess1 be appr eciated that the RF field %gse coupl ed
via any Ity %8? F‘Efoé‘Ete PRES2 O PIErATEPAG MG IPEET (9 regqtio £¢ Nncl ude
process mpasxdhpé, lthddt!ina0Be SROVEHEIE 6k ta0R Presedish HRUAPSUMRRI Whep@dRsshal Br | t

wi |l be appreciated that plasmas for CFD processes may be forned by one or

nor e sui R PEVEReBRERY bisI§BYCkt Wéﬁ"fé@ﬁb(c?pﬁqyé“%%ﬁfﬁh? W@C‘éf stepf deperippdinghe o a
gas. [004¢D PRl Bayasd kheadehddNorRiliasfatebB R A% ml RQV@F@rpyoc%w t@kiner, GME@hd on. In
sone enbodi nents, plasma activati on phase 180A may have a duration that
exceeds SnbofimentsoPlasma s sy afion, 9%tdéEPSFt¥96| Eeastions omilbhtrésr“ﬁct“ WY e ggposiigihosed
subst r atygy, SEHAE Yt ARGmARS Qan%ﬁeaafl ”}»d’%&htﬁlb‘{ %L&lﬂg%ésthgﬁﬂaﬁrb@&g%pof he
substrate surface. For exanple, th nmbodi ment shown in FI GURE 1 i ncludes a
pl asma pPBSEALAPIACESi on exposure ti rre 190 in plasma activation phase 180A.
[0045] In some enbodi ments, extending a plasma exposure time and/ or

provi di 14031 pFIFERE fysheps alteranrsal exqesessipr op eremmlarnabases i GED arosesst L0eact i on
treat merhy OfriciibiocA8 Ph@ieRRATor SYEAHAE SndPEds MRS r&ictahlR, ASRARIE &h fhdn@ 10
one enbodi nent, decreasi ng surface contaRi nation may prepare the surface

f or adsmigsmags swtickr elckIGRREAL, Wor deprsingl eycleg IdPAiandnl 1ABtar¢ dlwovini | Gnd of med
fromr ea&&lh%} sl ift o drd 9«9&13 %Pﬂ%&ét@kﬂlgary&%%‘ ufdbéd o%d@;BJsPBQ% GEORLALNT NY
reactant may  have a surface that may résist adsorption of subsequent

r eact antiscludeddma CHB nroresssp Memosita desined b thickiesse Enarnple £FPlpacosss pagnetareat e
hydr ogen bonds for facilitating subsequent adsorption and reaction events.
The SiN filnms described herein can be exposed to ot her-than-pl asma
treatnments.



.[0046] In sone enbodi nents, a treatnent other than a plasma treatnent is
enpl oyed to nodify the properties the as deposited film Such treatnents

i ncl ude el ectromagnetic radiation treatnments, thermal treatnments (e.g.,
anneal s or high tenperature pulses), and the |ike. Any of these treatnents
may be perforned alone or in conbination with another treatnent, including
a plasma treatnent. Any such treatnent can be enpl oyed as a substitute for
any of the above-described plasma treatnments. In a specific enbodi nent, the
treatment involves exposing the filmto ultraviolet radiation. As described
bel ow, i i 4 of
UV-r adi al'lt? ?lg(%]es'? gpg,fe rﬁ)lt %ﬁ?ﬁgst??ﬁ(g“(/ |r‘r.1tg§.3 fd?ghér]?gad ?éégﬁgfﬁjgﬁggf%% I?O?\}eh)g or post
deposi t i ferquesicy s substiatel tempesateng, andgsoassrstatior pressire o r educe or el i mi nat e def ect
structure and provide inproved el ectrical performance. [0047] In certain
speci fi domoaﬁwspt o aVFPrexelereistreleuant e theodipiuesdonapt har@ublembwﬁmems
treatnme Th i b r {@g M8
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WV r adi anid edsogseagh lﬁ;agnmdo,udte substraw 8jirfaas, mdrtheneﬁmmoaeadssrbed relacmupx top‘elrnrul es,
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formed byackiemet A @d Bio forsithe paaint RN lagértnBe duefded ant and one or nore of a

ni trogen-contai ning reactant, or one or nore silicon-containing reactants
and a si[ogi7® REIefrﬁ@&ﬂ-RI@UREi NiaAgndregatiamowed dufiiy &1 bhaes eMgrocths 00 hAt he

si li con-containi ng Eﬁ:t arié nd the nit rogl n- cont ai ru? react ant. [0050] In
cert ai n TEHHBHANEREWre ghasg B‘g TCAGIAIE A5 1) JURBHPI A At CqM T 8 o0t 2 PSSl oyed
to deposidrion thadigaeexpdsee siptabes bl aRubbtARIRReaktaRl RMhalES ﬁp s@n@dmh@)ogiho@
process that may be used to deposit a halogen-free SiNfil
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various nodifications possi bI e. For exanple, in sonme enbodinents,” flows of

r eact antALD Aeress. wgrenRIg PreavRlt GRACAND LEXBRSLTCO G SenaralRd Garrevent gabBhaseen t he
Flows. 18,880 8RanR ¥4I may 6EATARY i mGRIR 19%1e%a§%>ﬂa's@9ﬁoﬁl‘3 Qmwh@&s beact ant,
with reactant B a nitrogen-containing reactant n sone enbodi nents, a

pl asnma rfefiP precestr (eningasly smalyingieactanbdy to fhetprecessi station may aeduag o qlininziact ant
i's st Oppaelgactzinggﬁ'ﬂdw xlaﬂz tﬁﬁlr&naéna sﬁmgmo%me%omﬁat@@ ooegl,e/{‘lll? gﬁo%ess wheTe reactant

silicon-containi ng react ant Is e oye In"a particular exanple

trisilyldan fiet pngA)on, shearpibilized 2 expos¢d foctbe sestata; them girnesaeft, zand fimgA i s an

br ocese T B % ARES WREE ne ARl I if A00R?, b pGHR £
substr ateepmsyregrl@m 1264 as d)a‘ang:h egrivent flavemte @5vill Ph @pwgrb&td thaieany anitdbée v

approprigte sy %t @gll?dl a%hﬁ?a%0§ N[&dﬂ r{lﬁqga i(rﬁhel thd OthX?I asﬁx’esenpe

substrateée can a par aI Y bric circui nenory or
phase- Chhngsurﬁerimstyms vinbodimeds, rédvgant A exposure phase 120A may have a duration that

exceeds a substrate surface saturation time for reactant A. For example, the embodiment of
FIGURE 1 includes a reactant A post-saturation exposure time 130 in reactant A exposure phase

120A. Optionally, reactant A exposure phase 120A may include a controlled flow rate of an

10



.subst{rate can be provided as a bare substrate, e.g., a bare silicon

substrate, or with one or nore | ayers deposited thereon. The surface on

which the SiNfilmis to be deposited can be or include, for exanple,

silicon, polysilicon, copper, tituanium tungsten, silicon dioxide, or a

germani umanti nony-tellurium (GST) alloy. In sonme enbodi nents, the surface

i ncl udes one or nore raised or recessed features. The one or nore raised

features can have aspect ratios of 2:1 - 10:1, for exanple. The substrate

is exposed to TSA, see 210. In sone enbodinents, operation 210 is a

non- pl agpRy QREEUHAP meyg%sers‘-‘%ﬁc%dérbtﬁ%& rQ‘?hHﬁt‘é‘é%PHn%@Qr allgen Sa%‘i-‘nelﬁHPO@'th”t S,

to a first pressure between about and 50 Torr, for exanple. In a

parti culigart gasbdal e Provigee de agyig weh atssire 20V/orolemperaiurnegprgpk pheanoges.

Pr essur r

erbodi megt ot Pt b AbEs [ERaRARN, REre BT eaRER A Rdektinl 0P EEL L8 o0t

anount dbr [F8Aving padess giseslfrom themeocsss ftative and/breprbdesystasfon pBbing. st opped (not

shown). The substrate is then exposed to one or nore nitrogen-containing

react ant(8038s eat zagant B pipesneptiase st0ruafthembadiméng shoverio GEGUBB At wretim d

react ant t 0

hal ogen- Fr @gméfﬁfgffwﬁgﬁat(%ﬁgﬁ%gf?§ﬁ§0“:ﬁg%%%%K%%EHﬁlﬁ%%géﬁg?ﬁgbgﬁg%sure

in the rsedaeo this esyloble,dresmmBt¢aatbe|atmtrsgeh®muamd1grrﬁw@no|cferr etctamtph:s Whit and/ or

220 than, o0 e i ons

can bo B A AP efHURERT iRl BRSO L R o R

ni t rogenatc,omwal i awgrepleadttlamal()ssyltdziﬂﬂm oﬁteegptacB (redtdirghaovanzgblafibey ma@Ee i n

somre enmbhodi [ not adsor he

surf ace “BPIOR W“h't‘o’ t€ CPée ?frs}hes ‘S“ﬁo%fe “é‘h%rh‘é Pe BRPreCLed F%\AF*‘S%“{ he

i Inert ga|$ eﬂpﬂﬂﬁr@lr‘]phmet r@ggmagzdmaaﬁy @lgtableamnanm( ) sqﬂﬁe embddimsiits, n’eadf@t tmhe

pl asma. | n another odi to.rempve.va ase

D 1S con-Bnee, piare, TR TR el Eriie dnPae, Skt SRy D G B art o1

220 as wedctant [80054]ex£aa;ﬂe Othe raafbedirﬂeef slidwanth BIGURD-123&ican eectierB gosred to
these ions are repeated to

build up a SiN |ayer odi nent r
forma g@ﬂﬁﬁ?ﬁﬁﬂm‘ﬁﬁgpe H?PHQSQBB§V¥QT%BBQFWESH 6%% ‘1 nm and about 100 nm

anot hor IFRbAITRRE MRSt TSE Mo PRI S0 Bt *90 A ARCHIEEYS FODST™ | n one

enbodi mMeid subdat Gurdiey, Rikitd® Mo €S achase sulied safRfiof of rdactastUBS tVapibls | S
heat ed to betwe Et;gn about SOC\’I‘End about 550C, .or nore p rti cularly from about

300C t o SHERGCOREHRES may delay Anglsation apd satusaiior of Feagians B on the DS HEAFSERE | t he

waf er i exhapikoibahdy 010 vh a@l%ﬁn@ﬂ%@%a&ﬂaﬁkﬂu‘\ Ad/ R B Rky BIBBOSHnERdNHEcd a{&ﬁvé/\laf er
i s heated perlodlcally durlng the deposition or after the depqgsition steps

as an arfH&sal Preventing dprther IsrPEoy i Epetant Br oteseulinglbpwin seoe Srhefimentig
aspects c@ﬁtnﬁt@uﬁﬁﬂ?@@fsmac@int BNRayTBE Bﬂfdlded\wukbsfuraahgalfewpépa\ﬂdﬂﬁqlsmtetbhe
chanber, see 305. | ow of one or nore ni trog%en cont ai ni ng reactants is
est abl i ﬂ%‘ibﬂigafﬁ%ﬂ%ﬁt inF?u@él PEdsE LEOT duBmreagiand By gxposurp @hasg 404 atldis may
peri odi GabJide SRR %r%@éa‘ads%ﬁ)%oﬁ)’ 3 db$Rion BRIERE! wile! bnsef ik RLE IEP
struck, see 320, but only when the TSA reactant flow has ceased. In one
enbodi meampareth aremstﬁettﬂoaﬁ%n%ed Additionellys ar aligerativgly.tin sometysadipents, enswept
out of t f ' r n- cont ai ni ng
Jfﬁso?@ﬁ]@ghga{g% rﬁé}ﬁoe 1hﬂ¥¥ieﬁ beWeeh Qcﬁlrsécugée'se Eﬂl’rég of a&té\r?%e

r eact ant I ment, a purge may use ter the plasm

treatnme h S

nunber a1 ngz&%“%l“ﬁn%‘ﬁf P, FRSRSEANB NoT RO I PR OREA L, 1,
depi ct s statipp teweesp phasevl éﬂa’om soue kinhpdigierts peeepingfthaproesshsietioneway aypidganet hod.
A subst gﬁ%% HeéanﬁsO%Qrgq dcfint BSs GHARE o ﬁﬁﬁa ér.g@aud% G RE unb AR {Rcies

est abl i shed, see The substrate 1 s xpose to a nitrogen-contalning

r eact antmighteles %mﬁed Tlﬁethsu Isweapatgethe pragrys statidn mpy aempve wfhcecasiserbédiigagds

react ant e |.as n ft&r 0

silicon- ﬂé%%? §|Oﬁ|%gwwéra}§§]c mﬁc?éa'lgg'a%é 1glee ﬁﬁ%n eLpng rsge)sané%yl lﬁ‘r:\lu?e Pt S

One or ot bmntdetoaargmnshemfm 4H0 nd@gerar o tp@ﬂﬁlmdnmdlt slmwyun IF(tG‘aiREdyweepfgadem red
t hi ckness. In this nethod, 415 and 420 are not necessarily done in the
order presented. The nitrogen-containing reactant flow may or may not be
continuous. [0058] Various additional operations nay be incorporated into
any of the above-described processes.ltor exanpl e, in sone enbodi nents,
after all or part of the SSINfilmis formed to a desired thickness, the SiN
filmcan be exposed to a hydrogen plasma. This can renove carbon content,

if any, fromthe SINfilm In one enbodi nent, the hydrogen plasma is
generated using hydrogen (H2) and a carrier gas such as nitrogen, helium or
argon. Ot her hydrogen containing gases, or active hydrogen atons produced
by a renDte plasna source, may be used to treat t he dep05|ted f|In1

o I - v . Y " M 1



.HALQOGEN- FREE SI LI CON- CONTAI NI NG REACTANTS [ 0059] Wil e FI GURES 2-4 provide
exanpl e process flows for deposition of SiN using TSA, in some enbodi nents,
other SINfilnms are deposited using non-hal ogen am nosil anes my be used
instead of or in addition to TSA. The TSA or other am nosilane may be
unsubstituted or optionally substituted with any non-hal ogen substituent.
In sone enbodi nents, unsubstituted TSA (SiH3)3N is used. In sone

enbodi ments, TSA substituted with one or nore carbon-cont ai ni ng
substituents may be used. Exanples of carbon-containing substituents

I ncl ude gl Jwe'e? pﬁésk%mus AppuEY by tRNAnBhIE! inBF FDbifeall. OHPSmel AARImefRiE Use

of a halogen-free silicon-contalning reactant can be advant ageous for
deposi t isyeepophaget @i may insludeane or e exaceation sebithases forsergewning Mieepreesset chi ng

and o, GARESL YTk I IRUBEASHEN S o FABPR0A L) W BGGRE s TS

i ncl ude ne al tes such™as co nium su

GST al | eybodiFentsexanpl e, tungsten and a choride byproduct may react to form
vol atil e tungsten hexachl ori de, renoving the underlying tungsten. In

anot her [€3ddip$esepaphate! 160 Adenydase amysugahls dutetiao ppeme grboditienFhicigssingd  a

hal |

tomper adlivaredty SRJ AR MRpR:IRE) Akl Bl SREL Bhal FB0ACMee

kl\lﬁal ggggciﬁnmé;g mswrgg wRr$ flowmate mt&mdwscégcmbgguevz@ht cbatny:prtbdu?:ﬂmanﬁufh as
) & %%ang dDor %go?rlnpr+ a?acterl thSa f! th? Freces L OGN onsar%d/or T PTogess s SUPRLAL ure

reacti ons nper a eactions
react i velumtbisghfor sndifaime thdﬁdmatldnoaf sweqm)lhaec; lmmhllmomndnalmmtl(@@:@mpw 06)62] I n

”eact ant U B R AN Ry o PRETRF PoyiudikphfRisReh ek BRR € B of o

f rom t heediic®©dgposianstyzld tige, OhicAmmyimprovasibydtasirsighplan am ne and m xt ures
thereof. In one enbodi nent, the nitrogen-containing reactant includes a
Cl. 10 al[tgd2] aAt piasioa aetivatist phase 080 L1of1MBe ahibydimant stesn inFIGURE Thpldsment |,
the G _10 al kyl .al kyl a or.a.s dar yl. am ne.
|- one™ SRERUISRENEethatiR et b s b PR Hes RSP RRROR LaPn Y o oo
enbodi MeRimple,hbe Plasih® nadykditectbn indirsctigcrovak Bg phasd Mbleshlas bf reactant A to

form reactant A radicals. These radicals may then interact with surface adsorbed reactant B,
resulting in film-forming surface reactions. Plasma activation phase 180A concludes deposition
cycle 110A, which in the embodiment of FIGURE 1 is followed by deposition cycle 110B,
commencing with reactant A exposure phase 120B, and continuing with B exposure phase 140B,

sweep phase 160B and plasma activation phase 180B.

[0043] In some embodiments, the plasma ignited in plasma activation phase 180A may be
formed directly above the substrate surface. This may provide a greater plasma density and
enhance a surface reaction rate between reactants A and B. For example, plasmas for CFD
processes may be generated by applying a radio frequency (RF) field to a low-pressure gas using
two capacitively coupled plates. Any suitable gas may be used to form the plasma. In this
example, the inert gas such as argon or helium is used along with reactant A, a nitrogen-
containing reactant, to form the plasma. lonization of the gas between the plates by the RF field
ignites the plasma, creating free electrons in the plasma discharge region. These electrons are
accelerated by the RF field and may collide with gas phase reactant molecules. Collision of these
electrons with reactant molecules may form radical species that participate in the deposition

process. It will be appreciated that the RF field may be coupled via any suitable electrodes. Non-
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.whergin each of RI, R2 and R3 is, independent of the others, Hor Cl.3
alkyl; or two of RI, R2 and R3, together with the carbon atomto which they
are attached forma C3.7 cycloal kyl and the other of R, R2 and R3 is H or
C..3 alkyl. I'n one enbodinent, the G _10 al kyl am ne has a secondary or
tertiary carbon attached directly to the nitrogen. In one enbodi nent, the
Clio alkyl amne is selected fromthe group consisting of isopropylam ne,
cycl opropyl am ne, sec-butylam ne, tertbutyl am ne, cyclobutyl am ne,
i soanyl am ne, 2-nethyl butan-2-anine and thexyl am ne (2, 3- _
di met hy B0 e2arfflRN8) eledibd@D SacRIAP QO bas HiBiribRGorCbWefHekds! afdMiubStrdRd
Formula |, each of RI, R2 and R3 is Cl.3 alkyl. In one enpodi nent, the
Cl_10 alsnpiroriapadesals. 4t Wil he_appregiated than plapmrmlpr CrBarecgssep map ke formad &y loge usef ul
for the g aRsolRaflentiloiotheiiSHackfle SIHRnE BRAGUTR e SINfilm
produce r_has an unﬁ%sheora%reer carg%arcltggnt ntn:gangﬁll S |ﬂ§l?%%gbar bon ma'y resul t
in el ect[bo@g! PlaSik 8GR aRRCpHIRY mo%nﬁt%g hAVR&inl, sLiABMF AR E 1 %é@g%éﬂ&ect“ c
barrier ‘applications. Carbon content can vary, but in some embodi nents
appr oxi redasalayactigayion phpssnl 30Bymewe haiet § deratiorhthat oxvsédder Buje tforoplhsngpactivgehods
descri begy;Be! &l ifkeAddl Ao LpYaRtalER Bl thaSadbrbdls RrmiYB! | bed
herein prolduce 1SieN fill ne %B%Q% I esgr tﬁan 5% cardgég%{,tésf n on a&%ﬂ%ﬁ&ﬁ%ﬁ{d | ess
t han 1%ateprthepubsirate sustace nicatr lswampdeyitheckinahed imdne shownhim RIEUREG deolisiena plasms onme
enbodi S r L.on bR :.carhon r.esi ' eadi |y observable in FTIR
spectrg?p% tgtl %ah“%ﬁ%ﬁ e%%‘%klgﬁa@gﬂ @gaﬁpna%é{lﬁ%agggarsé?idr%m to one of ordinary
skil'l ingh & dondeAbo§itRnidBA RN i . . 64] In
some errtr)[odﬁtsnts, tﬂ{ebonl?dt&r]o’geﬁe- g@ﬁtg g’lﬁérglﬁ%ge%r%ggrg?i énﬁtagggﬁ&?glg{ng?gﬁgalft g?mal |y
1 enovablasgroeyposuse phasesraiay yproddo v giviseregution praagneat gf dulk sriiadr dpaesifcedown
into vol ati| o) nent.s bet ween about 200C and about 550C. For_exanpl e,
secondarpfhg)r?g °§a‘§?%€‘€eﬂ%‘?‘1 @T’erﬁlt Par 3e/mc%aﬁlﬂ)181ht’ gF%%aB'é‘gc%’h a%fnﬁog?agngnaé1opmm?7at i on
r eact i onsepare thhswsfatefop edsatptios of @agant Al. rFon exmilé, @sllgon sixadeflim, fotmed ftoyrd
groups break down.to form.isobutylene i.n this tenperature range. For
Oxamp! e gt S fscHaing Rt o503 il el AR MR etk b AeL e s, o
f or m i sabattydyereistaaddorptiorDeli subsefsend Mexctagts. eDredtipg ehe dilidont rkde gurfen ywWithgs oups

(t-BOC) groups also thermally dec ose, for exanpl e at ahout .150C to form
| sobut y IR ey, HEMe B GRP e o En At a1 Ot oS PR 2 474 BRHStER S s

at t achedrhefSiK fidadeatrébed herbintcyh baepasadite othbrethirmplhymOeaangeses to give

i sobutyl ene anmoni a and carbon di oxi de. [0065] The substrate can be heated

t o bet weotm6dbigon2GRBodindnextdatrhad Giheothhmaplastic tieaih &t fxSentigeyRaPO madidy d
rel ease &pei r carbon content .and thus,reduce the cdgr bon cont ent 3]‘ the SIN

film THES PEORETIER 'S A IRAVGH bR onttsht HEBEs thaids, clactmagnaici @diginy t o
convert ttagndn@atiemid] Srehtthedts 8. ), Biess iodhigh RafiPdratild pukad) baa §¢ arNSAgRLf be

renoved heating the substrate. The heating c¢an be performed during the
ent 1o dBEIFRIMSH g e AP epe b AERB0E " eneHe rAM e <
groups. glinRAneafiea0disRBRlich tdanéndbst babRploSedad ambstitareret RS BLAbEve200C
and about 550C, in another enbodi nrent between about 350C and about 550C, in

anot her s5thad Rlasma ERatDets, 188 sereifEsbodiment HhsteatysniinvelMes exposiigdhgBlm

enbodi MefluitraRRINRRAMLIBROUE ddseflbedditibva b Hlsp BREmbbBinRAL dRIBAMIBMIves! ths
exanpl e where TBA is used, the SINfilmcan be heated to between about 450C

and aboPPB@ten of @Y -rediatigadpa Bl it sity (secyring frmatinsithes@m) expastidepogitiohet ween
about 1 gecomd, adidy FRAen20reeGIeERe oPEij t%@féctasm%re]anﬁgﬁ)&ﬁélﬁgﬂw out 10

fak

seconds. Al'though any parti cufar t her maIrPy renmovabl e grou reakdown
at a cerdegirisak posfoEnacer e t hreshol d, a hi gher tenperature may be used to
increase the rate of deconposition and/or as an anneal to inprove the
proper t i [B%47f Iny |gertaty (pgciificygmbodiments, a UV treatment can be coupled with a plasma

treatment. These two operations can be performed concurrently or sequentially. In the
sequential option, the UV operation optionally takes place first. In the concurrent option, the two

treatments may be provided from separate sources (e.g., an RF power source for the plasma and
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.[ 0066] As described above, the thermally renovabl e group may include a
secondary or tertiary carbon functionality. Either or both of the
silicon-containing reactant and the nitrogen-containing reactant can

i nclude one or nore of the sane or different thermally renovable groups. In
one enbodi nent, the thermally renovable group is according to Formula I1:
R2R3 |1 wherein each of RI, R2 and R3 is, independent of the others, H or
Cl 3 alkyl; or tw of RI, R2 and R3, together with the carbon atomto which
t hey are attached forma C3_7 cycloal kyl and the other of RI, R2 and R3 is

H or ‘?h @ngﬂ)r thé‘U@/)‘é/P%ﬁ. es"i’lft‘éje anurc%%hg] zisnleﬁ'eﬂﬂﬁgl J%asfn?iqpa\f Mdﬁceg W&dia\%&?n part

of the nitrogen-containing reactant, Is Itrogen or an oxygen
of the rasabypredudtont ai ni ng reactant, and, when part of the
silicon-containing reactant, is attached to a silicon or a nitrogen or an
oxygen dP048ie Issomecanrbodivrentsi limpropestiest sush as film @ims,eiiﬁmmcrrenst@ntsa&wiw Rl ,

R2 and Miadeit AASHRNASLAN of UG BLBGES plmBel Kyl L one embodi ment, ¢ he

thermal |y rénovabl e “grou oup RBON- FREE NI TROGEN
CONTAI NI [Wéid?%ﬁ'\ﬁ%y[ OQRples 'dkc§££@h€r€#ﬂ0ﬂ&lﬂﬁé“h§o réabﬁntg'(kré?ﬂe%q Qh?bé" ”9

reactant 1s a carbon-free nit rogen- contal ning reactant ' es 1 ncl ude
anmoni a qpnu:cnqgtd rthat | anp  suitable emlpqmcé rejctantsomey be employed within the scope of the

present disclosure. In some embodiments, a single reactant and an inert gas used to supply
plasma energy for a surface reaction can be used. Alternatively, some embodiments may use
multiple reactants to deposit a film. For example, in some embodiments, a silicon nitride film
may be formed by reaction of a silicon-containing reactant and one or more of a nitrogen-
containing reactant, or one or more silicon-containing reactants and a single nitrogen-containing
reactant, or more than one of both the silicon-containing reactant and the nitrogen-containing

reactant.

[0050] In certain embodiments, a halogen-free silicon-containing reactant is employed to
deposit a halogen-free SiN film. FIGURE 1 provides an example of a process that may be used
to deposit a halogen-free SiN film, with trisilylamine (TSA) is employed as a reactant B in the
example of FIGURE 1. While FIGURE 1 provides an example of a process to deposit a SiN
film, various modifications possible. For example, in some embodiments, flows of reactant A
and B may be alternated with optional purge gases in between the flows. In another example,
reactant A can be a silicon-containing reactant, with reactant B a nitrogen-containing reactant. In
some embodiments, a plasma may be struck only when the flow of the silicon-containing

reactant is stopped.

[0051] In certain embodiments, a halogen-free silicon-containing reactant is employed. In a
particular example, trisilylamine (TSA) is employed as a silicon-containing reactant. TSA is an

isolatable, stable aminosilane.

[0052] FIGURES 2 and 3 depict examples of process flows 200 and 300 that use TSA. First
turning to FIGURE 2, a substrate is provided to a chamber, see 205. The substrate can be any
appropriate substrate on which a SiN film is desired. For example, the substrate can be a

partially fabricated integrated circuit, flash memory or phase-change memory substrate. The
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.enbodi rents, TSA and anmoni a are used as the silicon-containing reactant
and nitrogen-containing reactant, respectively, for the deposition of SiN
[0068] In sone enbodi nents, for exanple, a carbon-free nitrogen-containing
reactant is used to deposit the SINfilmof a Si02/Si N Si02 (al so known as
an ONO stack) for flash nenory. The deposited filmcan be hal ogen- and
carbon-free wi thout even trace anounts of hal ogen or carbon present (unless
froma contam nant source such as humans or an insufficiently clean after a
previ ous process in the deposition tool). TUNI NG STRESS AND WET ETCH RATE

[ 0069] |00 Eaff O QRIVERH S u bbfBSublilafc00EN A 691 I<RicBh SRR SHL, of HordE
chosen to tune the stress and/or wet etch rate of the deposited SIiN film
For exaripyess deppsitodhthgreon. bhaarfaceomowhicl the Sith film isge he depasited gambe ¢réeddedgnt can
be used Si.: L i Vi i . e, A In
anot her %ﬁ%’%pﬁﬁ%,’ 'quﬁk’egiéfy%? %Jélf L(ré}'ra:bre %g'ﬁagg‘ﬁ? glm ﬁ%ﬁngvyﬁfc? ?gg)g'r‘\ig ’?%rnat %ﬁ?ﬁg‘h

r eact antangmanyye!lurtund (§SDddlpps int sogtecimbodigiestsathe surtioermcidesi ane of imormstaisfd071]
In sone o?@c%gbegfﬁéﬁu%es. EMR dile Lo ARG ;a?s%5'¥eaakd?+s“c%n TEACIA0L S, 021 B Used fo tune
the stress © e desired titm o For exanple, a carbon- COnt ar ni ng

ni t r ogerexempleal i sugstrageais teapsed @ GSA, sEBA)0.amdsomecartiodimehtseeperation 210 is a
nitrogen-containing.reactant. (e, g., a i,a) can_ b sed to osit a SIN
1 m by Sl e 3h] SaPhe prTRI T SAC BN 1D s ARRBRA L, hese
ni t r ogerbeoweh abaut Agnd BAThraMdrsexemplebén aipetculdr elnbdddetitppredapeds dboat 20 Torr

chlorine;free SIN fi ving a desired stress and wet efch rate. [0072] In
Chi s rmritePe errie] P AR SPRE kB angienGar 8 ed Scsiite st Biotelgl) 1o 5
GPa (t ensitogimeaaNTHE iaaBoduddn tHeaubgraargutface. i NAR@ MR d’bhatlami®mt £ TSA is '
conpressive SIN fil hayi a ress between ab -4 GPa and about -2 GPa
o b dhaar e B i s G TSAGR Sarmh Kot iR ate FPOwtor TS0ASTER (or
ot her cabasof ARdkamhiftb ft@-ddhiaindPeRadtmitd, 3td2 139 A QREMAN Jtruck Whilo B MiFbRdl ment s,
tensile SiN having a, stress between about 1 GPa &%g about 2 GPa _can be

achi eved NIt ST FSRIEHIB MY RPIRIBFe %t 2t thi't M BE adutogensifioRital iy

ot her cajnbRdsubkese. NintsbME MbERMERS, ThdEredsBRGA BRUrdactok I 5016 sAtipditTeRwer a Si N
filmhaving a stress between about -2GPa and 1GPa can be achi eved using a

m xt ur e BFINGBRETRERDs ot hapderatHotiat BRAFAIoRi AY- iof PEFRTR disnpratshielyripg fibant )
and ammypedtibff cal bB Betviedl R fI 188 s dr, HERAMPRIBTEY NFhd BB LM nitrodeRO 73]
The stress val ues achi evabl e using pure TBA (or other carbon-contai ning
ni t r ogerfoBBHINE RICHL(peca bastonped dapt shoxymaiigr220 by sopegabodinepion- f r ee

ni trogen-containing reactant) and m xtures of these can vary according to

t he par t[P8¥afn ssBtediment. isd SOt 1 pdsorksd & the surfase of B subsete ihaivsgt |t ohower

and pl asfachiRt bPhedioh SAnPiRE Tas BRAGSHren BRaiRe tE2RA%s) PeRrld f@dnder ei n.
Longer and hi gher’ power plasnma can nake a SIN fil mnore conpressive. In
sone entibelipkeme.s, Inzanghpy embedimentoaipuees may ke uTgAlogigthorh V§poa phasebokiconr ee

ni t r ogensc AN Bl N1RA6HEBh6SdiméRs, 3 purdld B AsANHELOL0RY depzi ne) can be
tuned to have a stress of anywhere fromslightly conpressive, e.g., -0.5

G(ja/’e r L0 B03[NOt Br RoFERGatiths WP 210220 FR%PerBRRRECBHuftl Gp¥ SRAW AL ignd he RF
P " embodiment, these operations are repeated to form a conformal layer on the substrate between

about 1 nm and about 100 nm thick. In another embodiment, between about 5 nm and about 50

nm thick. In another embodiment, between about 5 nm and about 30 nm thick.

[0055] In one embodiment, using any of the methods described herein, the substrate is heated to
between about 50°C and about 550°C, or more particularly from about 300°C to about 450°C,
for example about 350°C or 400°C. In one embodiment, the wafer is heated throughout the
deposition, in other embodiments the wafer is heated periodically during the deposition or after

the deposition steps as an anneal.
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.[0074] In sone enbodi nents, for exanple, a tensile (1-2 GPa) SIN filmcan
be deposited using TSA and a carbon-free nitrogen-containing reactant with
a HFRF power of about 0.15 WcnR2, with a slightly conpressive SiN film
deposited using TSA and a carbon-free nitrogen-containing reactant with a
HFRF power close 1 WcnR2. (RF powers are expressed in Warea of the
substrate, e.g., a 300 nmwafer has an area of approximately 706 cnR.) The
films can be made nore conpressive by addi ng TBA or other carbon-containing
nitrogen-contai ning reactant. In sone cases, it can be difficult to form
tensil e ke i TRA: Lve [ @h: I npose
the - b T TR A RS bR 300, Ju g as Pkt b BRIt HERETE nce
a car bormdthase Aistbstrgienis poovidedrip e elambermsee 3QfchA dbovanfrond er worehnittogent ne t o

achi eve NS [l m E ol r - 0N | S hqu i.n sone

ot her er@g%ﬁlr]{%n{egftgdééo e’ Talgﬁf)ﬂog\c}\eagd %g)ﬁaﬁ"g@atﬁag@ogt[ 5%07%: 9?@2 3‘6?‘1 is'go\;'g%le elpr anges
of wet qreobdicdiyreypdsShtalitiAcare Boh- Alseeperiedicilhnt phyist éndruek, seaBL) byr @dy er

t han convent.ional, pr es, For exanpl e t .etch ra rati o t.o therpmal

oxt de. (W™ O SPRAFTRE o Sered bk el i o BB odS o for
| ow HFRBugawef tizssutigsty is becptalopafathe thaotbealsy the floivRIE ap omeetr gab andlbonitrogenW cn

or greater,  can |l ower the WERR to about 0.5. This cpnparges,t.o for

DS oA Sy ePihs AN 3 7P Do GO SURUTEE T 004 e DABEIFI BRVRT Low

TEMPERATHRImMenf) QR by ches isndirptktaabOpeatiohSA16-a20 by s aepdaed d fuhlice @P &t ws e
t.ive at the surface than, for exanple,

reactions.as it nore r.egct.
di chl Br3%‘?‘3&%éﬁaYFhOffaﬂF?ﬁ‘BHS"efsn some enbodi ments, carbon-free nitrogen

cont ai ni e s, al l.ow deposi tj on high quality SIiN fjlnps at | ower
Comper atli PR Bt EoR (1ol S At Siimnbo et Sbmpt e
a DCS/ Thhetbytst aRulegicisSproidedSid aMschd@beraste d0s.i Aumiet fl6he pasiablished, ke #4100C and
bel ow d olo;?roor. deconposi tion kinetics of the4t5- (b)rﬁltyl ﬁr ogsp in the TBA
mol ecul e. 9 1] RPOTIHC & SR RERIINeCAF AL 5B T T o GWhsHEe & BRPSGLME £ r ee
am nosi |saRen-atlaiding d¢0QRAL tdeLRONIA FlRGRNs ¢itb@hftdr figk flGA6L MBkilieaRcatamhge hi gh
quality SINfilms at tenperatures significantly |ower than achi evable with
DCS/ TBA 8380k isniepsee 6§ anel ispgpction prgis S INT SApeapripere dieptions ofe* 0rR dial ity

deposi t iRffomted3SBEiId AfyWefldedfed MickHOAC 1R thidmBod, AGS ARE IO notl Hec SRy
enbodi nents, TSA can be used with one or nore carbon-free

ni t r ogerflo8 P dhhiondr rsgsentstht sTheonisossnasppiinita Fastanta HRY N2y 06 BBk Be 450C,
or from®R6ndols.400C, or from 50C to 350C. CONFORVAL FI LMS [0078] According
to various enbodinents, the processes described herein can deposit SiN
filns t f{@@ssﬁtr §ahbiBNdMitAf Gefdibnd Mal R iHeHISdri@d §nts Whl aFanOAbdRieelribey are
deposited. [n sone enbodi nents, step coverage is at least 90% For the

pur posePTHFESFhi Eoaarpiepin e ombedimeatsyalicaglor part akthe 3N il infarmed & f two
thi cknesggigedhickhSs, #RPARI f18Ccahibk Mkpddkd 1d PRSPt HlaSRa C TURAYFenRRE REILEAE
ratio: thickness at the bottom of the feat'ure/thi ckness at the top of the
f eat ur e,confsel. Hiage faane thecal diimgdn bed evpodiveent. dhd lydragan plesros & gonerated peiegval | of

the f eatH&Bﬁ/gErml%B NG S cikief Eeﬁ shapasorfitr(gé}ﬁ, ﬁe%%"gredrgon. Other hydrogen containing

gases, or active hydrogen atoms produced by a remote plasma source, may be used to treat the

ets
[

deposited film. Further, in some embodiments, the carbon content of the film may be tuned to
any suitable concentration by varying one or more of the number of treatment pulses and their
duration, the intensity of the treatment plasma, the substrate temperature, and the treatment gas

composition.
HALOGEN-FREE SILICON-CONTAINING REACTANTS

[0059] While FIGURES 2-4 provide example process flows for deposition of SiN using TSA,

in some embodiments, other SiN films are deposited using non-halogen aminosilanes may be
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JApparatus [0079] Anot her aspect of the invention is an apparatus configured
to acconplish the nethods described herein. A suitable apparatus includes
har dwar e for acconplishing the process operations and a systemcontroller
having instructions for controlling process operations in accordance with
the present invention. [0080] It will be appreciated that any suitable
process station nay be enployed with one or nore of the enbodi nents

descri bed above. For exanple, FIGURE 5 schematically shows a CFD process
station 1300. For sinplicity. CFD process station 1300 is depicted as a

st andal Qpeg REsRELSSorSh alidiRsh VA9 The PERE DtheF BAMBEIanLAAY bl 3QibkRUted or
mai ntai ning a | ow pressure environnment. However, it wll be appreciated

that a pIrterallytsybsifuted-pith agy: aashalegen; sybsiitupsp olnsgnerrambodimentfe dnguhstiuted non
| Ow- pr eSEN &sipf PRERSuskPO!1n QB "HbIBRents Wi h Ssublfurd o SIRNG: gleRi Ghgel. i n
FI GURE 5 shows "O0ne process station, it will be appreciated that, In sone
enbodi meengining gybsiitegnistrgaydfe ysed clexampits of corhen-eaaibeg pubslitygruglinchidgalkyl,
processimnglogﬁwna}f,%d Eham zﬁ‘niic gg%’gJRE 6 depicts an enbodi ment of a

C 0 .

mul ti-statioh processing t Further, it will be appreciated that,
in some diTHBRNEDf 2 ARG rrdVQfI RofBS ANRKE rdABth RGN 6L i RE @GRS Font ati on
1300, idggﬁging thosg di%cugse&.?n detai?rbeloma.nayvgéaégﬁisteﬁﬁ _0

pr ogr anmat Pertain yubisiyatem ¢hap arevespecielmpuscentiblo it eishing rand/of G08edion bgHBlige ocess
station i ' e e n Y S for
el i vor B s B B Y SRR B L0 Tnite AR AL HBk: (s PR R

del i ver ytitanjwh ewhst@esland{ey Tudgs. aF ariexamyge, wewsteh ard30chofide bypiretudi mey wadtor
condi ti onj - f ' re

i xing b PR ERSARSGEN Al Sho e MSDRITUARR, IR SaBle B
t o m xi ndplorigds gad mdy3ddrodd @PB&E] Sone reactants may be stored in liquid form
prior to vaporization at and subsequent delivery to the process station.
For exanpd@,] The uspphrahaisgentirdel Hilldn-ddontaimirigudastast waapalse dat wseful doi miw 1303
for vaparizi | i quid ¢eactant . to uppl.ied 1.0 m xin essel 1304. In
sorre. entoupiafece % R0ic 35 RS ohS P TSBBHNES B8 T BB SbEGhrohstine e
sat ur at edillicoe aedcants smpEodyre obiid ey pfodan, ssucth ay Ayl 2Bt Scapiyt 0reg@Ned as N

downst ream del.i ver i.ping. Exposure of in atible es. to the condensed
ot ant NS pBSEierE I e R et o TR D HE RIS May IR BT o .
i npede vigicviOnOgR 6 Adre GdactiveQin tha Rurfiak ¢had oS éxadipks dickibsildne (PCRPPr oaches to
addressing these issues involve sweeping and/or evacuating the delivery

pi pi Nng t[00623 M @nfefibddiaients EESA aay be biwdevithrany Sviableinitgogeieordsihing edaytapd. pi ng
may increase process station cycle.tinme, degrading. process station

t hr oughgtone-RTRdimeR. dhsobitrarRn AT HENEsTeaY 1y estsried O e BHE Epsiatng of

vapor i ZainméhiQd Rydrd63 ahSantig@tand hag@eks thdtedOMR EXABRb&Rment] MieNgitry@ms el
1304 is al sp _heat traced, |In_one n?n-Linitin exaqﬁie, ﬂ%Fing downst r eam of
vapor i zato"Bi ol*Atant 3 udgn@ Qo3 a4y % B&?fﬂé’reeﬁ o 33t ANECEX 1R 8F ng
from appnboldiimding e @00 QkyOan@RO [s@Xpridre hikylldfife afa §8c¥idag AR 98linel 3@4ne [ 0083]
In sonme enbodi nents, reactant |liquid is vaporized at a liquid injector. For
exanpl e, embodingat ghe Gje alkylramyag isiadyrimary glyl@mineyfin gne erbedimeniatae Gntoalkyl o a
carrier gage 3hb@amERIbmAAM: of the mixing vessel. In one enbodi nent, a
liquid injector vaporizes reactant by flashing the liquid froma higher
pressure to a |lower pressure. |In angher pnbodi nent, a liquid injector
atom zes the liquid into dispersed m droplets that are subsequently
vaporized in a heated delivery pipeR1 ill be appreciated that snaller
dropl ets nmay vaporize faster than larger dréplets, reducing a delay between
liquid injection and conpl ete vaporizafion. Faster vapori zation may reduce
a

wherein each of R!, R? and R® is, independent of the others, H or C;.; alkyl; or two of R', R? and

R®, together with the carbon atom to which they are attached form a Cs.; cycloalkyl and the other

17



Jlength of piping downstream from vaporization point 1303. In one

enbodi nent, a liquid injector is nounted directly to m xing vessel 1304. In
anot her enmbodinent, a liquid injector is nounted directly to showerhead
1306. [0084] In sone enbodinents, a liquid flow controller upstream of
vapori zation point 1303 is provided for controlling a mass flow of liquid
for vaporization and delivery to process station 1300. In one exanple, the
liquid flow controller (LFC) includes a thermal nmass flow neter (MM

| ocat ed downstream of the LFC. A plunger valve of the LFC is adjusted

responsi 't ;g edhaglor eONLKAl 15 bG@htodRAEQY, It8ed, BYIK® amine has a secondary or
proportional -integral -derivative (PD) controller in electrical

communi dertipryrragion rttaghed drsatly Ho ks, Bifrogen:  Inggpetembedisisat. discond aly! ABing it o
stabili L&l j 1.0 i g -tie. for
dosi ng é@‘e{;ﬂaﬂ?ﬂgﬂr %gggélg?oggﬁ&g%@%%g)g?g&g%g%lcll%rbe?\pt%/gm%{ehE&LF f"g‘"té’y%g‘m cally
swi't chedbubdtamien cloberbmite. dwamylemingpdengthdbyan?amate anthewylamped2.3t n sonme
enmbodi ne EC.] ) 1 d f 1 node
Lo a0 i vl bt dlabuincl, Y SRR ment ¥ HE XA, Dkl FTORAGE LS SO, "D
cont r ol | Rfrand[RI0I8 5):.5 Shkylhe hensdemt®dBneani. she Chutadkyl pminsds serpusd samingGrRA).
substrat .0 i 0 Fl GURE 5, substrate 1312 is
'@B&ga;‘rﬁ]e paﬂlchﬁﬂ g%@ﬁ?@gﬁ?}e%ﬁ Ol ritda!

| ocat ed bene shower I's shown resting on a pedestal 1308.
It will p preTR=Te I ' pe,
and may [ﬁg?/ g{n%%sew talc)lHeL%{nSU%E(?r{ﬁad]rllrﬁ%g?dgﬂg%g%%g‘ﬁtung%éﬁ%%}?%(zgﬁéuo%ﬁ%ﬁt?lln uting
pr ocesses-fmsasononzmuirstlt an elet@itd. 1e§lep88hd Inmystonder dhd Gitth mansable far some

m 1 ovol HiigkdHarts LASRARH: PRGN BRUR! BEAAaR30Bu BT fleMefodimtD
process 1h a mcrovolune rat her anIn the entire volune of a process

st at i on appoxinekiy é0%aadioarniby exigbt warebanchssieed pod higiks Matteds dexdtild Heraies f or

f‘l t eri ngadg:gg)s A Whafed Zatbon Cllﬁ ISfNOH ms(. MEhodsPdeST el %eraneﬂFQ&ch rSH\'i fimé &'ﬁ? )ess nmay
imt an exposure of process station robofics to process gases, etc.

Exanpl e thirc2%\catbuiEn $he embodimbntdess thunt 1 %acaborgtin étrandbher dnthodinadntifessthbet ween
0.1 1lite nd 2 ljters. [0Q87] In sone enbodi nents.. pedestal 1308 my be
rai sed od'sﬁcﬁﬂg’io&d WM gTRReg! Jtﬁ‘bss{ﬂ}ea‘(eg‘?“‘fﬁ'ién tcﬁ)rrgﬁ’? SR I'SUFFSE'TyﬁbISe'a’ﬁHf d‘?’ to
vary a VEITREpedhh, dihcuighvithed BRalyitRalimetreds adxiaizpinao ohdlofeorditidig tKiltiietht hamisk er
phase, pedestal 1308 is Io\/\ﬁ%ed to allow substrate 1312 to be | oaded onto

pedest al 1 BFBSUTHARPFOUCREHNGIIARES phase, pedestal 1308 is raised to
posi ti Onﬁ‘}ﬁé‘as rate 1312 within m ¢rovol une 1307. In sonme enbodi Hent@

m crovol 1 ¥ 7ORE nFPRAETSPLSe HBF JUBARCDAUPINLE, reaqant) ol conipip & thamafly o
of pede%?géaggﬁgrohp Q&Qﬁrﬁalﬂy ﬁ@@v@mlecgfroﬁp' gha fg‘Pdi t?ﬁp\ﬁé@@daﬁ“gymongolané:?
process. tionally es 1 e | owered and/or raise
during p‘iS’PtPPB‘ﬁ%S at%gfétwéﬁ'baki?r“t)%@g‘g af“i)g\??ﬂﬁt%%g?g? érr Sewels. yeardapyand pf"é‘z&ta}]f’a?‘lt
concent r @i BdIC | i Rnddred @NAlndfih I0dons! i @REt hir WhEr g
process chél%g;r bogg)ugéBOZ rgmarﬁg({ls at a base Onrselssureﬁﬁ??ng%eGD

pr ocess, PATGSNEF PYRe &rlu bgrours heeak dpwive 19ie g0l igngein thip tempgrapiee Boge J4f ed.

Exanpl e &ahbRSt-BlftylBhme OV RIntHEBred, AnBErRSR %S HRAMINBH redQidANS fdrACikstiBienRWhd ar e
not limted to, volunme rati os between 1:500 and 1:10. It wl] be

appr eci aHotihat As | OBEEX DG di-PrHIgHYSab I eouls (EIQfht ieups Blso Ahsratled

progr ammgdbGadsk YioP ¥xanphd it laBBkt Sl SOXTRY k5 SORUIQle! Sdrborl 0888 addhaa@td s
enbodi nent, adjusting a height of pedestal 1308 allows a 5I asma density to
Y

be var i eshidutherid3QF aun was eitached. oforaaample. thubdearkamateipe idaeompgess o n t he
CFD pr 0C§§§tso@§yl$£%ﬁ&%%l §.98oPdiokiae CFD process phase, pedestal 1308 is
er

| ower ed duri ng “anot substrate transfer phase to allow renoval of
substrat @0@ 12nE sOMRE 4GS 18 hedd®®o between about 200°C and about 550°C so that such

groups decompose and release their carbon content and thus reduce the carbon content of the SiN
film. The reactants are adsorbed onto the substrate, a plasma is used to convert the reactants to a

SiN material. Remaining carbon groups can be removed by heating the substrate. The heating

18



J0090] While the exanple mcrovol une variations described herein refer to a
hei ght - adj ust abl e pedestal, it wll be appreciated that, in sone

enbodi nents, a position of showerhead 1306 may be adjusted relative to
pedestal 1308 to vary a volune of mcrovolunme 1307. Further, it will be
appreci ated that a vertical position of pedestal 1308 and/or shower head
1306 may be varied by any suitable nmechanism One of ordinary skill in the
art woul d appreciate that such mechani smwoul d i nclude, for exanple,
hydraul i cs, pneumatics, spring nechani snms, solenoids and the like. In sone
enbodi atl i anpl e
Cod Teah e AR UrkAOH i Bl B RHRLAN AEGHROL A BT
an ori eremevable gbupsublet engtembpgdingent, the gibistrate ds bqatﬁdeteif&t\mn taheut, 2007C sndve
enbodi F@%FI d t per
progragﬁﬁ§§b5$P§ g{aﬂﬁégogﬂmmﬂﬁﬁﬁlﬁ é$0a:bﬁ?g?3@o roI g?% i %@B@f

Ret ur ni rvglbpcbmtehtabemmabom 60 hadrabout SBO‘GJREd B, angtﬂngvmmdantnﬂ.wﬁveambquedest al
1308 el eghéd II n F.pQ u 314

net wor k 4%@16*6%?(1& oé\/?\aelalrgflEl n1n e efn\%élmeﬁf o e’\é\gmsp 12 nﬁgraym% P ﬁ" r]gillxl?s}rrln‘gfglnener gy
i s cont rbelHeated hybmeﬁnra(bbhtl 45@°©amd ahounBe0ECpfor Actpreacanst $1saiohd)anq)almssw e, a

gas concentrati our ce - rce f enc a, pl asma
power purEgdEP mgér%aee d urexaﬁ%[]d fn g‘ﬁomé?w%p%r%?t‘i?'ﬁf[’%‘ﬂ %’(d, ﬁpcﬂ%’(’l‘f}et wor k
1316 maylObsecoder a@tlﬁdu@t ar@mamniatr aﬂiﬂrmalpomrovhbje oumvall Hreskdewih ava oertain
desired Sa eC|es es of suitabl

ol ude ‘et hhord. arkiehsh s B P AR TV e %5 6P Lk ewi e,
RF powerangdpgl an aﬂzﬁéhntoﬁmpropéﬁmlpd@eREs pbhesiNofilmany sui tabl e frequency. In
sone enbodi nents, RF power supply 1314 may be configured to control high-

and | ow[boexq Uﬁ@ﬂyscfﬂr_edmbm tiahdrm@ny 'relﬂdaeﬂﬂag@nﬁ gy dfcludea sadoatdie br teltiaaynpl e
lowfre equepci es e not limte

e s Vb iont o Pl Sy P s iseR et Rbts b grogen-

frequen%ﬁﬁlnweacmﬁ{ wﬂemchmétonable;naﬁtofmer@mdr differefttRGREINCieRD VAN woem. 1. 8

MHz and 2. 45 It wll be appreciated that an swtable par anmeters may
be noduﬂap@ﬂefa*wg’e?%%éh@thsffna&smwa'a}amypfscfcmrm pmaedh energy for the
surface reactions. In one non-limti ex | e, the plasma power may be
intermttently pulsed to reduce ion nb ment with the substrate surface
relative to continuously powered plas - [0092] In some enbodi ments, the
plasma is nonitored in-situ by one gn-nor | asma nonitors. In one

enbodi ment, plasna power is nonitored by ofe or nore voltage, current
sensors (e.g., VI probes). In another enbodi nent, plasnma density and/or
process gas concentration is neasured H@ one or nore optical em ssion
spectroscopy sensors (CE % sone enbodi ments, one_or nore

|
par amet erhereap each PHR - Ko Reisy lpﬁpa’meﬂts‘tféléf‘ ‘B%Fé%(]ﬂ il ﬁé‘é{‘é’broéﬁ'lé‘h‘?pr? %oqgi‘ds uch

i n-situ Pl AacRer RN thOESbon8m TP ey A0 afdeReFRRAAIC, rIQ:yleaﬁkﬁ%ﬁ&ith'e'atk@r _
f eedback TQ for .providin p(rawgramratl c control of plasma power. wi ||

be appr ¥ Ratfednt Rats HprCs ovierresaehsof Seldﬁhﬁfrmﬁ’d»metr@mblwyumevhe@w to
moni t or otfhtﬁ‘e Hlt%%émccﬁa@é}'mﬁé rPé‘a‘%:tai?tr Q&%t%a%h&i"ﬁf Q%t%g'ef%tdrca% oxyHEN of BRI fif6en-
include, but are not limted to, infrared (IR nonitors, acoustic nonitors,
and pr esoniemingraacinl @ad, gvhep pary of the ﬁlllé@h@“@rﬂﬁwﬁeh‘éﬁﬁﬁs awbeqdpa,@rﬂﬁw gra

cont r ol 'rﬁtﬁ?{;\éh Br AR %ér%ttl?é‘ 1118091’1105%1 gg‘ an?eﬂ%%ggfn[?&dlfn&ﬁt éa'z!%fﬁ“?@ aEcPr

exanpl e, e I nstructions or set asma conditions for a

process Rhasedependenteofi thﬂ:Mb@te,cEmr\allwldormesmbmjmnrg he almaalacrbmvmhlmromem pe
phase of, a, erﬁ%') cess recipe. In sonme enbodi nents, process recipe phases
may be seque y arranged, so that aII instructi ons for a CFD process

phase ar Aﬁﬁﬁﬁﬁﬂﬁﬁ%éﬁwd@%w phase It will be

appreC|a Sone aspects o ma generatlon may have

vel | - chapged efd 268 thpsihRhts, ARJARG alta,mawgtagéaeaa IS8 alddBle PRIl 0Ng @
pl asma roc ss phase. Put anot mé suc i e % ays may be predi ct abl e.
Such ti reentdmingy seagtant. i frghmples anqlmdtteammoslaranldeh\tdh'@rpl afma eam!pla tn sem¢ 0
stabilize the plasma at the indicted power setting. [0094] In sone

enbodi nents, pedestal 1308 nay be tenperature controlled via heater 1310.
Further, in sonme enbodi nents, pressure control for CFD process station 1300
may be provi ded 19



by butterfly valve 1318. As shown in FIGURE 5, butterfly valve 1318
throttles a vacuum provi ded by a downstream vacuum punp (not shown).
However, in sonme enbodi nents, pressure control of process station 1300 may
al so be adjusted by varying a flow rate of one or nore gases introduced to
CFD process station 1300. [0095] As described above, one or nore process
stations may be included in a nulti-station processing tool. FIGJURE 6 shows
a schematic view of a nmulti-station processing tool, 2400, with an i nbound
| oad | ock 2402 and an out bound | oad | ock 2404, either or both of which may
CONPrI i SQnfbolligithisE TBAARMRaRPUAIE Gire DsddOROthe 24Xn-BhiaRiNEPRRAST | dd HiRSSH! €, 1S
configured to nove wafers froma cassette | oaded through a pod 2408 into

i nbound cPwaiinggesetani gspestielyrforthedenoriien of $rt 2410. A wafer is placed by

t he robot 2406 on a pedestal 2412 in the inbound |oad | ock 2402, the

at mos phdPPa8] pby yomzsepeporsnegiso &5 gxarapler & $REDINGERS nitgegenicentpinvg derctBinis. Ussther e
the inbqyneydsRagt $iRCKIZ 402 SEMNISIOF (Asd l@HBWneasI%@N@ s§a@k‘)r fof fladthBetiByer may
be exposed to a renpte plasna treatnent in th | ock prlor to béing

i nt r oducldd depesgechfijim sanebshalegenhandmarbopAies. WIFhsrwt W@F tra@m@nmﬁecr halogen Ay be
heat ed 'cgrbu{' %re'sé”? %’f@,s %rgxﬂq clogtgl#m%ﬁtos%uﬁg smlak huxanr{s o‘?)éﬁmghl? cieh Elgﬁoa\ﬁ%r

noi sture and adsorbed gases. Next, a chanber transport port 16 to
processwngﬂcmambE$$2mﬂwCk@”ﬁpéﬁ@@ and -anot her robot (not shomm) pl aces the
wafer into the reactor on a pedestal of a first station shown in the
react or FONINSp SERESSgND WET ETiGeRaHodi ment depicted in FIGURE 6 includes
| oad locks, it will be appreciated that, in sone enbodinents, direct entry
of a wafl8969] nirpsame erabesiments, 4bq BiffoRsIyCoBINIHTEREHAMH(S) FDbG Fhoske tol & dbed
processi fONIE1RAT m1lto
AR o e R o S TR IS L o
(shown atitrgegn-gorftaining regeiantrean pe used do dpngsit tpnﬁelmﬁhnelnaymglathlm Wét elsh raippr eci at ed
that in sone enbodi nents, each process station may have different or

mul ti pl 409 phsensthergxanmple R o pierseatkoneaepiaitiingeriregen Loplepingsreaciani ciion may
be sw tq}g%p%aqoglgé]o\gﬁg{gheesggg @&9%15594'?111% ocess node. Additionally or

alternative sonme enbodi ne processing chanber 2414 may include one
or more G@f@hﬁﬂ Jnﬁooga‘meQFthrEg}\éQntafnﬁfg%éctﬁs%h BBBscdBichfe thigrdepi ct ed
processing han% 2414 conprises Tour stations, it wll be understood that
a pr ocesé‘ltlrrﬁgd@hehﬁler E&r@aardplnga caybqrﬂwnprre@mtroghnst@h@mmgeremt keagreTRAY

sui t abl ] 0 essi ng
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for executlon by systen1contro||er 2450 The |nstruct|ons for settlng
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.enmbodi ments. Exanpl es of prograns or sections of progranms for this purpose
i nclude a substrate positioning program a process gas control program a
pressure control program a heater control program and a plasna control
program [0101] A substrate positioning program may include program code
fbr process tool conponents that are used to |load the substrate onto
pedestal 2418 and to control the spacing between the substrate and other
parts of process tool 2400. [0102] A process gas control program may

i ncl ude code for controlling gas conposition and flow rates and optionally
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Interf aCs%bstrate e.g., a 300 mm wafer has an area of approximately 706 cm?.) The films can be made

more compressive by adding TBA or other carbon-containing nitrogen-containing reactant. In

some cases, it can be difficult to form tensile films using TBA as a relatively high RF power is

used to decompose the t-butyl group of the TBA molecule. Accordingly, it may be useful to use

a carbon-free nitrogen containing reactant such as ammonia or hydrazine to achieve a tensile

film. The RF plasmas are HF-only plasmas, though in some other embodiments, some LF power
can be added.

[0075] The achievable ranges of wet etch using TSA and carbon-free reactant systems are also
greater than conventional processes. For example wet etch rate ratio to thermal oxide (WERR)
" for SiN films deposited using TSA/ammonia can be about 2.0 for low HFRF power as described
~ above. Increasing HFRF power to about 1 W/cm? or greater can lower the WERR to about 0.5.
This compares to WERR for DCS/TBA systems, which can range from about 0.1 to 1.0.

DEPOSITION AT LOW TEMPERATURE

[0076] As noted above, TSA can be used for low temperature reactions as it more reactive at
the surface than, for example, dichlorosilane. In addition, in some embodiments, carbon-free
nitrogen containing reactants allow deposition of high quality SiN films at lower temperatures

than TBA or other nitrogen-containing reactants. For example, a DCS/TBA system begins to
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[ 0107] Signals for nonitoring the process may be provi ded by anal og and/ or
dkgital input connections of systemcontroller 2450 from vari ous process
tool sensors. The signals for controlling the process nay be output on the
anal og and digital output connections of process tool 2400. Non-limting
exanpl es of process tool sensors that may be nonitored include nmass fl ow
controllers, pressure sensors (such as manoneters), thernocouples, etc.
Appropriately programed feedback and control algorithns may be used with
data fromthese sensors to maintain process conditions. [0108] System
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scope Ofprgcr}:%\s é‘t%’&n%. C}-‘oafi s%plicity, CFD process station 1300 is depicted as a standalone
process station having a process chamber body 1302 for maintaining a low-pressure
environment. However, it will be appreciated that a plurality of CFD process stations 1300 may
be included in a common low-pressure process tool environment. While the embodiment
depicted in FIGURE 5 shows one process station, it will be appreciated that, in some

embodiments, a plurality of process stations may be included in a processing tool. For example,
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Exanple 1 [0112] Table 1 includes a nunber of reaction partners, and
tenperature and pressure paraneters that nay be used to nake SINfilns in
accordance with the enbodi nents described herein. Process ID
Silicon-Containing Reactant N trogen- Containing Reactant(s) (% are vol.%
Tenmp(C) RF Power Density

FIGURE 6 depicts an embodiment of a multi-station processing tool 2400. Further, it will be
appreciated that, in some embodiments, one or more hardware parameters of CFD process
station 1300, including those discussed in detail below, may be adjusted programmatically by

one or more computer controllers.

[0081] A CFD process station 1300 fluidly communicates with reactant delivery system 1301
for delivering process gases to a distribution showerhead 1306. Reactant delivery system 1301
includes a mixing vessel 1304 for blending and/or conditioning process gases for delivery to
showerhead 1306. One or more mixing vessel inlet valves 1320 may control introduction of

process gases to mixing vessel 1304.

[0082] Some reactants may be stored in liquid form prior to vaporization at and subsequent
delivery to the process station. For example, the apparatus of FIGURE 5 includes a vaporization
point 1303 for vaporizing liquid reactant to be supplied to mixing vessel 1304. In some
embodiments, vaporization point 1303 may be a heated vaporizer. The saturated reactant vapor
produced from such vaporizers may condense in downstream delivery piping. Exposure of
incompatible gases to the condensed reactant may create small particles. These small particles
may clog piping, impede valve operation, contaminate substrates, etc. Some approaches to
addressing these issues involve sweeping and/or evacuating the delivery piping to remove
residual reactant. However, sweeping the delivery piping may increase process station cycle
time, degrading process station throughput. Thus, in some embodiments, delivery piping
downstream of vaporization point 1303 is heat traced. In some examples, mixing vessel 1304 is
also heat traced. In one non-limiting example, piping downstream of vaporization point 1303
has an' increasing temperature profile extending from approximately 100°C to approximately

150°C at mixing vessel 1304.

[0083] In some embodiments, reactant liquid is vap'oﬁzed at a liquid injector. For example, a
liquid injector may inject pulses of a liquid reactant into a carrier gas stream upstream of the
mixing vessel. In one embodiment, a liquid injector vaporizes reactant by flashing the liquid
from a higher pressure to a lower pressure. In another embodiment, a liquid injector atomizes
the liquid into dispersed microdroplets that are subsequently vaporized in a heated delivery pipe.
It will be appreciated that smaller droplets may vaporize faster than larger droplets, reducing a

delay between liquid injection and complete vaporization. Faster vaporization may reduce a
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length of piping downstream from vaporization point 1303. In one embodiment, a liquid injector
is mounted directly to mixing vessel 1304. In another embodiment, a liquid injector is mounted

directly to showerhead 1306.

[0084] In some embodiments, a liquid flow controller upstream of vaporization point 1303 is
provided for controlling a mass flow of liquid for vaporization and delivery td process station
1300. In one example, the liquid flow controller (LFC) includes a thermal mass flow meter
(MFM) located downstream of the LFC. A plunger valve of the LFC is adjusted responsive to
feedback control signals provided by a proportional-integral-derivative (PID) controller in
electrical communication with the MFM. However, it may take one second or more to stabilize
liquid flow using feedback control. This may extend a time for dosing a liquid reactant. Thus, in
some embodiments, the LFC is dynamically switched between a feedback control mode and a
direct control mode. In some embodiments, the LFC is dynamically switched from a feedback
control mode to a direct control mode by disabling a sense tube of the LFC and the PID

controller.

[0085] Showerhead 1306 distributes process gases toward substrate 1312. In the embodiment
shown in FIGURE 35, substrate 1312 is located beneath showerhead 1306, and is shown resting
on a pedestal 1308. It will be appreciated that showerhead 1306 may have any suitable shape,
and may have any suitable number and arrangement of ports for distributing processes gases to

substrate 1312.

[0086] In some embodiments, a microvolume 1307 is located beneath showerhead 1306.
Performing a CFD process in a microvolume rather than in the entire volume of a process station
may reduce reactant exposure and sweep times, may reduce times for altering CFD process
conditions (e.g., pressure, temperature, etc.), may limit an exposure of process station robotics to
process gases, etc. Example microvolume sizes include, but are not limited to, volumes between

0.1 liter and 2 liters.

[0087] In some embodiments, pedestal 1308 may be raised or lowered to expose substrate 1312
to microvolume 1307 and/or to vary a volume of microvolume 1307. For example, in a substrate
transfer phase, pedestal 1308 is lowered to allow substrate 1312 to be loaded onto pedestal 1308.
During a CFD process phase, pedestal 1308 is raised to position substrate 1312 within

microvolume 1307. In some embodiments, microvolume 1307 completely encloses substrate
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1312 as well as a portion of pedestal 1308 to create a region of high flow impedance during a

CFD process.

[0088] Optionally, pedestal 1308 may be lowered and/or raised during portions the CFD
process to modulate process pressure, reactant concentration, etc., within microvolume 1307. In
one embodiment where process chamber body 1302 remains at a base pressure during the CFD
process, lowering pedestal 1308 allows microvolume 1307 to be evacuated. Example ratios of
microvolume to process chamber volume include, but are not limited to, volume ratios between
1:500 and 1:10. It will be appreciated that, in some embodiments, pedestal height may be

adjusted programmatically by a suitable computer controller.

[0089] In another embodiment, adjusting a height of pedestal 1308 allows a plasma density to
‘be varied during plasma activation and/or treatment cycles included in the CFD process. At the
conclusion of the CFD process phase, pedestal 1308 is lowered during another substrate transfer

phase to allow removal of substrate 1312 from pedestal 1308.

[0090] While the example microvolume variations described herein refer to a height-adjustable
pedestal, it will be appreciated that, in some embodiments, a position of showerhead 1306 may
be adjusted relative to pedestal 1308 to vary a volume of microvolume 1307. Further, it will be
appreciated that a vertical position of pedestal 1308 and/or showerhead 1306 may be varied by
any suitable mechanism. One of ordinary skill in the art would appreciate that such mechanism
would include, for example, hydraulics, pneumatics, spring mechanisms, solenoids and the like.
In some embodiments, pedestal 1308 may include a rotational mechanism, for example along an
axis perpendicular to the surface of the substrate, for rotating an orientation of substrate 1312. It
will be appreciated that, in some embodiments, one or more of these example adjustments may

be performed programmatically by one or more suitable computer controllers.

[0091] Returning to the embodiment shown in FIGURE 5, showerhead 1306 and pedestal 1308
electrically communicate with RF power supply 1314 and matching network 1316 for powering
a plasma. In some embodiments, the plasma energy is controlied by controlling one or more of a
process station pressure, a gas concentration, an RF source power, an RF source frequency, and a
plasma power pulse timing. For example, RF power supply 1314 and matching network 1316
may be operated at any suitable power to form a plasma having a desired composition of radical

species. Examples of suitable powers include, but are not limited to, powers between 100W and
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5000 W. Likewise, RF power supply 1314 may provide RF power of any suitable frequency. In
some embodiments, RF power supply 1314 may be configured to control high- and low-
frequency RF power sources independently of one another. Example low-frequency RF
frequencies may include, but are not limited to, frequencies between 50 kHz and 500 kHz.
Example high-frequency RF frequencies may include, but are not limited to, frequencies between
1.8 MHz and 2.45 GHz. It will be appreciated that any suitable parameters may be modulated
discretely or continuously to provide plasma energy for the surface reactions. In one non-limiting
example, the plasma power may be intermittently pulsed to reduce ion bombardment with the

substrate surface relative to continuously powered plasmas.

[0092] In some embodiments, the plasma is monitored in-situ by one or more plasma monitors.
In one embodiment, plasma power is monitored by one or more voltage, current sensors (e.g., VI
probes). In another embodiment, plasma density and/or process gas concentration is measured by
one or more optical emission spectroscopy sensors (OES). In some embodiments, one or more
plasma parameters are programmatically adjusted based on measurements from such in-situ
plasma monitors. For example, an OES sensor may be used in a feedback loop for providing
programmatic control of plasma power. It will be appreciated that, in some embodiments, other
monitors may be used to monitor the plasma and other process characteristics. Such monitors
include, but are not limited to, infrared (IR) monitors, acoustic monitors, and pressure

transducers.

[0093] In some embodiments, the plasma is controlled via input/output control (IOC)
sequencing instructions. For example, the instructions for setting plasma conditions for a plasma
process phase may be included in a corresponding plasma activation recipe phase of a CFD
process recipe. In some embodiments, process recipe phases may be sequentially arranged, so
that all instructions for a CFD proéess phase are executed concurrently with that process phase.
It will be appreciated that some aspects of plasma generation may have well-characterized
transient and/or stabilization times that may prolong a plasma process phase. Put another way,
such time delays may be predictable. Such time delays may include a time to strike the plasma

and a time to stabilize the plasma at the indicted power setting.

[0094] In some embodiments, pedestal 1308 may be temperature controlled via heater 1310.

Further, in some embodiments, pressure control for CFD process station 1300 may be provided
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by butterfly valve 1318. As shown in FIGURE 35, butterfly valve 1318 throttles a vacuum
provided by a downstream vacuum pump (not shown). However, in some embodiments, pressure
control of process station 1300 may also be adjusted by varying a flow rate of one or more gases

introduced to CFD process station 1300.

[0095] As described above, one or more process stations may be included in a multi-station
processing tool. FIGURE 6 éhows a schematic view of a multi-station processing tool, 2400,
with an inbound load lock 2402 and an outbound load lock 2404, either or both of which may
comprise a remote plasma source. A robot 2406, at atmospheric pressure, is configured to move
wafers from a cassette loaded through a pod 2408 into inbound load lock 2402 via an
atmospheric port 2410. A wafer is placed by the robot 2406 on a pedestal 2412 in the inbound
load lock 2402, the atmospheric port 2410 is closed, and the load lock is pumped down. Where
the inbound load lock 2402 comprises a remote plasma source, the wafer may be exposed to a
remote plasma treatmerit in the load lock prior to being introduced into a processing chamber
2414. Further, the wafer also may be heated in the inbound load lock 2402 as well, for example,
to remove moisture and adsorbed gases. Next, a chamber transport port 2416 to processing
chamber 2414 is opened, and another robot (not shown) places the wafer into the reactor on a
pedestal of a first station shown in the reactor for processing. While the embodiment depicted in
FIGURE 6 includes load locks, it will be appreciated that, in some embodiments, direct entry of

a wafer into a process station may be provided.

[0096] The depicted processing chamber 2414 comprises four process stations, numbered from
1 to 4 in the embodiment shown in FIGURE 6. Each station has a heated pedestal (shown at
2418 for station 1), and gas line inlets. It will be appreciated that in some embodiments, each
process station may have different or multiple purposes. For example, in some embodiments, a
process station may be switchable between a CFD and PECVD process mode. Additionally or
alternatively, in some embodiments, processing chamber 2414 may include one or more matched
pairs of CFD and PECVD process stations. While the depicted processing chamber 2414
comprises four stations, it will be understood that a processing chamber according to the present
disclosure may have any suitable number of stations. For example, in some embodiments, a
processing chamber may have five or more stations, while in other erﬁbodiments a processing

chamber may have three or fewer stations.
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[0097] FIGURE 6 also depicts a wafer handling system 2490 for transferring wafers within
processing chamber 2414. In some embodiments, wafer handling system 2490 may transfer
wafers between various process stations and/or between a process station and a load lock. It will
be appreciated that any suitable wafer handling system may be employed. Non-limiting
examples include wafer carousels and wafer handling robots. FIGURE 6 also depicts a system
controller 2450 employed to control process conditions and hardware states of process tool 2400.
System controller 2450 may include one or more memory devices 2456, one or more mass
storage devices 2454, and one or more processors 2452. Processor 2452 may include a CPU or

computer, analog and/or digital input/output connections, stepper motor controller boards, etc.

[0098] In some embodiments, system controller 2450 controls all of the activities of process
tool 2400. System controller 2450 executes system control software 2458 stored in mass storage
device 2454, loaded into memory device 2456, and executed on processor 2452. System control
software 2458 may include instructions for controlling the timing, mixture of gases, chamber
and/or station pressure, chamber and/or station temperature, wafer temperature, target power
levels, RF power levels, substrate pedestal, chuck and/or susceptor position, and other
parameters of a particular process performed by process tool 2400. System control software
2458 may be configured in any suitable way. For example, various process tool component
subroutines or control objects may be written to control operation of the process tool components
necessary to carry out various process tool processes. System control software 2458 may be

coded in any suitable computer readable programming language.

[0099] In some embodiments, system control software 2458 may include input/output control
(I0C) sequencing instructions for controlling the various parameters described above. For

example, each phase of a CFD process may include one or more instructions for execution by |
system controller 2450. The instructions for setting process conditions for a CFD process phase
may be included in a corresponding CFD recipe phase. In some embodiments, the CFD recipe
f)hases may be sequentially arranged, so that all instructions for a CFD process phase are

executed concurrently with that process phase.

[0100] Other computer software and/or programs stored on mass storage device 2454 and/or
memory device 2456 associated with system controller 2450 may be employed in some

embodiments. Examples of programs or sections of programs for this purpose include a
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] 0113] Process A uses TSA as a silicon-containing reactant with anmonia as
t he nitrogen-contai ning reactant. Tenperatures can range from 50C to about
550C according to the requirenents of the substrate being processed. RF
power can range from about 0.15 WcnR to about 3 WcnR2 to tune the stress
as descri bed above. [0114] Process B is a specific exanple of process A,
using TSA and ammonia at a | ower tenperature of between about 50C and 450C,
dependi ng on thermal budget concerns, to deposit a tensile SINfilm
Substrates having copper filnms for exanple, nmay be processed at | ess than
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exanpl e of process I'S Si ar to proce except using a higher RF
power t cordeposiabilize therpeesswapn de gireeesy tation. [A pEFurPrantrebpregrate- ipyameludx anpl es

of proces t ! S. ia.. T ngtr -CO Ll ng
react ant SOF don SroMRE o SRS he BIEFRR BeBliny T RRe lek BURREEPHIQUE, '
I N one ewdveph the cihanstesggerk of the lpcbeks susied awng flovainte thh pflleedsstagdn, stech as t hat

of Process D, with the presence of TBA making the filmeven nore
conpr essliovéd] [AOHca®} cirtrot prograim may mpludx emdiplfer whtrallipg the esseniso mgedliduaind TBA

as silicgon- [ ni ptr N~ ini [ o fe tively.

2 ooess TIOR3l ORI RO RO SRR A nE SIRRAHERY, .,
Si N fi | nof a[Hedtk&hsfemgat (sacladsdeBupy ockssibaagnpl es, carbon-free

ni trogen-contai ning reactants such as hydrazi ne nmay be used instead of or
i n addi tj0do¥]t & plasmendoatrol@irbgram caylbiociuvdeontiafarisering BE powat lsvasappdisd to thed

above maly be ysed.instead of or in addition to TBA. Exanple 2
rocess eléctrodes 1 one or more process stations.

[0105] In some embodiments, there may be a user interface associated with system controller
2450. The user interface may include a display screen, graphical software displays of the
apparatus and/or process conditions, and user input devices such as pointing devices, keyboards,

touch screens, microphones, etc.

[0106] In some embodiments, parameters adjusted by system controller 2450 may relate to
process conditions. Non-limiting examples include process gas composition and flow rates,
temperature, pressure, plasma conditions (such as RF bias power levels), pressure, temperature,
etc. These parameters may be provided to the user in the form of a recipe, which may be entered

utilizing the user interface.

[0107] Signals for monitoring the process may be provided by analog and/or digital input
connections of system controller 2450 from various process tool sensors. The signals for
controlling the process may be output on the analog and digital output connections of process
tool 2400. Non-limiting examples of process tool sensors that may be monitored include mass

flow controllers, pressure sensors (such as manometers), thermocouples, etc. Appropriately

29



10120] A 300 nm wafer is placed into vacuum chanber. The wafer is supported
wet hin the chanber on an al um num pedestal which is heated throughout the
procedure. For exanple, the pedestal is heated at a constant tenperature
that is between about 50C and about 550C. Trisilylamne (TSA) is introduced
into the reactor as a vapor phase flow at between about 0.25 sl m and about
5 sim(standard liters per mnute) for between about 1 second and about 30
seconds to adsorb TSA onto the surface of the wafer. After the TSA flowis
ceased, the inert gas flowin the reactor purges the remaining vapor phase
TSA and gty FGAR  and efrol Ml ATRRO Ay VRPAEY RS G 173 1BscCSthal kehed i
the reactor at between about 1 sfmand about 10 simtor between about 1
second amintaippracesGoréiionids. A plasma, for exanple 13.56 M-1z at 150 W
power, is ignited above the wafer for between about 1 second and about 15
seconds.[010%¢ Bystam coirollén 20 inreytpneyideckiogrem ipsirugiéans fordmplementiianige vbysr phase
anmoni a T g]ng}nl! ow

pl asma a‘%%ﬁbﬁ@rﬁ?&ég{gg ug%gsear@%r g]%@rte %r(u)(l't g%gréa?aéonegf Rﬁ@ rl?t of Cee];?l red

t hi cknegsranfetery sogte lae S pdwsrclemew:dbps)sowg leeelnerssueth dermpedatare Aetandhabout
1.5 A of, f L- - in
addi 11 or sl Tont ' pardha it RPbAcK sy Rphth OF (TP RPRBDTIHESS | )

CFD r un,vatibws earhodmieatsfdesswb{dheddior TBA flow) is run continuously. In these
runs, the sanme conditions as described above are used, except the amoni a
flow i s [6B19%bIThe ketent cangrollandilltepipallyi inddde JiteeorTtBse frhapwory deviersrand woedr i nt o
the rea td i f by an
nort - gancte el GARRED e P BRciIRS 1 R In R Sl BRI
above, frodthaveml doyordemce nerth tgcaaarq:};untgéa'lvastiouhescMam razluiable méthe dBmifihw,

i nert gas_purge, ni tiaon nert rge are rep eated t
doposi ¢ TR iR ik gty SRr BRiTe L HbsdBt DH B8 B Gu RS o Bosi « o
bet ween cabgled toGhdsybtemndniadiert 1.5 A of a SIN f| I m Exanple 3 [0123] A
process as described in Exanple 2 was used to deposit SiN filnms using TSA

and ammoni a %ﬁﬁ%ﬂ&g&ﬁﬁﬁ;{ﬁggm an |-V curve for a deposited film
0es no

Not abl y, the r'eak down for applied fields of up about 22

W/ F E
aspoct rot105s s SASHuBcEATAANRS KR FhaP of AR BB BEigh N Hihopifie' o
fol | ow n:gttsymgemsls oDESEEFERA, foll SAMPRA ferrtble T@Aﬁammnnamufmereroéfscrammduetoi ndex

for eac Qie]:/ljcl:smd%ﬁy%d;?ﬁlotg‘\?oq’tgi’c p-le_1§é/s I@f‘:thell'ilé:.3 %Qaﬂﬁ%&@ﬁ%i %‘éceg's'aggl;

such tools/processes will be used or conducted together in a common fabrication

facility. Lithographic patterning of a film typically comprises some or all of the following steps,
each step enabled with a number of possible tools: (1) application of photoresist on a
workpiece, i.e., substrate, using a spin-on or spray-on tool; (2) curing of photoresist using a hot
plate or furnace or UV curing tool; (3) exposing the photoresist to visible or UV or x-ray
light with a tool such as a wafer stepper; (4) developing the resist so as to selectively remove
resist and thereby pattern it using a tool such as a wet bench; (5) transferring the resist pattern
into an underlying film or workpiece by using a dry or plasma-assisted etching tool; and (6)
removing the resist using a tool such as an RF or microwave plasma resist stripper. In one
embodiment, a SiN film is formed using a method as described herein. The SiN film ts used, for
example, for one of the purposes described herein. Further, the method includes one or more

steps (1)-(6) described above.
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.[ 0125] Al though the foregoing has been described in sonme detail for

per poses of clarity of understanding, it will be apparent that certain
changes and nodifications may be practiced within the scope of the appended
clainms. It should be noted that there are nmany alternative ways of

| pl ementi ng the processes, systens and apparatus described. Accordingly,

t he descri bed enbodi nents are to be considered as illustrative and not
restrictive. What is clained is: 1.An apparatus for depositing a silicon
nitride filmon a sem conductor substrate, the apparatus conprising: (a) a
reaction chamkempletP) a plama source; (c) a reactant inlet; and (d) a
controller conprising instructions for:

[0111] The invention is further understood by reference to the following examples, which are
intended to be purely exemplary. The present invention is not limited in scope by the
exemplified embodiments, which are intended as illustrations of single aspects of the invention
only. Any methods that are functionally equivalent are within the scope of the invention.

Various modifications of the invention in addition to those described herein will become
apparent to those skilled in the art from the foregoing description and accompanying figures.

Moreover, such modifications fall within the scope of the appended claims.

Example 1

[0112] Table 1 includes a number of reaction partners, and temperature and pressure

parameters that may be used to make SiN films in accordance with the embodiments described

herein.
Nitrogen- RF Power
Process 1D Silicon-Containing Containing o Density
Reactant Reactant(s) Temp(°C) (W/em?)
(% are vol.%)
A TSA NH, 50-550 0.15-3
B TSA NH, 50-450 0.15-0.5
C TSA NH, 300-400 0.15-0.5
D TSA NH, 300-400 1-3
E TSA 75% NH; / . 0.15-3
25% TBA 30-550
G TSA 50% NH3 / o < 1-3
50% TBA | 00
H TSA 25% NH3 / cx 1-3
75% TBA 50-550
! TSA TBA 400-550 1-3

[0113] Process A uses TSA as a silicon-containing reactant with ammonia as the nitrogen-
containing reactant. Temperatures can range from 50°C to about 550°C according to the
requirements of the substrate being processed. RF power can range from about 0.15 W/em? to

about 3 W/cm? to tune the stress as described above.
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periodically flow ng a vapor phase flow of a hal ogen-free

sitl i con-cont ai ni ng react ant; fl owi ng a vapor phase flow of a first
ni-t rogen-contai ning reactant wherein the nitrogen-containing reactant; and
periodically igniting a plasma in the reaction chanber when vapor phase
nirtrogen-containing reactant is present in the reaction chanber and the
vapor phase flow of the hal ogen-free silicon-containing reactant has
ceased. 2. The apparatus of claim1, wherein the hal ogen-free silicon
containing reactant is trisilylamne (TSA). 3. The apparatus of claim1l or

2, wher qon4herdobds St i1h hQURNGRPIADNpAEsE PRAURBITIA af@LRMInTal £ 1oWed NE
apparatus of claim1l1l or 2, wherein the first nitrogen-containing reactant

i's an arfFneeratgreTplebeipprir shouts SBIC antly 41°Ci Hepeading eSncIPRH  bUGERS DN E T | 5t
nitr Oger}i’eﬁ@srf'ttaat%ﬁklil@@iﬁ BT SibstrdeSs fﬁ@fn@%@ﬁﬂef fifms for example, may be processed at less

than about 400°C to prevent alteration of the grain structure of the copper. GST alloys, for
example, may be processed at temperatures around 350°C-375°C. As described above, TSA and
ammonia can be used to provide high quality films having high step coverage at these lower

temperatures at reasonable deposition rates. RF power is relatively low to achieve a tensile film.

[0115] Process C is another specific example of process A, using TSA and ammonia at a lower
temperature of between about 300°C and 400°C, depending on thermal budget concerns, to
deposit a tensile SiN film. Temperatures in this range may be useful to deposit SiN films on
substrates including copper, GST alloys, and other thermally sensitive materials, while

maintaining a higher deposition rate.

[0116] Process D is another specific example of process A, and is similar to process C except

using a higher RF power to deposit a more compressive film.

[0117] Processes E-H are examples of processes that use mixtures of ammonia and TBA as
nitrogen-containing reactants to tune the stress and wet etch rate of the deposited SiN film. In
one example, Process E could be used with a high RF level such as that of Process D, with the

presence of TBA making the film even more compressive.

[0118] Process I is an example of a process using TSA and TBA ‘as silicon-containing and
nitrogen-containing reactants, respectively. Process I may be used, for example, to deposit a

compressive halogen-free SiN film.

[0119] In the above process examples, carbon-free nitrogen-containing reactants such as
hydrazine may be used instead of or in addition to ammonia. Other carbon-containing reactants

as described above may be used instead of or in addition to TBA.

Example 2

[0120] A 300 mm wafer is placed into vacuum chamber. The wafer is supported within the
chamber on an aluminum pedestal which is heated throughout the procedure. For example, the
pedestal is heated at a constant temperature that is between about 50°C and about 550°C.

Trisilylamine (TSA) is introduced into the reactor as a vapor phase flow at between about 0.25
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.6. The apparatus of claim5, wherein the controller further conprises
instructions for flow ng a vapor phase flow of a second nitrogen-containing
reactant that contains carbon. 7. The apparatus of claim6, wherein the
second nitrogen-containing reactant is Cl.10 al kyl am ne. 8. The apparatus
of claim6 or 7, wherein the volunetric flowratio of the first
nitrogen-containing reactant to the second nitrogen-containing reactant is
bet ween about 1:1 and 10: 1. 9. The apparatus of claim6 or 7, wherein the
volunetric flowratio of the first nitrogen-containing reactant to the

second Ny T8989 LR (Mddarli QRGE PO mistitd) ShIVBER eGP Mt 3+ sbeHatan: boye 3P The
apparatus of claim6 or 7/, wherein the volunmetric flow ratio of_t%e first
ni t r ogersexods Wiadsary THAmotoghe surface dfdhswalon dAfiritheobfeh flowng cersednihe med@rant i s
bet veen @ROUE gk b @ Shodes e i D5RRRRAE YEACLCLA! BRlis T THIRSEEI 0 he
t t a A “and ts. ' T

vol unmetric ﬁ OW rat O%Lcr) S; Reer | rlgltgnflﬁcﬁ ggn-cont Al ni | gwrpeoac§3nt l][o’ %rhe
second mntmanggevapeophiass il esteblishethin thesrehasonvat berwadroaboutlt simzand about 10 slm

for between about 1 second and about 30 seconds. A -plasma, for example 13.56 MHz at 150 W

power, is ignited above the wafer for between about 1 second and about 15 seconds. The inert

gas flow in the reactor purges the remaining vapor phase ammonia and any byproducts. The TSA

flow, inert gas purge, ammonia flow, plasma and inert gas purge are repeated to -deposit a SiN

film of desired thickness. Each cycle as described deposits between about 0.5 A and about 1.5 A

of a SiN film.
[0121] Alternatively, 1-5 sim of TBA can be used in addition to or instead of the ammonia.

[0122] In another alternative, in a CFD run, the ammonia flow (and/or TBA flow) is run
continuously. In these runs, the same conditions as described above are used, except the
ammonia flow is established first and maintained. The TSA flow is introduced into the reactor at
the same rate and time as described above, followed by an inert gas purge as described above.
The plasma is ignited as described above, followed by an inert gas purge as described above.
The TSA flow, inert gas purge, plasma ignition and inert gas purge are repeated to deposit a SiN
film of desired thickness. Each cycle as described deposits between about 0.5 A and about 1.5 A
of a SiN film.

Example 3

[0123] A process as described in Example 2 was used to deposit SiN films using TSA and
ammonia at 450°C. FIGURE 7 shows an I-V curve for a deposited film. Notably, the SiN film
does not break down for applied fields of up about 22 MV/cm. FIGURE 8 shows bottom and

side step coverage for various feature aspect ratios.

[0124] Processes were used to deposit SiN films with the following systems: DCS/TBA,
TSA/TBA and TSA/ammonia. The refractive index for each film was DCS/TBA: 1.83,
TSA/TBA: 1.83 and TSA/ammonia: 1.90.
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12. The apparatus of any of the above clains, wherein the plasma is a RF
prasma havi ng a power between about 0.15 Wcn2 and 0.5 WcenR. 13. The
apparatus of any of the above clains, wherein the plasnma is a RF plasna
havi ng a power between about 1 Wcn2 and 3 WcnR. 14. The apparatus of any
of the above clainms, wherein the plasma source is a HF-only RF plasnm
source. 15. The apparatus of any of the above clains, wherein the
controller further conprises instructions for maintain asubstrate
tenperature of no nore than about 400C. 16. The apparatus of any of the
above cl [ r t re
han_ abdar 7 e K o T e oL % e
subst r atusderstamdinga ityrill be appapanhithal aeetelin ghanges mrreoduﬁranorabwtbem@ced wighin The

appar at f I reis
or ot ai il Xop® B ulaphReS BRI, Ok SRy oI RGEF U LR B0 AN ERLRIRGLRHHTE |
1- 3, whamelementirg ther proeesesh, systensi dridc apparaitusr daderibedt em:cardmgly, bibe wbeqmbacbout -4
GPa and en?bogﬁ?ents are to be considered as illustrative and not restrictive.
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20. An apparatus for depositing a silicon nitride filmon a sem conductor
substrate, the apparatus conprising: (a) a reaction chanber; (b) a source
of activation energy to formthe silicon nitride film (c) a reactant
inlet; and (d) a controller conprising instructions for: flowing first and
sécond nitrogen-containing reactants into the reaction chanber during a
deposition cycle; periodically flow ng a hal ogen-free silicon-containing
reactant into the reaction chanber during the deposition cycle;
periodically igniting a plasma in the reaction chanber when the flow of the
si | i con-ppkaiRepg- react ant has ceased and while the first and second
nitrogen-containing reactants are present in the vapor phase in the
reaction chanber

1. An apparatus for depositing a silicon nitride film on a semiconductor substrate, the apparatus

comprising:

(a) a reaction chamber;

(b) a plama source;

(c) a reactant inlet; and

(d) a controller comprising instructions for:

periodically flowing a vapor phase flow of a halogen-free silicon-containing reactant;

flowing a vapor phase flow of a first nitrogen-containing reactant wherein the nitrogen-containing
reactant; and

periodically igniting a plasma in the reaction chamber when vapor phase nitrogen-containing
reactant is present in the reaction chamber and the vapor phase flow of the halogen-free silicon-containing

reactant has ceased.

2. The apparatus of claim 1, wherein the halogen-free silicon containing reactant is trisilylamine
(TSA).

3. The apparatus of claim 1 or 2, wherein the first nitrogen-containing reactant is carbon-free.

4, The apparatus of claim 1 or 2, wherein the first nitrogen-containing reactant is an amine.

5. The apparatus of any of the above claims, wherein the first nitrogen-containing reactant is

carbon-free.

6. The apparatus of claim 5, wherein the controller further comprises instructions for flowing a

vapor phase flow of a second nitrogen-containing reactant that contains carbon.
7. The apparatus of claim 6, wherein the second nitrogen-containing reactant is C.;o alkyl amine.

8. The apparétus of claim 6 or 7, wherein the volumetric flow ratio of the first nitrogen-containing

reactant to the second nitrogen-containing reactant is between about 1:1 and 10:1.
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21. The apparatus of claim 20, wherein the source of activation energy is
ore or nore of a plasma generator, induction coils and a m crowave source.
22. The apparatus of claim 20 or 21, wherein the hal ogen-free silicon
containing reactant is trisilylamne (TSA). '

9. The apparatus of claim 6 or 7, wherein the volumetric flow ratio of the first nitrogen-containing

reactant to the second nitrogen-containing reactant is between about 1:1 and 4:1.

10. The apparatus of claim 6 or 7, wherein the volumetric flow ratio of the first nitrogen-containing

reactant to the second nitrogen-containing reactant is between about 1:10 and 1:1.

11. The apparatus of claim 6 or 7, wherein the volumetric flow ratio of the first nitrogen-containing

reactant to the second nitrogen-containing reactant is between about 1:4 and 1:1.

12. The apparatus of any of the above claims, wherein the plasma is a RF plasma having a power

between about 0.15 W/em® and 0.5 W/cm?.

13. The apparatus of any of the above claims, wherein the plasma is a RF plasma having a power

between about 1 W/ecm? and 3 W/em?.

14. The apparatus of any of the above claims, wherein the plasma source is a HF-only RF plasma
source.
15. The apparatus of any of the above claims, wherein the controller further comprises instructions

for maintain asubstrate temperature of no more than about 400°C.

16. The apparatus of any of the above claims, wherein the substrate temperature is maintained at no

more than about 375°C.

17. The apparatus of any of the above claims, wherein the substrate temperature is maintained at no

more than about 350°C.

18. The apparatus of any of the above claims, wherein the substrate temperature is maintained at no

more than about 325°C.

19. The apparatus ofany-of claims 1-3, wherein the stress of the silicon nitride material is between

about -4 GPa and -2 GPa.
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20. An apparatus for depositing a silicon nitride film on a semiconductor substrate, the apparatus
comprising:

(a) a reaction chamber;

(b) a source of activation energy to form the silicon nitride film;

(c) a reactant inlet; and

(d) a controller comprising instructions for:

flowing first and second nitrogen-containing reactants into the reaction chamber

during a deposition cycle;

periodically flowing a halogen-free silicon-containing reactant into the reaction

chamber during the deposition cycle;

periodically igniting a plasma in the reaction chamber when the flow of the silicon-
containing reactant has ceased and while the first and second nitrogen-

containing reactants are present in the vapor phase in the reaction chamber.

21. The apparatus of claim 20, wherein the source of activation energy is one or more of a plasma

generator, induction coils and a microwave source.

22. The apparatus of claim 20 or 21, wherein the halogen-free silicon containing reactant is

trisilylamine (TSA).
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