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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
20  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-stage semiconductor fabrication processes, and as device
dimensions continue to shrink, there is an increasing demand for SiN films to be formed

25  at lower temperatures, for example less than 600°C.

Another issue with SiN film depositions is the occurrence and/or buildup of amine
salts in the reaction chamber. These salts are formed by reaction of amine reactants and
acid by products, for example, hydrogen chloride and amine reactants combining. It

would be useful to have methods which reduce the amount of salts formed and thus
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plasma from the nitrogen-containing reactant flowing in the reaction chamber. In one
embodiment, a carrier gas is flowed continuously through the reaction chamber, thus the
plasma may also contain components of the carrier gas, such as argon or nitrogen ions
30 and/or radicals. Generally, the concentration of the silicon-containing reactant in the

reaction chamber is allowed to decrease substantially prior to striking the plasma. The
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15  nitrogen-containing reactant in the vapor phase so that the nitrogen-containing reactant is
adsorbed onto the surface of the substrate; (iv) igniting a plasma while the nitrogen-
containing reactant is present in the vapor phase; and then, (b) exposing the silicon nitride
film to a hydrogen containing plasma. The hydrogen plasma reduces carbon content of
the film. In one embodiment, the hydrogen plasma is generated using hydrogen (H;) and a

20  carrier gas such as nitrogen, helium or argon.

In general, any method described herein can include heating the substrate to
between about 50°C and about 550°C during formation of the SiN film. Certain methods
described herein take advantage of a thermally removable groups, attached either to a
silicon-containing reactant or a nitrogen-containing reactant, in order to lower carbon

25  content. One embodiment is a method of forming a silicon nitride material on a substrate,
including: (a) providing the substrate in a reaction chamber; (b) providing a carrier gas
flow through the reaction chamber; (b) exposing the substrate to a vapor phase flow of a
nitrogen-containing reactant wherein the nitrogen-containing reactant is adsorbed onto the
surface of the substrate and then purging the reaction chamber; (¢) exposing the substrate

30  to a vapor phase flow of a silicon-containing reactant wherein the silicon-containing
reactant is adsorbed onto the surface of the substrate; (d) igniting a plasma in the reaction
chamber after the vapor phase flow of the silicon-containing reactant has ceased; and (¢)

heating the substrate to between about 200°C and about 550°C; where at least one of the



150vervi ew The present disclosure relates to formation of SiN filns,
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and N-t-butyl hydroxylamine are nitrogen-containing reactants.

“Plasma” refers to a plasma ignited in a reaction chamber or remotely and brought

into the reaction chamber. Plasmas can include the reactants described herein and may

30  include other agents, for example, a carrier gas, or reactive species such as hydrogen gas.
The reactants and other agents may be present in a reaction chamber when a plasma is
struck, or a remote plasma may be flowed into a chamber where the reactants are present

and/or the reactants and/or carrier gas may be ignited into a plasma remotely and brought
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i ntegrate abri cat.jon process. In sog aspects 20 of the integrated
e bl SR TR sy A T S R A T
silicon nigdibdBlafddltdoEBYthRethd 8B drest @ledtRR. of an el evated gate stack to
act as a spacer layer for protecting lightly-doped source and drain regions
from subsequentri QR i 1d 7 ] RaGe & AjtdobRN
processes, che&yca ang%?&%E5§§?$f&ﬁﬁf%§§§mﬁF égsgés&égqﬁayoﬂgpuse bto form
a si |l i concamtéiningerch¢thmh aml theesihom-@ingnaing sebgantathat bidaks hloiva e wolatile

ot ween_ oatarattatied b8 abdi TohdSe TP RERE ST Dtk asd SN G edDiuShace.
reacti onsfmypl6AYSa aBrReshdapafahd dertePaitonofrofpf &Hich udiGBo eflfngifhtfon

typically exhibit thicker deposition at top surfaces of gate stacks and
t hi nn&d  degaoisénsiinnhistempasatbest tapgs. cOneef erdufaryskidl is ttlacks wosB! IEoegriwes that

because sg die have .regi ons of, differing device .densit SS
Cranspor ¢ S0 giope" TerBBl SRR o demt B bledthd B A IR o b iRe? ind

W t hi n- wabetyldxiytdrbéhil CkBOE \ar FBOCON. grblies thethalGK NRSSmMYEdck atia0dtiresh
result in over-etching of sonme regions and under-etching of other regions.
This may &&gmaten H@Vhwrﬁmﬁr%ﬁgéw&a@mﬁ ofiithe grpaip Eprms\pgobutylene, but also
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Casues i nis) SLolPSRAGh A dyben dipHAC® AR PHRAIL RABOIEE Wil JES!
process, lihere té hgarmiulay nechaniahed cogadimphas of hesbidions Ak dongsadtht @ralgposi t
films, ALD processes use surfage-nediated depositigB reac&%ons to g?EOSit
films on re@%:yéipwaym}d&péhe FRSGHECd (mRsHRuLey SRR do AMPcoRle 58St ans yBE it e
surface, gohpGlHdiRG & qﬁﬁlmjésaafs'aoﬂﬂeﬁﬁalﬁrtﬂgcéﬁ?oﬁﬂe' ?301&)' UESH exbimpRXPAGSY, L0 a
gas phase distribution of a first reaCtant (A). Sone nnleculeg of reactant
A may f or givan cenofermsddiophasutpliethylantiec sulbsindertge thernfabdeqonpusitiodi afghe t-

chem sor bed eci es .and. physi sorbed ,nol ecul es of reactapt A .The reactor is
Chen ovno s EERp TS aRBLIsCRURBRRBEE aicr R TSy Reutrs; aib fan sk LGt aRt oni y
chen ser bedlyRafed £ tlﬁeel?’]iﬁ'tiﬂets 6¢ e ethal ddcBpBaaHRNONE BY oldfnak P A1 iiHeqguced
to the 10 reactor so that some nol ecul es of reactant B adsorb to the

subst r at ewsuldf grsegnizhératethe enlatidify pf eveaierbocat dependsybigt pat eonathci ieagteon
surface T eackiONS el WRER AI38RBSHTIL SEHLE8) Orof SRERAR RofyBAL Biayf@r M N9
a filmlayaritiqas idst which thy compgiient ds gencraied- o §oF SXMRSy BoPENERs Siy

by- pr oduc{slafiRthind e eaabed ficaatraidtioB.chefbérmamdente AbhAitiy ey ¢ heddhgl didoloal ALD
cycles may be included to build filmthickness. Plasma, or other energetic
means, nmajreBebacguse s dersi ot £} Wit thosaiben repstnty hiler fopsxamrleramanonias t o
heat i t S i rder (Y e i QN t : A and
R S P S L

t he sti ckroagtanoekbibed entls: wifathef # @dstrant s, each ALD cycle nmay deposit a
filmlayer of, in one exanple, between one-half and three angstrons thick.
Thus, ALD processes may be tinme 20 consum ng when depositing filnms nore
than a few nanMahedss thi ck. Further, sone reactants may have | ong exposure
times to deposit a conformal film which nmay al so reduce wafer throughput
time. CopbgirimRl HeldifMardmthals of RRkERPON Fiads O phakalr SHbslmhahes. For
exanple, antireflective layers for |lithographic patterning applications my
be for medSlY ditmplaenhmedo Bsisg abdsmacastiyetcd icapfornglehinn deppyition| (lﬁ]*tpd}p el sogifch
antirgflecti | aye .oxi mat.el y 10\ r t hi,ck
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anti - ref | egbbiy eohtayesStheeimal 0 shray enoll@veis, taodiBscmnemitdifihg Weddtdnd -and faer

t hi ckness variation than many CVD processes na rovi de. For exanple, a
600- angst PEIRLEHTOKAHE Feastrpl piovese apemalgyp $1Bﬁ/§fra{ whgrey prcRh&8Y Philfe of
| ess than 3 angstrons.



30Accordi ngly, various enbodi nents described herein include CFD to deposit
SiINfilnms. CGenerally, CFD does not rely on conpl ete purges of one or nore
react ant swpr2oowi3v37r eaction to form SiN. For exanpl e, tlreTaSawy/o0bmsodNne or
nore reactants present in the vapor phase when a plasna (or other

activation energy). i s struck. Accordjngly, one or WO

2011/ 13035 APEFSUSSHEey 63haprsl Wolfeél%ﬁh@h%mﬁ? oc]é‘sg‘egft spdodigeats; Belydragshe ALD
process sﬁﬁ@ rﬁ{}%&ﬁﬁkﬁﬁe&%sa & &&ké}ﬁ&@uﬁ\?a@& BXBOP ! fRonf R} RIAC R Sexa h&[et her,
in sonme e od| asma activation of deposition reactions may result
in | ower uhposhea ¢appont eﬂm@nast w‘tmtsmtliﬂa}nemh@dlahby yheaﬁltmdbe@mwabltlgma) or
potenti al I reduci the th i nt ra ed proces 5FEi gure
o hows BOUBRIIe piragedt: Bhen et SrinisdephdeBe ihon iR g pleug ey 5,
for vasi oygrkIRe ?&%Vﬁﬁfeaéf%hﬁro%gr&ﬁ{s &é@mg a@wh Neblvdafe fcb@lwoné&@giaaaﬁe ,
reactant B and when a plasma is struck GURE 1, two deposition cycles
110A and khoBedre tl@tﬁmpha@elnm%rt@lmrmmdyn@rm Iallthpmght mnemﬁthmmﬂbdn&p@tp@fm ate
that any s nunber of depos i ncl uded .in
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par amet er galy elsughe, unlahtedcarbdatrembifideednd thus fal I9drderh @&sﬁﬁrtrdaﬁﬁéﬂt nédytbe
reactant species, plasma power and frequency, substrate tenperature, and
process s&@ployad ﬁﬁé@féhr@ach of the pliremenidqilsd aspeds erpdessyibecin jnore efeiajlant t o
t he diécwg? L@n of various enbodiments herein. Generally a cycle is the

m ni mum set of operations required to 15 perform a surface dep05| t| on

reaction one tine., The ult. o ne ¢

bartian i | S EabETeha ERISRUE P B S BBl Hei B8R

i ncl ude oaéswrlbéwﬁ@eﬁlta@@aoﬂmﬁs@af (\ZFDO Ok bi Mﬁtrablartdetn@tmhblua@@\m ERE/UQD'[ to
the substrate surface, and then react those adsorbed reactants to formthe

partial | &Y& BECVD, mndoplagmrebanced ecyslie | diepaspl i vigpi depesitiana (REGAY¥D) ar y

st eps suc fu

roating PhaRsSIBP AR IRaR WD CRREEK SRty I RICPUEHE aslicalE hal
one i st ancebaf la/O&mBQﬂZ;eﬁEdqmerthe saifne oghsr at |th>m3nstaﬁcs cﬁﬂblesuaﬂsrpérﬁt whigdy®™ e may
i ncl ude the fol Ig(m?ng oper tian :a%&]lt) delivery/ adsorp&ll on, of reac%&nt A
(ii) deli PEPIPOEISHPHIES ?fﬁnfc?r B Eraatt Pusposesi Y copisesp ashatidesarinting of 658 i on
chanber, angdotikvd apply plasma to drive a surface reaction of A and B to
formthe partial filmlayer on the surface. 25Referring to FIGURE 1, an

o 925 oL USRS b0 kiR o5, BERSIT AR ShofBFOCY B, 1

process sttt fitns b asdhiplaiae s@bsrm&ed as lﬂﬂité@@&ﬂ fabrication pedcesit dn sReaakpats A nmay

be any suitabl e deposition reactant, for exanpl ni t rogen- cont ai ni ng
eact 3t . Of et HeZBIRYIUPTREh it BHOMNUSSH o mltfonﬁ%@%k@m flgy Femgxampe a

cont i nuousgiyyt Hftﬁ&kgﬁﬁHtmaSﬁI%)& okt 310 é&%r?éleéa%éhﬁg&@@ta@ﬁ@@act%'d

typi cal ALD process m precur or react exposures ar
separ at edlayor ;foevmmtectgg lphdgelopehcbura, amcéatralanrgldnsarﬁman swhseqbentaidnowed
to mngle.in the ase of sone enbodi nents of a CFD process.
Cont i nuou%ﬂl@a ' %‘?%OH%S?Seact ant A to the process station may reduce or
elimnate a reactant A flowrate WO 2011/130397PCT/US2011/ 032303
In spacer layer deposition processes, chemical vapor deposition (CVD) processes
25 may be used to form a silicon nitride film on the non-planar substrate, which is then
anisotropically etched to form the spacer structure. However, as a distance between gate
stacks decreases, mass transport limitations of CVD gas phase reactions may cause
“bread-loafing” deposition effects. Such effects typically exhibit thicker deposition at top
surfaces of gate stacks and thinner deposition at the bottom corners of gate stacks.
30  Further, because some die may have regions of differing device density, mass transport
effects across the wafer surface may result in within-die and within-wafer film thickness

variation. These thickness variations may result in over-etching of some regions and

under-etching of other regions. This may degrade device performance and/or die yield.



turn-on and stabilization tinme conpared to an ALD process where reactant A
is first turned on, then stabilized and exposed to the substrate, then
turned ofwo 2andi3bional |y renoved froma reactor. Wil e treTasbadiossn: shown
in FIGURE 1 depicts reactant A exposure phase 120A as having a constant
flowrate, it will be %gg;eciatgg that any 5 suitqble fl ow of reactant A,

i ncluding a vaPPRBI @PFIASHES fayrdpeesep|BSpedsiice HPHOY MBI EYEE dePRS Hiesent
di scl osurear b $0 U RRPRGLTEOVS pﬂoe@s%t@ﬁ&re%hmqa?%ﬁmé@ & peé - dRYoflave a
duration that exceeds a substrate surface saturation ti for reactant A
For exanphee, usctido elehodti freme, AlfD FirGdREEs lusk rvotfackemediated atspasitiorreactions to

post - sat ur,at i exposyre ti 130 .in_reactant A exposure phase 120A.

ot i onal | oL ZREARE BAnGxpadhves Baihols T Cab DIRe 8 P88 5fced 11 ow
rate of aphcly¥tid a 9asulatorPEMuBfab 86tlveAMSESs bRSdsHE & a BHS pRdsE di@tibdtioRidred to,
nitrogen, argon, and helium The inert gas nmay be provided to assist with
pressure &md/reactanedir Seme endderwlesolf tefctarie praycless aseandpmned phesspoertheon of
a liquid reactant..nor.e . rapid,delivery of the reactant, and/qr as a sweep
gas for r SbUThG G dibgle Shemisgibed e, A BNARaRH Malkats: Shrdedit
station plAumht RgactokIdthcReasdard tB rexpasgisehpbastl fidekodkd rhrtarbog thrnt
shown in FIGURE 1, reactant B is supplied at a controlled flowrate to the
process sPRlyi GAMiYrlcd Peeiee et expoiend ddpstrdey Gurs dea. infreducrd do dicanpl e,
react gyt Féakl%r 2o S[hét' L &8[&%&&5“0?%&?%?'3&%&%6 ltl?e Eﬁﬁtrgfgbs%gfagr% nfhe%alFl GU_RE
1 depicts reactant exposure phase as having a constant flow rate, it
w | | be appirggpaivedtdtthahe subtrstaidcaidtes §urfase ofactiemchanterBadsorbeld udelagnles 20
vari abl e f| ow, nay, be | oyed withjn the scope of the present disclosure.
Far ther - Pt IeRPfRNiSt 2 1&3}"&@?&%& lﬁalayr:feaﬁlea Ml Sasiot s BV BHASE 194080 Vo
have any &kuﬁpbﬁpﬂﬂﬁéﬁhﬁﬂ1n&&w§ﬁqéu%ﬂPQQ%H&Bg%he%&ﬁ?%ﬁﬂ& RigxRasuUAEpDPhase
140A may have a duration exceeding a substrate surface saturation tinme for
react ant Byclésonaykamgluvded tcieuibhitlodihnekmesss basmai, nr ¢th GURErgetid eqmians, snay be

reactant B post-saturation exposure ti 5 included in reactant

D Soxpitur BohResnighict Wb FARRE G WiEuiR e A b0 bE LSRR R ulerto
speci es naMvEhe$taction Bbseentdabdats ahglpands on the substrate surface, making
it difficult to achieve surface saturation of reactant B. Various surface
condi ti ons may gl Andbe! RELKARANEnRAIRLAT AT ddRCLER oft A LitRing
substrate surface. For exanple, |igands rel eased on adsorption of reactants
A 30 and/ ovefBcinsty obtheokacons csclr AhDecyabt maedgiosie s filprleyeeof,ingné axdrhge,
adsorptiop of reacta B, Accordingly,. in s e i ments, continuous

20 ayer s BYVFEhrAHE By MGE BIRUTASIY- nodurating Mo B s

di screg el YoRuh$ig/heR aehadind ikl tndrbahi QCRISnalontchQY thik | NELrfRACioAM B
exposure phase 140A. This may provide extra time for surface WO

2011/ 130392PEms Us20 hayQB2gopasyortpisole dapasitd @semeringh fivmo sdkehemayitalioe
conservin Jsactant, B qpnp@&ed to a constant flow scenario. Additionally,
or alterna iveV&, FnoSome’ bodi nent's, one or nore sweep phases may be

i ncl uded between consecuytive exposures of. reactant B. _Prior o activation
of the plasma, CUAOMBRLLMS dHRY A0 Be niporisds BRoater SRy EOT FHRE:
station i gniHwRERIVBNARSs IR0RNaSREBaRIRRE FBNERionSWRG P NDribE fHLP GRAS:

station nmay avoi d gas phase reactions where reactant B is unstable to
pl asn ac stadetdopwrigmgwhiernatingfidm thepbs shuski aatiraticghive logers orayew. appraxithately

[ ' . f bed | i d h
ot e Se DEBIARERE R ik, FRk e EE R R PR RRE e 0 o e e

but are nelowlel#d tech biti-rellcgvt lafelsi My aRBhaké tal RYRN toléanéd for hoitigibadement
shown in FIGURE 1, sweep gas for sweep phase 160A is supplied by the

cont i nuouthigkyess vagiagon thap apany| (VR greccssed srAYHERYIES. Eopesymplsas 600 Beestragy

i nclude o - ' ' ce

| ncl ude ofea Ok TR E:6Y ASHALLD R HHRRNARE e lngR WRRUBHHAAG G, BROCESS

station. ern vely, ~I e apprecr at sweep-phase 160A may be

omtt in so enhodi nent.s. Swee hasg 160A,may have ui.t abl e,.

S ot S0 " o BT R, SHEERRRNS Sach e Lo RIS 30D W R SN o
sweep gas@imdlegeries e &FD NS ndtfckf b BodplcVREEesRITIRE ol Gidfe rdaOant®paibPle, a
sweep gas flow rate nmay be adjusted according to various reactant

t her mody nEagFidore eafosiet BIN. s Fpicexammie.gheiganmebe 08C Oh AR regctapts pssEt in e
. At il .
b “oweep SistdMeaORnE  PRERDE: SR LR BOH TR 1R ALl Poft 08 0"

phase may be optim zed by 20 adjustnment of the sweep gas flowrate. This
may reduce deposition cycle tine, mhicggnay i nprove substrate throughput.



At plasma activation phase 180A of the enbodi mrent shown in FIGURE 1, plasma
energy is provided to activate surface reactions between surface adsorbed
react ant swo 2andi3@s97For exanpl e, the plasma may direct!| yPom/tusaaiinssns y
activate gas phase nol ecul es of 25 reactant A to formreactant A radicals.

These radi cal s y then int ¢t wth surface adsorbed reactant B,
resul ti ng™MoRe of theregest plg E?%{E@ ngihe AAldh srocprsyark ba shoriened O chimipaed; goa

concl udes;flgpOSiahi, ‘Pé‘c%ﬁ? &;@A,leeehml %ﬁ@%ﬁ%ﬁ%ﬂf@an{%laﬁﬁa B don Lo S
fol |l oned by depos| tion c§3c?e 110B, commencing with reactant A exposure
phase 1208cpadstiosopetionhody mesottan I debastnen icgwictatdes thaptizsmall pactivagtd on
phase 180A 30 be.forned.directl bove the .substrate surface. This may
provi de a'y a!ﬂ POtBﬁlté?slﬁfﬁn%? %9%?%‘ ]gtf’tﬁ%tcoeaﬁl GRR (Eié)r?cé:é%tl on rate

bet ween react ants A and B. For exanpl e, .pl asnmas for D processes may be
generaied by aBtﬂu{ﬁi ﬁgSI]Q“fSa%FeﬁlﬁoFaécﬁi%fEW‘{W‘?e’f% HyiRiages) gy CEipgprocess,

2011/ 130390RGT LEAAA Y0329 0 iLRRSUEREARIUSHAY ohVRoGAPAEL| NekiBANR cd

pl ates. Any sultabl e ‘gas e used ormth asnma i s exanpl e,
the inert alghwhsmetplamaausquuclor thI(EUR(El 15 twsehtpashtmg cydl¢shl k()éaamchmlOB\area

ni t rogen- cont a| ng ct ant 0 p asnma I zat | n of t S
et voon T HPT a6 i b Fift 004 PP RE Bl R R O P

el ectrons d%pbsfdaﬁ dILRS My b"e At B8R I0e CFEYHRBess tH A Lol £84s1:0A Fil A Bickness.
accelerated by the RF field and may collide with gas phase reactant

mol ecll esEx@oplei il mmfes&me@eeteﬂsemlu@aé)qumqt dadted e, ity eatt@ﬂ f@s 1m1ya1fdor m
radi cal species that participate t he. deposi tion [ 0CESS W |

oo oo at BApRGTeERe TR B ol Ba i BE bk s CnD 8F Bl pkocst bt ifes.
Non-1i m t piegsiexanpl es of eI ectrodes include process gas distribution
shower heads and substrate support pedestals. 10 It will be appreciated that
plasmas for CFiphproaRssiess n@YCm fgpcmed iPyeRpmtOfo MRE &diScksiak! & RBEHRAS

ot her than capacitive couplin an RF field to a gas. Pl asna
activati onmphfagents%‘mrmﬁmélyamy@gus i eniioruam |setn0f Dpﬁrstmre reqmmﬂii teent s,
pl as act i at| on @hada {9 %(t dur@ti on,.t ngeds ad Y ff

pl as 5 acPATLE PRES e g [ é?“a%?e ' R 618 C¥ st PAYEC LU Paces
and adsor bakgs a pakBalfl RIayer 8n QbSO WS THde] Myplcapy ! HEFEUbRIE alik isdhidace.
For exanpl e, the enbodi ment shown in FIGJRE 1 includes a plasma

post - sat uPBlyithescaioppaetessary fadeliyer and asisambreactrcaripnt to dbe %ﬂb&%@e pgdige, and |
some enbog), H‘%&fc? tho%%“é&é&%éagfe&tﬁl@%%n%)&%’ﬁ&&‘hﬁl fa&&%ﬁﬂﬁ( 0(5f9 ‘Eﬂ ”cg fe
ases nay pos n at ment

plurality sma exposur e ovi de reac 1o

of bul k aﬁﬂ&onclﬁdb o ain sm]ﬂagz@tq@@rstl&mmsssx@éepidgeoﬁbecpfo&etreaitafnltd on byploduees
enbodj ment, decreasi ng surface contam nation may p[e par e the surface for
adsor #1 i oRNYer treatiag A partial film as,dspenited. Hererrllyareygle SonHEnsIAPRGIEACYT 1 om

reaction gf a%nﬁ{y'e's%&tfén@?%?%é}‘a{‘&lsr SRCHABEarfflE, & ol %%g;lﬁ@é‘ﬁ%‘ 318G ing

reactant may have a surface that may resist adsorptio subsequent

r eact ant sopékataatsi iy deheery/iatisarpmnmof rdadans W, f(ac delwerﬁaﬁogjtmmrmf mgtamﬂé,at e
hydr ogen ds for cilitatin bseq ti on react

ovent o THE) SRRFT T B 86 36t FeEBoheRuRiEto g 58) PRBSBRT BriEe. £ AR asma
treat ment foacfiéh SOABNE BROFbHRMeDartf] il R y¥RBE tRIAGG han a pl asma treat ment
is enployed to nodify the properties the as deposited film Such treatnents

I ncl ude el ect r QRRGREG! {CFIGURE 1, an inert gas is flowed during all phases of process 100.
At reactant A exposure phase, 120A, reactant A is supplied at a controlled flow rate to a
process station to saturate exposed surfaces of a substrate. Reactant A may be any
suitable deposition reactant, for example, a nitrogen-containing reactant. In the
embodiment shown in FIGURE 1, reactant A flows continuously throughout deposition

30 cycles 110A and 110B. Unlike a typical ALD process, where film precursor (reactant)
exposures are separated to prevent gas phase reaction, reactants A and B may be allowed
to mingle in the gas phase of some embodiments of a CFD process. Continuously

supplying reactant A to the process station may reduce or eliminate a reactant A flow rate



radi ation treatnments, thermal treatnments (e.g., anneals or high tenperature
pul ses), and the 30 like. Any of these treatnents may be perfornmed al one or
i n conbi naDI20N/A8D39M anot her treatnment, including a pl asraTtuseat nsasni Any
such treatnent can be enployed as a substitute for any of the

above-descri bed pl as treatnments. In a specific enbodi ment, the treatnent
i nvol ves E%‘Béliar?& Qt%nﬁﬁt]loﬁl §19¢ SPPPAFH Pt AAd REQCSH. WASTCdE A thadS d8Pow, in

a WO 2013130387 fieh/ deallet/ %%%sé@ﬁsithé %usm?@ditﬁls@temmgg%fﬂ%agﬁn&l tol ves

the application of U/V-radiation to a filmin si ( ., during for ion

of the fitamoved fpmst rdepas Whiknthofemblodinidnt shovBuohFIGERENEdtpice reastint &
reduce or elimnate ct structure and_.provide inproved el.ectrjcal

ber f or nan@oSBen L (PR SpBEVFE ¢ SSBA AB Bieat (0T P AR Eg APy
coupl edl WytifibRe bR SFBeaklaBBA MR Iudinbhe$8idbWONSPREhaY bOBMpiALd RethRehkatsmRd
concurrently or sequentially. In the sequential option, the UV operation
opt i onal | 9f thekierssept étselosu'mes{n. sqme embodioreats reastanbpt Pxaesurchiasevd2@A eegynent s
may be provided, from separate source e..d.,.an RE power sour.c or .t he

o1 asre andts TRl BERELG SPPRET: Shiufor ey REShERLLEE Acl i

pl asma t hatanifle,pthe Gutedinkdvt LARIGUIRMN 1 dscladddy:preacdet A post-satutatios @Rffosure
enbodi nents, filmproperties, such as filmstress, dielectric constant,

refracti vEmedd8yn reseigpt A KROSHESPIFEC A APRiEpglly VERaIH A HIPQSHS Phascaler s.
VWi | e n d i ien. i e . it
a1 B ARTRIET BRGNS, Be S AL BES Bl oRE AS il Subhre e
Wi t hi n t heotsloaped @f nittogehearpore sadtheHumcThs itreet. gak magoeprenidod itoressiss with
singl e react ant %g? an inert gas u eg %o supply plasma energy for a surface
reaction BEASWE é)ﬂ.teﬂPF@Flﬁst‘i%Pf/ OF s!GrePTBSS citHHoR: SVARRFAEE ot fidpide
react ant s, &,p.deRQst barfd Hbl‘i\?@ry GOt ARt Bnd R a§ @ %e@ﬁ@%dfo%&héving p§dc'e&sc on
nitride filmmy be formed by reaction of a silicon-containing reactant and
one or nogsesfrom the pravgsstatmntaaifor pycesatitmntplurobingne or nore silicon- 20
containing reactants and a single nitrogen-containing reactant, or nore

t han ohe of bonl Rdaetasi Bi @poswronphaseni40A rofabhd ambodinctnt Rkown in FIGURE 1,

ni trogen-cont ai ni ng reﬁ%:cLant. en nultiple reactants are enpl oyed

and the flG6Bf Boltesipplieham?i wnighied m&g%te 40 heggecrs e {hemiity (e
CO- eXi St_Llhdsif s@RkaRNARMCOUI % BRRIL! @il BNE SR GfainiFh Tl

when no purge step is perforned after delivery o first reactant, two

25 react ahtlslevth¢ Embodiecnsef FlfuliRike 1 depictsi roactat dndxgosur? ipbasef 1904, asitavimgya be

i nportant to, enmpl o eactants that dpo,.not appreciably.react wt ne
another | FOTRHET 038 Blia e Pt LAt pr Bt R R A oGk gloding «

Typi c2d | yvadidbge fBRC bRt éﬂﬁl@ﬂz&i A2thin @AGkoptNbf iheﬂfr@s%ﬁﬂ&iisélﬂsdr@.e rRiwhst i@at e
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FIGURE 1 depicts a reactant B post-saturation exposure time 15 included in reactant B

25  exposure phase 140A.

In some embodiments, surface adsorbed B species may exist as discontinuous
islands on the substrate surface, making it difficult to achieve surface saturation of
reactant B. Various surface conditions may delay nucleation and saturation of reactant B
on the substrate surface. For example, ligands released on adsorption of reactants A

30 and/or B may block some surface active sites, preventing further adsorption of reactant B.
Accordingly, in some embodiments, continuous adlayers of reactant B may be provided
by modulating a flow of and/or discretely pulsing reactant B into the process station

during reactant B exposure phase 140A. This may provide extra time for surface
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may be driven by various filmand/or hardware considerations. For exanple,

in some ewbadimsnivs,

exanpl e anmoni a. em sor.ption of dichlorosilane to a silicaon surface
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for

a silicon nitride filmnmay be formedTfuseminsezosi on of
di chl orosil ane and a pl asna-activated nitrogen-containing reactant,

An

exanple of this chem sorption reaction’ s depicted in Schene 1. HH \Si/ HN7

NH HN 2HNpRasgs$ mhy be irSludet] bSiwechiz@n€t@ive expoRiiGlofitdct:®tiBS\ Schene 1 10 The

cyclic internediate shown in Schene 1 may then be transformed into a
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unwanted species might be formed. Further, sweeping the process station may remove
surface adsorbed ligands that may otherwise remain and contaminate the film. Example
sweep gases may include, but are not limited to, argon, helium, and nitrogen. In the
embodiment shown in FIGURE 1, sweep gas for sweep phase 160A is supplied by the
continuous inert gas stream. In some embodiments, sweep phase 160A may include one
or more evacuation subphases for evacuating the process station. Alternatively, it will be

appreciated that sweep phase 160A may be omitted in some embodiments.

Sweep phase 160A may have any suitable duration. In some embodiments,
increasing a flow rate of a one or more sweep gases may decrease the duration of sweep
phase 160A. For example, a sweep gas flow rate may be adjusted according to various
reactant thermodynamic characteristics and/or geometric characteristics of the process
station and/or process station plumbing for modifying the duration of sweep phase 160A.
In one non-limiting example, the duration of a sweep phase may be optimized by
adjustment of the sweep gas flow rate. This may reduce deposition cycle time, which may

improve substrate throughput.

At plasma activation phase 180A of the embodiment shown in FIGURE 1, plasma
energy is provided to activate surface reactions between surface adsorbed reactants A and
B. For example, the plasma may directly or indirectly activate gas phase molecules of
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.

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-
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15 internedi ate depicted in Schene 1. An exanple of another chem sorption
mechani smis shown Schene 2. During subsequent plasnma activation of a
ni trogen-worbuiBNIvg reactant, the remaining chlorine atecrafS2ath@3mdsor bed
i ntermedi ate species shown in Schene 2 may be |iberated and may becone

activated by the plasma. This may cauyse etching of the silicon nitride
surface, PEPBNEE LY wsylgct&@sqaﬁgclwﬁéy §wanfedowaW§t AM@MWM%S&H%%W@Q or 20

hazy. Fur %ﬂae%asrw antﬁ@ YAl ERhO 'iﬂe?te%e%t Rt RYar (ﬁﬁgls f 1h1m Qmﬁédcabhg/ vahd/ or

chemical ly, potentially contam natin edep0|ted
cont am natdacianirdy aahitregeipbysaionlg @adawy telfewot thee plaspa.openiziten of thcheas

o oh b T B P o RSB LG b2
reducifng Hﬂ@ha?gé Végi@h Imhé@ &Ectﬁﬁfstdré)'ﬁ@ce‘lﬁrat%ﬂ!%gﬂh@@&sﬁelﬁta%w Ay cMid® widxcess
chl ori de content of | m may be unwan

2011/ 13039RPURSLISXG LNt (UBII@@ESI—CDUKSIO/H o thyse cleetragsNHR FctapHmojgculep maysj) 11
S- HCll?E‘}n r%dlcaf'-splélgféls % %p 101p 1n the deposition process. It will be appreciated that
the RF field may be coupled via any suitable electrodes. Non-limiting examples of
electrodes include process gas distribution showerheads and substrate support pedestals.
10 It will be appreciated that plasmas for CFD processes may be formed by one or more

suitable methods other than capacitive coupling of an RF field to a gas.

Plasma activation phase 180A may have any suitable duration. In some
embodiments, plasma activation phase 180A may have a duration that exceeds a time for
plasma-activated radicals to interact with all exposed substrate surfaces and adsorbates,

15 forming a continuous film atop the substrate surface. For example, the embodiment
shown in FIGURE 1 includes a plasma post-saturation exposure time 190 in plasma

activation phase 180A.

In some embodiments, extending a plasma exposure time and/or providing a

plurality of plasma exposure phases may provide a post-reaction treatment of bulk and/or

20  near-surface portions of the deposited film. In one embodiment, decreasing surface
contamination may prepare the surface for adsorption of reactant A. For example, a
silicon nitride film formed from reaction of a silicon-containing reactant and a nitrogen-
containing reactant may have a surface that may resist adsorption of subsequent reactants.
Treating the silicon nitride surface with a plasma may create hydrogen bonds for

25  facilitating subsequent adsorption and reaction events. The SiN films described herein

can be exposed to other-than-plasma treatments.

In some embodiments, a treatment other than a plasma treatment is employed to
modify the properties the as deposited film. Such treatments include electromagnetic
radiation treatments, thermal treatments (e.g., anneals or high temperature pulses), and the

30 like. Any of these treatments may be performed alone or in combination with another
treatment, including a plasma treatment. Any such treatment can be employed as a
substitute for any of the above-described plasma treatments. In a specific embodiment,

the treatment involves exposing the film to ultraviolet radiation. As described below, in a
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Thus, in sone enbodi nents, a nonochlorosilane is used rather than a
dichlorosilane. This may reduce fil mcontam nation, film danage, and/or
process swatnomssvdanage. An exanpl e of the chem sorpti enTafS2@hioszsesi | ane
is shown in Schenme 3. Wile the exanple depicted in Schenme 3 uses

chl orosilane, as the silicon-containing reactant, it wll be appreciated
that any SRFCHELFBOHMERL LR Me édnm%%ﬁhpaﬁ@@ﬁ??ég@nbé U¥aadiapon QR 4HP & t here

may be apply ¢al | Ao Stich GETHAI)CRH RAD AGRHRALof the ARM. T 8RCHredthcpNE
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enbodi nent, the carbon content of t mis tailored by choice of
car bon cosdraésmnitagreidcgr oupsimibat hddfactb struetneu rind apvidepemporvedneleotrichlot h of
t he siliconfcontaining reactant and the nitrogen-containing reactant. HHH
\Si/ H O HPCTGMAEE\ ) HN 2HN 2NHHN 11 11\ Si 11 Si+H3SiCl - 2HCLSli Si
Schenme_3 15As expl ai.ned above &he depicted internedi ate structures may
react ith a In certain specific embodiments, 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 (¢.g., an RF power source for
the plasma and a lamp for the UV) or from a single source such as a helium plasma that

10 produces UV radiation as a byproduct.

In some embodiments, film properties, such as film stress, dielectric constant,

refractive index, etch rate may be adjusted by varying plasma parameters.

While many examples discussed herein include two reactants (A and B), it will be

appreciated that any suitable number of reactants may be employed within the scope of

15  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-

20  containing reactants and a single nitrogen-containing reactant, or more than one of both

the silicon-containing reactant and the nitrogen-containing reactant.

When multiple reactants are employed and the flow of one of them is continuous,
at least two of them will co-exist in the gas phase during a portion of the CFD cycle.
Similarly, when no purge step is performed after delivery of the first reactant, two

25  reactants will co-exist in the reaction chamber. Therefore, it may be important to employ
reactants that do not appreciably react with one another in the gas phase absent
application of activation energy. Typically, the reactants should not react until present on
the substrate surface and exposed to plasma or another appropriate non-thermal activation
condition.  Choosing such reactants involves considerations of at least (1) the

30  thermodynamic favorability (Gibb’s free energy <0) of the desired reaction, and (2) the
activation energy for the reaction, which should be sufficiently great so that there is

negligible reaction at the desired deposition temperature.
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ni trogen-containing reactant to forma silicon am de term nated surface.
For exanple, ammonia nay be activated by a plasma, form ng various amoni a
radi cal swecbhusL303bhe radi cal species react with the intecrase@t®323h®dr m ng
the silicon amde term nated surface. Ampnia is a comon

ni trogen-containi ng reactant for formng SiN filns. Certain 20epbodi nents
descri bed her ePRCEHIN STADCOMRANF Fa5Ent Rt POVt ﬁgm FBHEE g?rfiwarev\o
2011/ 130383&?5544&%%9%&%%%@1%, in some BEnts ATIRESPnifRe MY Ha %g%ﬁﬁéao”g' y
to surfaces of the reactant delivery |ines, process station, and exhaust

pl unbi ng, fram chctmayof diabllotayilend ante ¢plgumegetiartdd evamgeaiconiningresctafyfother ,
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Such species may deconpose in the gas phase, nucleating small particles.
Smal | par hydpeen relpride SHUbe fAor geample afnihin clemiserotien wiachionyis rﬁgg@h?d in
chloride,S qp%{ﬁted during chem sorption of a halosilane, to form anmoni um
chl ori de. “SUth particles may accunulate in the process station where they
may contam nate substrate surfaces, 10 potentially ggadin to integrated
devi ce defects, and where they nmay contam nate proc s}g?ion har dwar e,
potentially leading to tool down tine and cl eaning Thegnmall particles nmay
al so accunul ate in exhaust plunbing, may clog punps affd Bhouers, and may
create a need forNbpeci al 12 ronment al exhaust gdNubbers ardiHor col d
traps. Th i i , an am ne
ni trogen- L5 contgi ni ng reagt ant\ t ha S nf{t congai n carbaep. For
various ra 'CaP§A§6FQEd/?(§ﬁI a 9% O of” ﬁkx] A eI _sU
t-butyl am ne, nai be supplf ed to\the2pfdcess station. Subst]tuted am nes,
such as t-but\yl am ne. may have a \ower sti cki L Ci
har dwar e t han anmoni a, which may result in conparatively | ower

phyi sorbption rates and conparativel §cHeger process purge tine. 20Further,
such al kyl am nes form hal ogenated salts that are nore volatile than
ammon| M §8k bsicilerRUATE o HITPUHMCCIAY HLR: belTRins SEARPlfo o LitRbh YhdgETONi UM
chloride is substantially nmore volatile than amonium chl oride and thus

| ess deposirmsatadesdriacoeda oenctihe with ¢ird samofor tcherehia pleema-anilvass oticgted

pl umbi ng anq.depositi n hardware. This reduces tool down tine, device

def ect cr ETFBHE 'S} %nvi ronnent al  abat enent 25expense. I n ot her

enbodi ments, the nitrogen-containing reactant is an am ne, havipg a.carbon
conponent and Elomef?rog%ﬁlecélﬁél%’é?ﬁ of | dicklreetTuiso debive ?@%SOIE%E’YaﬁRW@a%‘@r ves
as a Sour G o MUV dxampR sirface g ﬁ&@g}%@a indt b FRRioh HFLRE cyclic
ni t rogen-contal ni ng reactant, but af?er rocéssing, the t-butyl po?tlon of
t he réact ant¢rnmicdiadetiétedth Seidnmeendedx8@pkrambther Sidhiforphpn wischaisnhes ami ne

At r ogen: SOREGraIeRs el e nu abtnd S ubls okl pifntiiim . o

the remaining chlorine atom of the adsorbed intermediate species shown in Scheme 2

may be liberated and may become activated by the plasma. This may cause etching of the
silicon nitride surface, potentially causing the silicon nitride film to become rough or
20  hazy. Further, the residual chlorine atom may readsorb, physically and/or chemically,
potentially contaminating the deposited film. This contamination may alter physical
and/or electrical properties of the silicon nitride film. Further still, the activated chlorine
atom may cause etch damage to portions of the process station hardware, potentially
reducing the service life of portions of the process station. Also, excess chloride content

25  of the film may be unwanted.
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an "ammoni a equi valent." This avoids having the reaction chanber and
associ at ed pl unbi ng and hardware exposed to excess ammoni a (al though sone
ammoni a W0 200/1308b1/ 130397PCT/ US2011/ 032303 i nevi t abl y Ipastustotomsishe Si N
filmduring deconposition of the t-butyl group and may contact the reactor
and other surfaces). Further still, certain am nes (nrtro n- cont ai ni ng
reactants) may react with silicon-containing r eact ant ?v orma new
silicon-containing reactant. For exanple, the reactiongt t-butyl am ne

wi th dichlorosilane may form5 BTBAS. Al though BTBAS conkains silicon, it
al so contains nitNbgen (by Ndnvention defined herigNn, thi$l iNHS

silicon-c
t enper at ur BTBAS
may thermal\y decpipQse 6 [ OrM es-0 &\Leogu?y ere (BIBAS may

ni trogen-condai ning reactant). 10 \Thus, certai\o_am nes provide altelnate
routes to formsilicon nitride. Described herein are nethods of exploiting
such al kyl am nes. I n sone enbgdiprnt s, where thernmal deconposition
pat hways are exploited, the thermally renovabl e group need not be part of a
ni trogen- cont aighn0;f G@EkANubolfthedX 2P hfmobloRSAR! By SRRAILIRN SnkiS
thermal Iy renovabl’e group is part the siTicon- 15 containing reactant.

I n one entrdionesitng. ithi¢ ey meducy fﬂmmmaahheatgmo ﬁtmidarmlges etlloy padcesschatibnt 0 a
silico i trogep or of a.silico ning reactant. |

erbod renf&Mageh AR SATRIA! e PrEger! top i chfege Siflans hahgyadn 3¢ s ﬁawﬁ

r emovabl eggroumyanghyidied £AShcRRE Eé'e@léHlotr&‘?lEnéj9§§1e%ﬂ§cohrl%ﬁ{§ﬁtlh%’ré1€féﬁmse
This may be desrrable for exanple, when a certain carbon content in the
final Si Nwilllbm arzprctear:d dglgt oy, sdltableexrmptité),stlm@dv\hdnmlatle|ma3dé>s|utsabl eFero
tailor the carbon is d fromthe Si. For
exan e | PYTGHE i P IHATG YRGS i ST Sgest oot S db A bl T 915

react ant sembb@hfni, $hd @%dﬁd@ﬂt&%ﬂh@ SiNemas taylofRIMBVARRIR FcoWBBn aaﬂaam
non-thermal | y r enpvabl e group, i.e, one that does not thermally deconpose
under 1q hegwans h,oélhdinﬂope rEouphanchiypeaely oae 8i Rpthi afrthe silispo goctetingheseetasione of
t he carbo |red 25 via thermal deconposition and the
renarndergmfét (¥§§g§ﬁgﬁ% %ﬁ |f desrrable via, for exanple, hydrogen
pl asma treatnent. Thus nethods of the invention contenplate carbon renoval
froma single filmin nore than one way. Each of the aforenentioned aspects
are described in nore detail below As descrihgd aqgve in one egbodi nent,
CFD i s used to make SiN filns. One 30 enbodineny is 'a methbd of /formng a
silicon nitride material on a substrate, inghadigig: (a) provi@ijpg-Hhe
substrate in a reaction chanber; (b) continuously\exposing t@é substrate to
a vapor phase floMHgf a nitNKgen-containing reactagy whereiqNt he

ni t r ogen- cont ai ni_ hg reactan |s adsorbed ont o the urface of|the substrate;

(c) periodycally prosrng %pe 039 P 011/ 032303 substrate to
a vapor phase fOW{ NMQerer
sili con-coniai ni n reactant a orbeH(mnto t e siir f ace of he "sub&tr at e;

and (d) perigdically |gn|t|ng a plsma in the Neaction chanber when \he
vapor phase fTow of the siTicon- contarnrng reactant has ceased. In this
enbodi nent, the plasma is ignited to A 5 plasma fromthe

ni t rogen- contarnrng react ant flomnng |n He reaction chanber I n one

enbodi arrr is flo t.i nuou thr h t he react.,on

e R R T T N R D St IRt SRR S g L
such as aﬁﬂ@@e@boxﬂaﬁlr@g@ﬁcm@tﬂ@ A/ DEilibad hﬁ@déten%@@ﬁadutﬁéce t IF8r example, .
concentration of the silicon-containing reactant in the reaction chamber is

al | oned t amgwaiemgr b asEyded bxlal Blagmd, dernpisg Seripks #rymehie teiligalhspeciphel he

radical species react with the intermediate, forming the silicon amide terminated surface.

Ammonia is a common nitrogen-containing reactant for forming SiN films. Certain

20  embodiments described herein utilize ammonia as a nitrogen-containing reactant.
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10 flow of nitrogen-containing reactant, and carrier gas if present, sweeps
t he excess silicon-containing reactant (that not adsorbed onto the surface
of the suwetnatd39out of the chanber without the need f@®cTaSe@aawsasnpur ge
step, although, in one enbodinment, a purge is performed prior to striking
the plasma. Figure 2 depicts an exerrpl ary process_flow,_ 200, outl | ni ng
aspects of the%t‘?@ieﬁ?fd amepnia @aysilyaiserd sfqnely logertaces phhcckanpay d e%@ 205.
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gas and/or nitrogen-containing reactant. |n another enbodinment, a purge may

be used. AfacEs mayedeppmsn@ inrteagasemiase, mhelepinchol] paridapl Smell patiislostreys may
be repeat 1d nu?b of tinmes to bul sired. t ness.

h
h e antBar enrose? it Ao ae et oD B BT | BlortRe, Ffrd Y R

sem conducliaiisipiien ¢fS ahaalosithneo toeforpe anARMIim SOKloddel 8heltpabthfdés nhdy one
enbodi nent, 25 the wafer is heat ed throughout the deposition, in ather
enbodi rrenf‘%cuﬁWéat?vdfleﬂlel Bmﬁ@%&t satiofe rvhsds CBEY yNUICPHEMITRES SEPBETS iSBHaGSS. af t er

the d ﬁ%l&l@&ﬁn Ig?ﬂ@c?aéwcé_@é%dtygm e?é ﬁlg%px%gt 0) ﬁmL ?tg&mc ction

W|th enova oups as descri’bed I'n nor

met hod | SStpaasrt hadivard, potteﬁmﬂlyl leﬁdmg totovl dgwbitishd aﬂdnasleamn§ émecsmditparmnies

waf ers. 30 In, one enbodi manE eps.(b) throug é%zl re repeated to forma
conf or mal MERPEP aGAUPHAEICSAFEHITED A A et AR BAY CEBBut 100

nm thi ck. , hBARPLHRIal BRARMNERRY exl?ﬁl%ﬁ"é%ﬁ[bb@ﬂoa‘ﬂh/o? Ol £ gg about 50 nm t hi ck.

| n anot her enmbodi ment, between about 5 nm and about 30 nmt hi ck.

2011/ 130397PCTIF|}11?520?11£ %@%&%odlments a?lr aﬁlpl% &% r-B%dﬁ%e‘]qle%E]Sflh %D%ehﬁlt grl al of

generally any silrcon- containi ng reactan urta
t he fi3 nscqartadingedactay that alt&y m»otcomtamt @arlmma“rob@mmﬂllegevmafdsaadmis ttbienddi N
filmmy gromefromthe sil ncontaln g nt or the

ni t r ogen- &8AY @@ﬁ“flﬁ@cwélepaﬁt kyjl poypes. & amﬁ@ 819 bosrelad 4 theng
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and an am nosil ane, and m xtures thereof In“one enb

silicon- comftfﬁcmntngl preacss datdwase ﬁnahahmmﬂlarvmlclamaanesmdtsnlcanwamlvelyrh)wt:lur e

t hereof | n, ane enbod# é t he si |1I on- cont ai ni n% reactant i s a hal osil ane.
In one enBBETHRRTON IS ap boEpiafely B V%Fr@ﬁ908?56§1r$ % | n one enbodi nent, the
hal osi | ane is a npno r aI05|I for ex nonochl or 0sj. | ane or a
di chl &} osi | aneFulTﬂPPraS‘i(gl blg?’{]?’é‘&}eér gﬁﬂ@é@%@ﬁ@ h% th?éwa%.nil%{ﬁevq?aéﬂ% than

monochl or i ldaNen shls.ORE SEAAM ithonilie MBAACNES @Sirh R i RhAbARH ane.

In certain enbodi ment’'s, a silicon-containing reactant s pai
parti cul achlmldet mgsahstammllammmgotaelémﬁlamamnmﬂumxh]wpﬂe anchtlrmrhﬂzssrdbpns«ts afeane is

pairedvm am n ty m ne, ke SINfilns
P et he i s e S g ager hG SehCiaie PrB R fad S B B Bt b ane i s
used wi t hThisbrdut@Mdae dodnmakR, AeNcbSddrebt acrBRIJAO hnd €& AidoRREN AL aBh B mefOr

nmet hods descri bed herein, the nltrogen cont ai ni ng reactant can be any

sui t abl e piRenggen- contai ning reactant. In one enbodi ment, the
nitrogen-containing reactant is selected fromthe group consi st i ng of
anmoni a, a hydimbilre cnddanéme thochimdgentmoagining reactant is an amine, having a

carbon component and a nitrogen component. In some embodiments, the amine serves as
a source of ammonia. That is, for example, t-butylamine is the nitrogen-containing
reactant, but after processing, the t-butyl portion of the reactant is volatized and removed
30  from the SiN film, while the amine portion (ammonia) is incorporated into the SiN film.
In this way, the nitrogen-containing reactant serves as a delivery vector for ammonia, or
an “ammonia equivalent.”  This avoids having the reaction chamber and associated

plumbing and hardware exposed to excess ammonia (although some ammonia is
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20 thereof In one enbodi ment, the nitrogen-containing reactant includes a
Cl 10 al kyl amne or a mxture of Cl1_10 al kyl am nes. In one enbodi nent,

the Cl_10wel2kyll13es97ne is a prinmary al kyl am ne or a seceauarsgoialosash3 am ne.
I'n one enbodinent, the Cl-10 alkyl amine is a primry aIkyI amne. In one

embodi nent, t i 10 aI ne is according. to f 251 wherein
each of R}newﬁéﬁéﬁ%ﬁﬁ@mé Sﬁﬁgflﬁghewg gecorosioRerfst emimylcgm@ angyray or
two of R ¢offZtaidrdReor aﬁcgsﬁhaﬁfurmcm tf’ﬁ?th&aitﬁp Re@diR %ﬁ&s"(’ﬂlt\%eﬁ Iagﬁltafﬁﬁf'g

attached ?orn1forn1a C3_7 cycl oal and e ot her of
Cl_3 al kyteactantsp meryercha divitie mll,com-luent@hltﬂg)r@tﬂayzﬁs tarﬁ)m ahiacsv alhsexwmdamylg)r

tertiary carbo t ached, di ectl Oenbodi nt, t he
Cr 10" ol K§RCRL ndoF S50EPise S Tacinh rofe BrBlipmetndi: Mefer gy

2011/ 130387RAEN. USAMbh4I0 323N Icéﬁﬂaﬁ@pssﬂll@m nteals&)éﬁht‘aﬁlrs(}ﬁbfbg’éﬂ {¥§» convention
sec-butyl am ne, tert-butyl am ne, cyclobutylanlne i soanyl am ne,

2- et hyl bdefaredzhesgif, ntélsaﬁ@ sulmxyqoamm@g (@cBngi Rschyse g -aminerileromposes one
enbodi ment, . in the C rnul each o R3 is
&3l kytt epibelitfreCiobdth MO f RuPEiBbuS R 8 dpmBRis Plo Ry BB fo.
TBA is pardayehdraally deseipose bf REmIJIN ahe as ﬁm&sdﬁ)s@bbtbﬁldne (BTBAS ndy St
enbodi nents, the SIN film produced has an undesirabl e carbon content. This
i n-film carcigmedend vsed pg r“r]llc@ll -SORAINEN reREAKaEh AMETIEsY-CPBIHERS FRetani] m

unusabi e | b vary,
S R S A T R e s SR

consi der echetiods bf giploilkg hadisalldd aatindsed 10 herei n address unwanted carbon in
SiN filnms. Methods described herein produce SiN filns with | ess than 2%
carbon, in onelerdndemBodinlcass whb@nhdiHat desdipositdnyRithvad)@tahe ex i e nt

| ess than 0.5% carbon. In sone enbodinents, the reduction in carbon_residue
i s readi | $hcoBlbt vaBPEbis SPPRIGdeRqty be paﬁtqfo&ghtr@gqﬂéon&ﬂangtm@éw net®fods

k d t
o e, KONt 805 Cler AL CLAGRSIN Lhe WA kol B8R RRUISESIROR, |
nitrite nmadreiinalg mactantsuljﬁtcn&t embodialenditieg thef@plly Géﬂm)ﬂg)l@. gsolp eodirséttyr | de

filmon the ﬁy strat? said formation includjng provi di ng the
subst r at e2i4¢hgd e gt piligAn.cRsiRBER OF (PP gd’s?ﬁlfﬁo? ﬁ%n%]é}%t Fegrlant o Iy some

si i con-conbadificE, MR, ﬂlﬂoééﬁeor‘/sﬁ%h RBRAS: £ ety FMvable group and
silicon-containing reactant 1s adsorbed onto the surface of the substrate;

(iii) expaskmg:bmegsumsﬂmakbeamoaﬂummahmgbunnpmtalWhmgnﬁ@lMEé@mahk ifor t he

vapor phase s t the nitrogen- cont.ai ant s sor ed onto the
s fach oP RCstBE+ atkh e BS FiP Aghe R SERGl Ghis S o BOF Exni

ni trogen- GABA & ﬂ@'d&&rﬂﬁ@% #ilor e MEBRENH WHIcK BR VAR 1spﬂéﬁﬁ>eed #eh theesin (b)
exposing the silicon nitride filmto a hydrogen containing plasma to renove

at | east Sbtne Eer bwamplontieene gintodemeit] among rihe milgegeni fnd sicgrcent3ingpi ct s

an exenpl ar; Gess ;fl.ow out L ini ects of the nethod

substrate |§mﬁ (ﬁ%dSIHCPﬁapgﬂﬂh%e%' qgrgﬁg)a%%e uBs?F%Fem¥§ﬂ%Q%%§Ed to
a sili conremmaalergra@ eachethht des 08 IHermdine dsdshfiok@tieddr ShexP@seshditions.

ni trogen-containing reactant, see 315. A plasma is struck while the

ni trogen- EbREaVAY A iIN gt ia produsedswasts e pf thgecaybgibs npb?a@em%éf dergreds hus
form ag a, gl Imj 8&0% olsﬁloh%a‘aﬁje Hlaﬁ Gr SHRSL I%Bﬁ‘ rethOv AN a%tgﬁg tfor the

silicon- cont al ni ng re ctant not SOI’ dtOt e surface’ of es’u étratels
example, hydrogen plasma treatrnent. Thus methods of the invention contemplate carbon

or

removal from a single film in more than one way.
Each of the aforementioned aspects are described in more detail below.

As described above, in one embodiment, CFD is used to make SiN films. One

30  embodiment is a method of forming a silicon nitride material on a substrate, including:
(a) providing the substrate in a reaction chamber; (b) continuously exposing the substrate

to a vapor phase flow of a nitrogen-containing reactant wherein the nitrogen-containing

reactant is adsorbed onto the surface of the substrate; (c) periodically exposing the
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30 swept out of the chanber by the flow of the inert gas and/or
nitrogen-containing reactant prior to striking the plasma. |n another
enbodi menwp 2a11p3039e¢ ey be used to renove vapor phase siPCTaseoiaosLsas ni ng
reactant. One or nore iterations of 310-320 can be performed to build up a
SiN layer. After the SINfilmis produced to a.desired thickness, . WO
2011/ 130390StE4eU20 VEPY3DAS Have ofj ¢ silicensepgwing f%canw?i'ﬁ%%ﬁhepﬁ&@ﬁ&, see
325. Afte : i a r ' : of
car bon, | F e B e bl s Paaadeu
gener at edignstingga pjabmagentheH2hctamdclentar mben thas/apocphas fiivi mbdglen silicehi um or
argon. O her, .hydrogen contai ni ng ses, .or,. actiye dr ogen at roduced 5
by o+ erpf SUHR ST BB, Cy bd” JDE A ik, TN S e Dat i i &
Furthes, pRsSQMTREMROAITBE-SonthiditheCRALIR SAMNENH tAE réRBod IchimpaY Reotuned
to any suitable concentration by varying one or nore of the nunber of

t r eat nent ephpdigsnapdattingiges duilewedegntinheudiy thepedht the geactipe charabarntms thsl asm,
the substpalg, LENPELALYEy ARthohlf, LSRRl TRAL. 8RS (EOMROSLLL OR S, AG56! | bed
in relatiB8iTs previ ous et HOUS 1 %one” EnbodPreit’ e edupsratEs"i'e™ o0 a
sem condugidér Yaii®ls. GeneaRy.efibagbno@itiatiof i0f)tht Silkenicontaing Fdaotant én ¢hd 1) .

I n anot her enbodinment, (iii) is performed prior to (ii), In certain

embodi menfegctigpyhanaber dhalievses tandecarasersnlstantiaty PEPT & strisinggiie piasae-  Ehe t he
hydr ogen a3 i t - i N £ kL S: )
almayg?ne@éssar§ @%ﬁﬁgﬁggP@$?%é§ﬁ§g?%g%ﬁﬁé%ﬁgﬁég(?§5%%§ %ﬁ%f%é?kéggﬁﬁ
reaction tentdioing fsablant &hltenot adsodiddeontof thk aspefase of théesubstidtd)wolithof drcdbon)

may be 15 deposited before, requiring a hydrogen plasma treat.nment. That is,
t he hydro@f&ﬁlﬁmr&g uf the apgd Wécwf? P’érrgﬁﬁeﬁggf @g%dpsaﬁe@g?%mepm PY¥€%or e

layers arg (fdepasid ffor thRurRG @DediAent, (a) and (b) are repeated to forma
conformal layer on the sem conductor wafer between about 1 nm and about 100

nmthick, in a ' 5 - 0] hi ck,
' anot her onbul e BathesnBiaRCprOEER AR b oA AR U BRRT R bl
Met hot’s daswbstiedisgiiovideetptho yhdmylsh oge20pl Asiivay bOnitredeiceotaningcaoat ént i n
a SINfilm e t hods scri be erein take advant age .of. t her ma|
ol_econposasfft%bqlgjp%f_{;fo\gfE CoRpaher o w Cel0; Mesneven PRriRGCHEEPaRE or a
ni L1 0gen- EPALAGAOoERAL! 2Rkan &e%@.erAligg Ode%ﬁ{cal_@ﬁra%gsn?@ﬁts%%k, ¥R Snly

enbodi nent 1s a nmetho formng a sil n 25 nitride material on a

subst r at ewhem¢hausiiogn-cqradinpeoeadaimdlavh bas udrstd. ale one embpdiashi, ghe stianier ;

(b) providi a carrier gas,flow through.the reactiaon chanber; (c Xposi ng
the Subet Fartdnfts” Bablaflondi Rasola ey Sttty ofEmbaRSIho RSPt eYobe

wher eb t Bganftidr f’tg/gﬁl@'wtc&' thé Rkerf 8AC hadibr hﬁro%@]ﬁ-@é&@ﬁliniﬁe‘acﬁaﬂ@ svLheae of
the substrate and then purging the reaction chanber; (d) exposing the

subst r at ecmbodimeap erpupirasiey ok aved f Afes thici dasmacioeatapnti g Bohed sctoamlctaher ei n
the silicepn-containing reactant.i s adsorbed..onto the rface .of the
subst r at 2 1 ST AT P RGe2ohr JUmeeT s e PSRt U LA e S Tfneke v apor
phase flow of the silicop-containing reactant has ceased;, and heati ng
Phe substrate I'b OBt FRBMIE G BB0 A D5o0EEaD e SHERehGr disBhe. of
the ni troganeRR Wl Hcdt ik BédcdNthouh §0° A Pbht 38P39 7IRGH: Wadfdlkhh3 2303

silicon-containing reactant bears one or nore of a thermally renovable

gr oup25 whheevafes i itateddhromihgut teerdepaitiongimoeiperdealendiosets tha whist wekgrtebout
200C and about 550C.. Fi.gure 4.depicts an exenpl ar r ss. fl ow, 400,
out 1 mi ngPaRisay Ygiing s doaprBtn Sranciay fedePu ERoh: Bip R et ok aier
see 405. As6dtfuk&l infdodfMncEoreshdhhérahgd remeeadd Broups dhesstb&Et maherel &tk posed
to a nitrogen-containing reactant, see 415. The substrate is exposed to a
si i con-ch PAt ni ng reactant, see 420. A plasma is ignited after the fl ow of
the silicon-containing reactant is ceased, see 425. This reaction forns

Si N. One or nofke imcghogtis pargicelirly veelubr forenipe P filragion scrhigphdiictorvepfers. of
desir thickness. ..In thjis t.hod, 5 and 4 are not necessari|l one in
the. ortier TP sbgnpadiah alefs (P ee AT aR HEnd B Bl Rss R TE vy Yo ey
not be CoOpdrhibbRStor TWefes URSHEaL @bORY 1 bemhedd ethoGiur00gnhomhiEt | om @hothe Si N
| ayer, within, or below, the tenperature range necessary to deconpose the

t her mal | yembediignl dcgresipaboupup nap andbounp0 gwmdhiglsi rin dother aedBRIts i | m
is forned etmgngﬁ&%tsrﬁ%%{l%ﬁb&ﬁ%%%fh?clpet ween about 200C and about 550C in
own the y

order to brea ermal 'y renovabl e groups, see 430. After the
substrate is heated
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15sufficient time to renove the desired anmount of carbon, the process flow
ends. In one enbodi nent, the substrate is a sem conductor wafer. In
one enbodvoenti/13b3%¢ nmet hod further includes repeating (PrTiUsc@ugbe3pe) to
forma conformal Iayer on t he sem conduct or wafer between about 1 nm and
about 100 nm thi cg} e enbodi ment,, (f) i perf]i1 rmed t hroughout (b)
through (e). THe" 819 [ M&S@n f dygesinc ertcsallyi mry sliger-gaRtaining, Feactaat is

descri bedghighfl NThPERAY hidgGiafbs 'tl%aﬁlrms%d@edtrﬂa%r &t }n'ag QB¢ @&galhrl%rbon The

ni trogen-contai ning reactant includes at least” one thermally renovable
group. carborAirt fther SN Fiym rmeaypvabe érogr thepsilieonacaptauipg trbattant rog dks ndmgan- nt o
vol atil e c onents  at Bet ween, about OC .and ahout 55

0C. For
secondar y SIANBRIERAtan PE SPEPRITFE APDOH T SURE Dot r g ST TRGY f on

react i 9nstHeyrbdy éonfs@f{ﬂg{‘)ﬁé SilBc 2PRAGGRNe hill & BAbkitdhbadndaxarRbEthetcob Ul |
groups break down to formisobutylene in this t enper ature range. For

exanpl e, pn%@nﬂapélmqné thatrelicomeconeadning rigeatayh s aahalemianfsnam |a@nn¢selan,¢ B t 0
formi SObUt%l en re momnlea & 1rn%% Itﬁe Siti ! ncS a1n1 1; acta 1s P 1laeexafm| €,

t - but oxycar Poups laff B groups af Yo thé n§||e eco 558,

exanpl e abn@&ﬁwdlﬁéﬂ@hetmdsﬂam 1sslod1ﬂtwblme Il@@ﬁ@@rﬁb&hﬂﬁéﬁt@ﬁl@ﬂﬂﬁbsﬁlhﬁe @Ca WO
2011/ 130397PCT/ US2011/.032303 Schene 4 radical to which the t-BOC group
was at t acH©ao- psrdibdlasiane, fors cxpample tdnoneckderrstiancs or ta digdqrpsiinpandit &

ther TR) | Y, SIREOIPREIILRAAEIHE bRV P BoARIRILAARS BURDSMLE S The

t her renova group need not be on't rogen- cont al ni ng react ant .
For ex arrphmnocthldmomydmnd; elilerosilane.

In certain embodiments, a silicon-containing reactant is paired with a particular
nitrogen-containing reactant. For example, a monochlorosilane is paired with an alkyl
amine, for example t-butyl amine, to make SiN films using the methods described herein.

15 In one embodiment, dichlorosilane is used with t-butylamine to make SiN using a method

described herein.

For methods described herein, the nitrogen-containing reactant can be any suitable
nitrogen-containing reactant. In one embodiment, the nitrogen-containing reactant is
selected from the group consisting of ammonia, a hydrazine, an amine and mixtures

20  thereof. In one embodiment, the nitrogen-containing reactant includes a C;.jo alkyl amine
or a mixture of C;_j alkyl amines. In one embodiment, the C,_j alkyl amine is a primary
alkyl amine or a secondary alkyl amine. In one embodiment, the C;.o alkyl amine is a

primary alkyl amine. In one embodiment, the C;.joalkyl amine is according to formula I:

R2 R3

>

R' NH,
25 1
wherein each of R, R? and R” s, independent of the others, H or C,.; alkyl; or two of R,
R? and RS, together with the carbon atom to which they are attached form form a Cs;
cycloalkyl and the other of Rl, R?>and R*isH or C; 3 alkyl. In one embodiment, the C;_j9

alkyl amine has a secondary or tertiary carbon attached directly to the nitrogen. In one

30 embodiment, the Cjjo alkyl amine is selected from the group consisting of
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Schene 5

| sobutyl ene and a silane. In 10another exanple, tert-butyl silylcarbanate
t her mal | ywoeoompae®es to form i sobutyl ene,
in Schene 6. 0 XSS H3 ONHA ) 1-13Si NI1-12 CX2 Schene 6
h I I i1 -
or nore t erna| y r?nuvab e groups C%Q@%SWYSEd on tﬂgu5| I con

depi cted
Thus one

10

15

20

25

30

when heated, al so undergoes an elimnation reaction to form

1sopropylamine, cyc amine, sec-butylamine, tylamine,

opropy

isoamylamine, 2-methylbutan-2-amine and thexylamine (2,3-dimethylbutan-2-amine). In

amine, cyc

one embodiment, in the Cy.1 alkyl amine of Formula I, each of Rl, R?and R is C; 5 alkyl.
In one embodiment, the C; 1o alkyl amine is tert-butyl amine. TBA is particularly useful

for the reasons described.

In some embodiments, the SiN film produced has an undesirable carbon content.
This in-film carbon may result in electrical leakage and may render the film unusable for
some dielectric barrier applications. Carbon content can vary, but in some embodiments
approximately 10% carbon (by weight) can be considered too high. Methods described
herein address unwanted carbon in SiN films. Methods described herein produce SiN
films with less than 2% carbon, in one embodiment less than 1% carbon, in yet another
embodiment less than 0.5% carbon. In some embodiments, the reduction in carbon
residue is readily observable in FTIR spectra, although other analytical methods are
known to one of ordinary skill in the art that can measure carbon content in these ranges.
One embodiment is a method of forming a silicon nitride material on a substrate,
including: (a) forming a silicon nitride film on the substrate, said formation including: (i)
providing the substrate in a reaction chamber; (ii) exposing the substrate to a silicon-
containing reactant in the vapor phase so that the silicon-containing reactant is adsorbed
onto the surface of the substrate; (iii) exposing the substrate to an nitrogen-containing
reactant in the vapor phase so that the nitrogen-containing reactant is adsorbed onto the
surface of the substrate; (iv) igniting a plasma while the nitrogen-containing reactant is
present in the vapor phase; and then, (b) exposing the silicon nitride film to a hydrogen

containing plasma to remove at least some carbon content of the silicon nitride film.

Figure 3 depicts an exemplary process flow, 300, outlining aspects of the method.
A substrate is provided to the chamber, see 305. The substrate is exposed to a silicon-
containing reactant, see 310. The substrate is exposed to a nitrogen-containing reactant,
see 315. A plasma is struck while the nitrogen-containing reactant is present in the vapor
phase, see 320, thus forming a SiN material is formed on the substrate. In one
embodiment, the silicon-containing reactant not adsorbed to the surface of the substrate is
swept out of the chamber by the flow of the inert gas and/or nitrogen-containing reactant
prior to striking the plasma. In another embodiment, a purge may be used to remove
vapor phase silicon-containing reactant. One or more iterations of 310-320 can be

performed to build up a SiN layer. After the SiN film is produced to a desired thickness,

20
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15 contai ning reactant, the nitrogen-containing reactant, or both. Thus the
sem conductor wafer is heated to between about 200C and about 550C so that
such grouwwe 20u¢iBoese and rel ease their carbon content a&ou/usbhag/osmduice t he
carbon content of the SSiNfilm The reactants are adsorbed onto the
substrate, a asma i s used to convert the reactants to a Si terial.
Renai ni ng’th@aﬁlg%ﬁs §reRspd taeh ¥<§ﬁgﬁﬁea lappangest 190y t Hdles dsateat éVlth%Q%Pn

heat i ng Cﬁﬁ#ﬂ@ tcﬁfe&ﬁ&rerm@d&%a BRho bt FRRE0h Ethe RO it Qlﬂné)rlnpcﬁlre'e%o@lﬁh n, tO
deconpose t er mal renovabl e groups.’ In one enbodiment, the substrate
i s heat edthedlyld&tgm@ﬁasaiaamgermﬁ@i asidg apdopeb80Cand a canet lgey Swhblsuiltrr@an

bet ween apout 350C an t . 550C, in _another odi.nent bet ween about 450C
ond about NSBEEOr At PR PP e SR R 2 Bep AL BB IEA S 5 R B
500C. 4n gpe Rmed| m%fﬂ& ,smfu‘éé ﬁéyﬁ%@hﬁed WO 1ché 13 EE@ﬁUSﬁQﬂMOI%%Q& wher e
TBA is used, the SINfilmis heated to between about 450C and about 500G,
for bet weembacbmtsglth@wdqm contbnabbthe B0 meg baduncdde dpgtsuidelre aprngntratiasecond
and about 20, 36c0NdS, 08 REIMESH ADOHE . J28CoNd. and jabs cgtraul% FeGRaAds,

Al t hough 3}'13‘/’ a |cuq ar Fﬁerrraulni/ r énovapre purou h[l1 3 eakdown At d
certain tefperabtuicdt plsmshat substatditghgdratard, eﬂ@ﬂfeafdafrﬁenmgys &enpistidnt 0
increase the rate of deconposition and/or as an anneal to inprove the
properties of WRQeRrNel iih Mlation to pré\ﬁo@ef%@thb&e% aRoOMBbodiRent AR MBbtkate is
renovabl e group nmay include a secondary or tertiary carbon functionality,
and elQ hep semidopdictarf wafee i lohe embedimeat.fiihégs parfemadtprigndo {iHe In another

mtrogen CO 1 Nl react ant an i nc d re of the. sane

Gi 11 oront CoRaRR i 3% BB inefitBiol PELTHS nXfafer R GaR et s RO a1

r enovabl eofgfetdtiinss pﬁ@rotbctbﬁgTth 1EQh@H§1c&ogén pladrha wharehNreameBs efb&l froM2 and
R3 is, |ndependent of the others, Hor C1_3 alkyl; or two of R, 15 R2 and
R3, toget HrSiy .t Hes aat Huayanesesesy whpafrmnby hidwean phema drepwiont it a
C3_7 cycl t e d
where eac gﬁjhkr)égce{l?o ckto hfjgtfﬁlrr(rﬁ1 ]IQyFarﬂng?bVBIélBFle r ouf)/g%%vénfs[hySﬁ{I (Qﬁ?%aﬂdolﬁy Imaya&

ni trogen- depﬁsaembéfgrerrethagh hydsogah q)&simedremn@tnﬂhatag,ethe tydrageroplpgenisof t he

nitrogen-c nt ai ni ng react nd when part of he sili cont ai ni ng
react ant , SHECtyEt afcrarpving %lCPIi BBnafEﬁr téf’oniof reYen aéi?rsa?ﬁe ‘i@@é‘?? dot Ippene
silicon- 20h6aRA Mhnehd @%Cér@%pea{eﬂ tg%rrﬁ QiR laR2 R @E sBhicoRduand R3
is, independent of the others kyl. I'n one enbodi nent, the thermally
r enovabl ewgfapUptwesnaatioubdt v agid calout Mnmrﬁnd{ ne ranothsr arnﬁodirr[ant nbawezhuced

an appar Al Gof 9 48 Q0 AHEE: G DA SETRUTROBeOUESE (B0H REFET A

sui t aph e appRAReLUSthidkc! udes hardware for acconplishing the process
operations and a systemcontroller having instructions for controlling
process oper at hiigyds HeaGHe %ﬁf@ b9 HyBRPE PREAL th RUERE LB tent thta Wi | |
be appreciated that Sarel swata Mf?ogeg gt aﬁ on may(gl errpm(l)ﬁoen el\}\lllth one
or nore ofiN HémenOdar mmhaisdEsmbeﬂelmbrabdvlea adientagr afpl therrdlGlecémposable

schemati cal |
groups, attagfed cither to a silicon-containing reactant or a nitrogen-containing reactant,

in order to lower carbon content. One embodiment is a method of forming a silicon
25  nitride material on a substrate, including: (a) providing the substrate in a reaction
chamber; (b) providing a carrier gas flow through the reaction chamber; (c¢) exposing the
substrate to a vapor phase flow of a nitrogen-containing reactant wherein the nitrogen-
containing reactant is adsorbed onto the surface of the substrate and then purging the
reaction chamber; (d) exposing the substrate to a vapor phase flow of a silicon-containing
30  reactant wherein the silicon-containing reactant is adsorbed onto the surface of the
substrate; (¢) igniting a plasma in the reaction chamber after the vapor phase flow of the
silicon-containing reactant has ceased; and (f) heating the substrate to between about

200°C and about 550°C; where at least one of the nitrogen-containing reactant and the
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WO 2011/ 130397PCT/ US2011/ 032303 a CFD process station 1300. For sinplicity,
CFD process station 1300 is depicted as a standal one process station having
a processwohanbo3dody 1302 for maintaining a | ow pressRCE/US2Mil0I3NENT .
However, it will be appreciated that a plurality of CFD process stations
1300 may be included in a conmon | ow pressure process tool environnment. 5
Wil e t heSlg‘ﬁ‘E}bﬁ‘P%H{ngoFéb‘?t%‘tté??afSnoqfl ' msresﬁfg?néhe@ﬁéﬁbF%@@@lﬁ‘sgr&ppow}q@qefn will
be appr eC il Atnhbif rentdVaBR TofIRAGBERL St bawBliiRt b0:elanB86RSS0REAL T ons
may be incl uded ?ﬁ§g:pr8ceg§? g toops For exanpl e, FICiE%’geggcts an

enbodi ment of a. b= t I L8490 -Fur sl il . be
appreci at ed thggﬁ&%%dggﬁgag%%% ?%éﬁ@??agﬁgﬁgﬁoﬁﬁgghﬂggéégﬁé‘%5%%%%%%93 of
CFD pr ocegssubktadte anprb3QIRd to mied cichinibgr,tdae 965 diss carsisetlowns totabléshad,| sebdllow, may
be adjusteg pro%rannaticallg]by,one or npre conputer contraollers. i A
CFD prdced8C steiiath 51900549 {A a1yt Aape So4 @y 18atant haerPY S isyst em
1301 for deldsuefd DYUROGEIIIRIER L0 58 @@FA?%HaQQ@PQ&‘@RQQ?Qﬂ&%Q@th.

React ant ivery system 13017i ncludes a mixing vessel 1304 for Ienéing
and/ or coniticen-omitmgingr vedss igasesdf sre 498 | Vi yredadios Homey Red (iB0&. mGree or

nore m Xi vessel inlet valves 132 y 15cont.rol .introductign of  process
Gases to MRl Tt et pertSiineo i3 gyl s 1BGE L HEred Pk Saaisity dy B
stored in4l$ and d20 QB h&Qkssaflly” aRRT inZéhki RierdfreAkdS UPRE AHRREN-AEAthinIgy toO
t he process station. For exanple, the apparatus of FIG 5 includes a

vapor 1@ at resatapoilow 1RE301f mey vagydre gomigupuguilther sdstraintmay bpehastedpilura t o

m xi ng vessel ..130 | n enbodi.ment s, , vapgrization point 1303 may, be a
neat od vaRSmear ot g Sy SauTT B bt 0o ER A Cllls iR el
vapor i zer gedvpos®fHdaRsenally emonsii¢ gampsledut e leystRit RbmMe pofox pASIUHE SIN film

i nconpati bl e gases to the condensed reactant may create snmall particles.
These snald fopaed.ithe subskale @|f@@tesit@ih«?@yean?&@ab29l§flv@do%@%t5§®’§, IncQyAeRAlR nat e
substrate t S SSi th i i,V

swmopt ng. saf s BCCBRRIRAFAR bR, BORERSE o] (AT (EVPRGIYR Woiad, oy
25 Howeveryffisiseemeo e tchevdeid desiryd pmpum@f oapon,tbe pasessgloecaris. st ati on cycl e
ti me, degrading process station throughput. Thus, in sone enbodi nents,
delivery pipi ngh @b ERENO EhovabOEitZ & 4 dmieendiictok3QFer, SInhRtertodaasht, | n
sone exang{es, m xi ng vessel 1304 is also heat traced. In one non-limting

exanmpl e, Bicpnpigod duiar riaelndastrepensingi (b hthirerehp) e farsna ceafpraal layer e dhong

t enperat ure. . i i I 0 to..3 t ely
1500 at mramagtilel s IR O6h 2R RRELAKLIRR S it Wil Mo SABRBIURHIAIRT Y
vapor i zed(fais gerforgiad chrowgheat @) thrbagh @xampé silicen hrdopitrdgéni¢a@edining reactanty ect
pul ses of a liquid reactant into a carrier_gas.stream upstream of the

mi xi n§0 veldEets, <9€|Sﬁ>rl eheé%oléﬁoﬁgﬁg at deash Qs of ‘%ﬁ jsdteen ran?éb%mt@ésnﬁ%%m&%& by
VO 2011/ 1303APRILNSRAILL ORISR ORI giolh qui d from a hi gher pressure
to a |l ower pressure. In another enbodinent, a liquid injector atom zes the
liquid into digp ] ¢ orized in a
heat ed deIiver%igg%gﬁﬂ%ﬁ%fﬁ%g%%%é%ﬂig@%%?%%b%%gfﬁgﬁgpﬁé¥o%€%pIets may
vapori ze t@ap@ientshabetwaeeboud 20, abbetBrdrQgFar kahdye, Redondary andqui d
injection and 5 conpl ete vaporization, Faster vaporization may reduce a

| ength of PHHFHIAGY &gﬁmwﬁ@ﬁﬁqgr%ﬁﬁ@%%h%@hwaw frectiongan thintegypsrature
enbod)aen e TNTE s BT i ' Lo ssel. 1304, In
ot hoy - ereg A B b o e R e o
1306. | n smperawntoigre fos exanple.gehudylamow, sbet haltdd nndgpgeasearliofination

vapori zation.poi 10 1303 is provided for.contro]llin mass fl ow of

(oot o for ol ot rohtire daf PRI b Gpistaat “ShaT on A300Nel AT
exanpl e, tBgokidbshyl bRWEABOO! %1%5 { HEQhetalUEREmBodd) B5rRhmPRIS abdi@W
meter (MFM | ocat ed”downstream o ;Re LFC. A plunger valve of the LFCis
adj ust ed fle@Fpomsioa isabubdenthswkor diexidglanditgnal s provi ded by a

pr opo éional-integralderivative (PID) controller in electrical

comuni cation with the MFM However, it may 15 take one second or nore to
stabilize liquid flow using feedback control. This may extend a tine for
dosing a liquid reactant. Thus, in sonme enbodi nents, the LFC is dynamcally
swi tched between a feedback control node and a direct control node. In sone
enbodi ments, the LFC is dynam cally switched froma feedback control nobde
to a direct control node by disabling a sense tube of the LFC and the PID
controller.
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20Shower head 1306 distributes process gases toward substrate 1312. In the
enbodi mrent shown in FIG 13, substrate 1312 is | ocated beneath shower head
1306, andwO=0slMGWY7resti ng on a pedestal 1308. It w | IpeTasprie®smded t hat
shower head 1306 may have any suitabl e shape, and nmay have any suitable
nunber and arrangenent .of poyts for distributing processes gases to
substrate 1312. 25In so odinenﬁs, a m\crovolunme 1307 is | ocated
beneat h shower head 1306. rf orm arg—e—&FD pr it @i crovol ume rat her
than in the entire voldme of"NHprocess statfon may reduce reactant exposure
and sweep tines, may reduce tines for altefing CFD process conditions
(e.g., pressure, tenperature, etc.), may limt an exposure of process
station robotics to process gases, eb&€Bnple m crovol une sizes include,
but 30are not limted to, volunes between 0.1 liter and 2 liters. In
some enbotiidmahtoswhish dest-BOCIS08 way atteshedi Bekxemploowedepdcttd inekgoses S, t-
substrate, 1312 .t o m crovagl u 1307 gnd/or. t.o vary a vaolu of, m ¢rovol une
1307, For PG b i Ganus e it Shd e R, B ER R et e
phase, 5 pedas tidrmhBPGeisvdonpiR) hddaldt by sulast fiddogerl dddaihmgbRadt@@deHoont 0
pedestal 1308. During a CFD process phase, pedestal 1308 is raised to
position stAnple.dtbatylgiameni t hin ni crovol ume 1307. In some enbodi nents,

m crovol une 1307 conpl etely encl oses substrate 1312 as well as a portion of
pedestal 1308 to create a regi on of high flow inpedance during a CFD
process. OpN onAl |y, edesta114§08 ma\ be | owered and/or raised
during portions the D progess to—-pdubat e stpMidsdr €04 eact ant
concentration, etc., k% I n mgovol ume 1307/ 1 n one enbodi ment where
process chanber body 1302 remai né at a base pressure during the CFD
process, |owering pedestal 1308 allows mcrovolunme 1307 to be 10 evacuat ed.
Exanpl e ratios of mcrovolune to protdw&cchanber vol ume include, but are
not limted to, volunme ratios between 1:500 and 1:10. It will be

appr eci at stict hedted, iafsosmdergeabadélmematon padest @l fotrriighutylay dnd aadpust bd

progr tically by a suitabl onput er .controller. 1n anather enbodi ment,
P} DT g iR diandf ST v ESTRMAR aEERApasimpord FERLR poblbBa:var e
during pl gismamacd dndahidn @Rddenhs Hegakaantcentles i ncluded in the CFD
process. At the conclusion of the CFD process phase, pedestal 1308 is

| ower ed during anothercsubstrate transfer phase to allow renoval of
substrate 13 fr peflestal 1308. zg& Wi\ e the exanpl e m crovol une

vari ations dessyrbed hgrein refer to“= height justabl g@Qesﬁqt it owill
be appreciate t AN sonp-ehitddi nents, a pfsition o 3§ S owe#%%ad 1306
may be adjusted rel\dtive tl§ pedestal 1308 to/vary a volume of m crovol une
1307. Further, it wll be appreciated that a vertical position of pedestal
1308 and/ or showerhead 1306 may be varied by any suitable nmechanism One of
ordinary skill in the art would apprggpgp t hat such nechani sm woul d

i nclude, for exanple, hydraulics, pneumatics, spring nechanisns, sol enoids
and the |ike. THUSORe PEMeHRrmalY Jemauyds tsapurs3e hayuseAQrudle silicon-

rot at y ona i 0L}, £ [+S engi r rface
B R S L e
appr eci at edfdr habgatédntodemeccardbodli 2ZCand @heutddS0NO se tleft stdhegouexdaepinpose

adj ust nent s b erfornmed pro mmtjcally one or re.sul.tahle
comput or  BBhESHRF Bl ca 1R A 00 £ CE s et Fonieb e i ?* he
shower heag:, 1308 A0IdREHLBEAb the substrate, a plasma is used to convert the reactants to a

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

20  heating can be performed during the entire deposition or periodically to decompose the
thermally removable groups. In one embodiment, the substrate is heated to between
about 200°C and about 550°C, in another embodiment between about 350°C and about
550°C, in another embodiment between about 450°C and about 550°C, and in another

embodiment, between about 450°C and about 500°C. In one embodiment, for example
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1308 electrically comunicate with RF power supply 1314 and mat chi ng

network 1316 for powering a plasma. In sone enbodi nents, the plasnma energy
i s controvbediimgo3onO 2011/ 130397PCT/ US2011/ 032303 cont r eciriusgoions23es nor e
of a process station pressure, a gas concentration, an RF source power, an

RF source frequency, and a .plasnma power pulse timng. For exanmple, RF power
suppl y 13?@“&258%% EHfi ng’erﬁéﬁvﬁgﬁk“i@i‘g}gﬁ%getﬁ’é%ﬁ@%f‘ga %ﬁn%?’RPu.é 2P %b I power
to form applasma,avi 8o Qxﬁﬁéﬂo%@'36%Q&Hﬂ%b,tdlr%_t&éen%gw?'sec%ﬁ&%h&%bo@‘ﬁ)ﬁp' €s

of suitable 5 powers 1nclude, but are not limted to, powers between 100W
and 5000 Wcohdk ewiteeyvedrFa r sscopplapd k®ddt h@yseamdy.i diltiRRigh o paficdmy

suitable fre ncy. In sone e diments, RF power supply 1314 b

cont | gur et o rieaiDl: GHEP SHA TSEPY Bt ricy RepBRERrS dU el hidfer

i ndependepinperRhregy BRAUsEEK0 iff@IP IR Lol e HioRFanlll R HdeRChiBRaNRY
include, but are not" limted to, frequencies between 50 kHz and 500 10 kHz.
Exanpl e hingprove dgueepsyti@pitheydenli.es may i ncl ude, but are not linited to,

frequenci es between 1.8 MHz and 2.45 GHz. It will be appreciated that any
sui t abl e par amAselescritey abeverobie tetrmallydisorebkl groop negnhclndoasksonderypoovi de
pl asma ener for the surface reactions. In one.non-limtin xanpl t he
bl asma polkHenna BB R BPAity: Wit Fihch i Bul 440G SHERECQUAN S EATAREnd T8 ¢ h
the subst pato@chubhiamthe RhahhtV@ntiRclG@NbANPOHRDLY ol fheRaKBI R it REMASrmally I'n
sonme enbodi ments, the plasma is nonitored in-situ by one or nore plasma
moni t 89 s. rdnmovehls @abiodi Ineene, embedimmanty theetheimsallyorsimaypblg gyguip seacgerdmg ©

vol t age, yrrent, sensors (e.g., VI probes). In another enbodi nent, plasna
density and’ot process gas concentration is neasured by one or nore optical
em ssi on spectroscopy sensors (CES). 20 In sone enbodi nents, one or nore

pl asma paraneters are progrannatical“% adj 3t ed based on neasurenents from
such in-situ plasma nonitors. For exanpNy/ an CES sensor may be used in a
f eedback | oop for providing programmgt+t tyrol of plasma power. It wll
be appreciated that, in sonme enbodi nents, other nonitors may be used to
nmoni tor the plasma and ot her process characteristics. Such nonitors

i nclude, but are not limted 25to0, infrafed (IR) nonitors, acoustic
nonitors, and pressure transducers. In some enbodi nents, the plasm

i s contr olyheinvéhion RUL K ORI is Galdpealicrt bOR: HRGYEN6H 0d; AIRSE bHEYd ONR', For
exanpl e, the instructions for setting plasna conditions for a plasna
procets pRagad Ry tagsthcnavitididd carboa atomrtespuslitisy 4t agashcddpimdeinvn Ceci pe
phase of roce reci 1 3@ i pent pr.oce recip ses
may be 303§§§ﬁknﬁ%§| 3‘%@%éﬁ§%df?§%gk a?ggfg}|ﬁ%f@%%%%%ﬁg%lgra%héﬁﬁﬁgﬁocess

phase ar ettexagilit @ehosable gide)ihyn phit bf tHeatitr@repc@atinih@sRctaht, isdttakhdieto a
appreci ated that sone aspects of plasna generation nmay have o
wel | - char BEHOgET 2BaN Px v fribc AHIREP-CORtaiNg Lastriin 20, vt sl of Ry sPhicotong a

pl asma pr S Pt S i l.ay r.edj.ct abl e.
Vo 2011/ 1503 TKR R Ranr ) E0hS R R o fEn 1E Y SR P PAAELE

st ri k20 t heorphiasmarcactanta Ini ore ¢robetimbitl tzdh ofhR', R asmBRAfs, tildepemdtine bé thepower
setting. In so enbodi nents, pedestal 1308 be. t enper.at ure

cont r of | 8thgisaChaalkal I xemiagpRg e herey /i raRBEbISEANRS i BELHE ont r ol
for CFD process station 1300 may 5 be provided by butterfly valve 1318. As
shown in FIG QPemePé]melnylS\ﬁafFlbéﬁ@BH@d?%d&Ytq ragthgd dascribed peei ded by a
downst ream vacuum punp (not shown). However, in sonme enbodi nents, pressure
control of prog»ggm&hgtion 1300 may al so be adjusted by varying a flowrate
of one or nore g ses I ntroduced to CFD process station 1300.

Another aspect of the invention is an apparatus configured to accomplish the
25  methods described herein. A suitable apparatus includes hardware for accomplishing the
process operations and a system controller having instructions for controlling process

operations in accordance with the present invention.

It will be appreciated that any suitable process station may be employed with one

or more of the embodiments described above. For example, FIG. 5 schematically shows
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As descri bed above, one or nore process stations may be included in a
multi- 10 station processing tool. Figure 6 shows a schematic view of a
mul ti - st avoenipe®essi ng tool, 2400, with an i nbound | oadThusek 124083 and an
out bound | oad | ock 2404, either or both of which nmay conprise a renote

pl asma source. A robot 2406, at atnospheric pressure, is configured to nove
waf ers fr aﬁ%CFAD Pracsest Htiqno B0g ki sinphicity: S pragsss; fition; W@dﬁd‘q’l@‘&é 3B Fck

2402 via %@241 Bdsk %taﬁgflthagﬁl%ga ?@g%@fcﬁﬁmbér AC eI WG ARR! & IRv2406

on a pedesta In the i nbou | ock 2402, the atnospheric port 2410
i s cl osedpreanuie ehardnoauit.| dbkvavsr, puwpétic dppreciatiiaheat 4 phiralitp ef €D partebsock

2402 [ t | th f b d. t t
ol st r SAESRNE 3 T BRHEACR bEPFORoBeT Ry T ato b At Bosmeht ©
processi ngyiRamReemdddiment Wepedd id NGNS &hob Séhe Brocke BRAbL it Will R

i nbound | oad | ock 2402 as well, for exanple, to renove 20 noisture and
adsor bed geryegatedighat, in gomh ambedinanis 8 phuralityof trraegestateons meyeasinglgdehmmrber
2414 i s opened, .and another raobot t . sho | aces,;. th fer intg.the
reactor of Mopsue gl ort . Pl 1) 6 FeBHI AT AERLbHE AT byt

pr ocessi ngrocWiingetob h24(@nbldthzent wile pt app@ciattdRth4s, iBsdnfie tBedimeaddoncosks, it
w Il be appreciated that, in sone enbodi nents, direct entry of a wafer into

a processTrabpiaapaREcrof 44& prsrestadiqs 8¢l iprladisshoty dnabl in414

chonnt ¥ 0t @ beRURAER SRR MHIFALA fy A0t rldie BoBulbPGorRERER' FoF"
tation 1), Line. inlet i1l b i.at ed t i

chmoat ment s, "o SRR 0SS ML Fand Rl ko RRuRRRES B e S B bses.

For exanplig0l fot deONEIRPRdEIBALS, toda BIsGIRESN Shéw tr@Bad B30 H) R cavvahCHAILE

between a CFD and 30 PECVD process node. Additiona&&é or alternatively, in
sone embodistEmtis0] dpeledessi myximgarasey A4 sfordyjending arrbon penditionieg @rqsstsched

Chanber. 2014° onsi et e PRAFEEEEH Rk GRS or Bl ApiNE v e e o eR Thie

pr ocessi ngortivdierduatt@osfirogss gaseh® mixegendsselild04.osure may have any WO
2011/ 130397PCT/ US2011/ 032303 sui tabl e nunber of stations. For exanple, in

sone enbodi MenEsme ReRFMES HkE BYBAR MRS b Bed aVRqfid YE&Opridfb &adradatiom st
while in other enbodi nents a Erocessing.chanber may have three or fewer
stati ons. a1 §uhseqens|dsbves gp dhe PEOGRET station it ¢xg ttbenappayatus of FIG. 5

transferri i.t-hin . C L0Q: ¢ ] I L nts,
wat o haniT e s vhgorllalih Rothe PIQCRR S A IAIRRE padie o' & SRR
stations aedélor3odetinmseinc anhoddesss, Shpdrizatio@pding 1 @Rathal de k. hdatedwiabbritve.

apprecjated that any suitable wafer handling system may be enpl gyed. .
hbn-l'%itﬂﬁ@ %ﬁ%ﬁﬁae§@WH@Fdﬁ@ohamﬁgwﬁgrgﬁﬁ%l%wénﬂﬂ%ﬁFﬁ$ H2RYd I PR POLBY s.

Figure 6 é&\zﬁsdtf%%&i &iRefy Fipiee BxpNUE BF hiRonpaFile PIRLAUEHe Bn &AL RlacRhOCESS

condi tions
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.
25 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

30  approximately 150°C at mixing vessel 1304.

In some embodiments, reactant liquid is vaporized 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
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10 hardware states of process tool 2400. Systemcontroller 2450 may i ncl ude
one or nore nenory devices 2456, one or nore mass storage devices 2454, and
one or nowe 2prioise®3ors 2452. Processor 2452 may i ncl udepaT@Bbion3zsonput er,
anal og and/or digital input/output connections, stepper notor controller

boar ds, odi rre ts, system cont roI | er 2450 cont rols all of
the acti v%'f‘?hé‘sg er:cf &b drre%pcro adoWEbpRCedt r By gnethes gbodinsatitde s
system copy;ql ])%Q{otr"%r‘ﬁlz%é% Elelrdeﬁlitd rc'hs &d %ﬁl@foﬁﬂﬁaléi@fhﬁearg%ﬁﬂseq{l%sﬁd

i nto nenor ce 2456, and exXecuted pr ocessor 2452 stem control
sof t war e leznmynmhetamﬂedcln@ty payici dhsvﬂﬁdre gontaiatd itheg strrtvélet dmph@s nmayxt ur e

of gases, chanbe or statlon res ur.e r .and/ tation
Cemper ar ur oA et dhelaed BRI qRRSher Y croe O Mhutle Mira wnd
subst rat ecpapieRt Mporichtitnk Faney Qip O%Qaﬁ&ﬁ GRPLRHUIROS iidrgB of ?ﬂﬁlng)ﬁbﬁﬁstream
paraneters of a particul ar process perforimed by process too yst em
t t I db |~ 2400. Syst
control s&bmueaperiz B8 neay 1383 .dorie gobediniant, gnyqus im@mres m;anteﬁoirreetﬂoatﬁpl e,
vari ous pﬁl%%gssetﬁ%?lBé TRRNGt %%ﬁ{b% LGS, AuGORiL, r i &GS TRYRE
witten t0 cORtTO ration o e pr ocesy {651 o en?s hecesSsdry to
carry out siwavdridsd 1poecess tool processes. System control software 2458 may
be coded in any suitable conputer 25 readabl e progranm ng | anguage.
I'n some enbodi (ERSMe PIDUBRRMEO M [1Qu1dsi¢c;v{/%ﬁ§ol¥é}5t§3sﬂ@é’mldltdfdp@ﬁzdtfbﬂupdlﬁﬂlt put
control (10C) sequencing instructions for controlling the various

par antd er s3QBe§cprpblé@|d dbrosatroting & xuapllew efalednigHerseapotizaticdRmdpddiverystomay

The i netr DRErSLtpor 08 bl SBwleneBERa b BTo R E PO BRIGP s iBbuttros e

may be |nﬁiablsdﬂdwlrﬁbtér @QOF VG Squaredi dogvrisirEar € tHeeL Phas @lurger $40® offieadiavent s,
the CFD reci pe phases may be sequentially arran ed so that all

i nstruct i BHYSEGICHOBRPS P deadback Hpatoh signals eRrgy &zynéuprperrrlpyalthegraﬂmt
process pRasiive gﬁoé%ﬁ{r&ﬁ%%&%Fﬁ{c%&%%ﬁg%ﬁo%% the M%)g Bof TR Hha
sof t ware and/ or rans s on nmass storage device 5 mglrror
devi c&5 24bffic @as ocdoat ed mwirt to sylstisnmiqodtiool hsitg R4Hhckaynidel. @hplm%ed;ttmi sorre

enbodi nent s npl.es of prograns_or sections of prograns for this rpose
i ncl ude aaslé?lfs%r’f é?@n%aérw%rﬁaﬁ@mp B@r dROe SPoedwenGa bk {Creriyr&rla

pressure Wﬂéﬂeﬁ' béwl%éﬁ’ga[ GHR bR G EDI XY’ hd RS Qi%@tmco@tﬁq fhollb a?fﬁmso‘&{é”t r 0'

program substrate positioning program may include program code for
process t @mboﬁowptsn‘élntlf(t batynamecally seittled foerd atthedbaob sontat enwietto aplest al

2418 and t trol th t th ts of
pr ocess t BYIT ?rb)@gbxdaealaﬁ&i‘i' : gpﬁsﬁ%f%@#’@# rftfide code for

trol | 40 . and f| t tionally for fl
Gas. i Mo one oShASBCR dogs SEIonRrBFsOEES WBSELI TS nl Heddn (5

stabil i Zee&B@dlﬂ{eﬁﬁﬁfé%ﬁ ihF1GNEs, Bﬁl?s‘t‘r%%sl}ﬁé% lo%'ted%eﬂibraﬁls&‘d%ﬂfe%'tlﬁ@é aH&?sgr am

may i nclude code for controlli'ng the pressure in the process stat’ion
r egul at i nghowrresexaomh @edestal HBOS.t1k onhlrbb uppneaateﬂehzemhmusrﬁleaysi%rmoy ha\h:e
process stati on, i ation, etc heat

fl th .
Pontrol prt SR TR podinayohrer 3 RERPReRIThG 4eteisFmst o PEthds i ng

unit that gisgigusiad pfRei8abasth®) subsdic at 2. Alternatively, the heat er control
program rray control delivery of a heat transfer gas (such as helium to the

subst s at d%@%ﬁﬁ%ﬁl%%t 4 ﬁhcr’BWl%l%”?S@Ws |G Ben SR Wi SAtiBoRY RF

power eveI S appfl ed to the Pprocess el ectrodes In one or nore process

st ations. Pé‘r(ﬁd)mms@ € Fpodessen b syictovelumenmathebthaa imgerenting wlme ef apswessat ed

W th syst
statlon 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

30 are not limited to, volumes between 0.1 liter and 2 liters.

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,
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control |l er 2450. The user interface may include a display screen, graphical
software displays of the apparatus and/or process conditions, and user

i nput dewvoesiigizadv7as poi nting devi ces, keyboards, touckrCIaSe@n®32303

m crophones, etc. In some enbodi ments, paraneters adjusted by system
controller 245 nay rel ate 25 ond| ion Non-limting exanples
i ncl ude pfrb_ee%_élg St TRBHED §h%SFoHe‘§i‘ﬁ@ flgg%vlfr;q tt‘é e atubsiEate gddd sarke

pl asma copgditd QnR gédé%ﬁl 6}§0§QFDQh glf@ 1lo%¥s%|ul§9ase p%&i%ﬁt%ﬂlr §304 TPALAL Y €
etc. These paraneters nmay be prov to the i formof a recipe,
whi ch nayp@ﬂﬁ@nmémEdedBﬂﬂwmﬂm@nnhevusewlﬁﬁﬂeﬂﬁammeeﬁﬂgdan@nﬁmmcnmnhMmﬁlng

t he proce rov and/or digital connecti ons
o syst o SUnrrenFeR SHkher nbirdato Eat R S adotisror b 05 SBRE R <
for CQ@th&i&ﬂgjﬁgﬁﬂ@®Q@>&ﬁmﬂ@ﬁu PUEPYro@Rs.t he anal og and digital output
connections of process tool 2400. n-limting exanples of process tool

sensors that ”%tlt?ﬁalgogb&e@{aﬁ%oéfﬂa?%l%&é@é%ﬁ&%}? 4&@%%%%@}%%@0315'&&@69 nass
flow controlle ure sensors” (such as nanoneters her mocoupl e
etc. Apprppmmaﬂehyo@Mmgqumnsdpﬁmsdhamkmamdanmmnannab@onwﬁﬁmmnﬁmwyobmxused

ith data t hese .sensors to nmaintain process ndi tion stem
cont ol | o1 sk Gy BRGUTGE Ph-GuPAI LEFREL FORe PorcmHp dnbRET COHE 5
above- desggiikedhd US| frb&Rs PIRERESEPedciRE IBOQIAIRN AfEbYSIuIRNS3R Yo cNt 1 Ol

a variety of process paraneters, such as DC power |evel, RF bias power
| evel 10 pr egwunted. Fenpeleantipeo! picrovoThiae itm Pracass ¢1@n§>erru91umnn¢lgde thwe are

Var rous et gRPe Bulrl R bRERET 0Ly, LR ASRERRERAR B fecar 1

i ncl ude OB@b@dImféﬁfsepé&B@[ Melgﬁt\&h@ﬁlie am@st@m@rd@ammaﬂwl@ Bf 966i%HN SoriMutéd gur ed
to execute the instructions so that the apparatus will performa nethod in
accor danceonffallsrt he present invention. Machine-readabl e nedia containing
instructions for controlling process operations in accordance with the
present i nvent Imrantmthyr babediophehdjwtinher Syighent podestadl 1398, allatst @mifilsngl
thho appar at us/ cess e cribe d |n
coni ot DRy 88 br Pt G B B B ARG R SRS R B TR iR CER

for the fghickganitane esndi@BH € ther €FDfpre@i 9ﬁmuF&w‘staﬁe3®8: aslowdt&pia s

LEDs, photovoltaic panels and the |ike. Typical t hough not necessarlly,

such t ool 8ngshscabsmée (pnsfer phasede gllow r@@%ﬂb @f éld)Str@f@éﬁ heé fromlpeaie&télni%&
fabrication facility. Lithographic patterning of a filmtypically conprises
some 20 or al | Wifilet the efX@mplwmnqomlep@ vagiatipnss tlesoriberhbereth wiferhtoaa rhergher of

possi bl e t ( pl on of Q si.st _on wor. kpi ece, i.e.,

D obet rat erdfufilg bR it i R ufiroRiRh SR S o ApbRnBHET R cnosicBii of
usi ng2@ heRowdriadad 0304 mayaee aalﬁuské\d edditivRg td %hesta(l?’DSO%Xﬂﬁ%f}Q at Bdlume of
photoresist to visible or UV or x-ray light with a tool such as a wafer

stepper; [uyrodRlvErFoli0Ag Kuither.eidivetl @oamgeqlﬁe%éhwé@t YuEral pasitioneoty Regesiel and
thereby p?ﬁégeﬁa/dr shb'&v 1daf130R9 d%rﬁe %{? i s‘ﬁﬁéblgﬁ{%‘éﬂ?am%é)oﬁé (?f”osf&fr‘l ”9

the resis ern |n O ah un r wWor | ece usi ng

pl asma- asskidt @dthet ofiwgild apbrecaind tl(aﬁ) sul‘cE rmwhlaglsmh &oukisimludes ifoig eﬁartqﬂe,l s uc h
as an RF or m crowave plasma resist stripper. In one e odlnent a SINfilm
i s formed Y4RWiFsa PRAURBECRS SRERE r Msekanwei folengids spmd fibemliks. (le ooy

exanphe, tRbo@RRpL! E&E%taP%@S) % %' bﬁ)@atgﬁglehl%cha%ﬁ[ e Exantdi€ alBRL A
inclu es one or 30 re steps descri bed above.
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.

30 Returning to the embodiment shown in FIG. 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 controlled by
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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
10  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

15  powered plasmas.

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).

20  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

25  to, infrared (IR) monitors, acoustic monitors, and pressure transducers.

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

30  sequentially arranged, so that all instructions for a CFD process 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.
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Such time delays may include a time to strike the plasma and a time to stabilize the

plasma at the indicted power setting.

In some embodiments, pedestal 1308 may be temperature controlled via heater

1310. Further, in some embodiments, pressure control for CFD process station 1300 may

5  be provided by butterfly valve 1318. As shown in FIG. 5, 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.

As described above, one or more process stations may be included in a multi-

10  station processing tool. Figure 6 shows 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

15 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 treatment 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

20  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 FIG. 6 includes load locks, it will be appreciated that, in some embodiments,

direct entry of a wafer into a process station may be provided.

25 The depicted processing chamber 2414 comprises four process stations, numbered
from 1 to 4 in the embodiment shown in FIG. 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

30 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
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suitable number of stations. For example, in some embodiments, a processing chamber
may have five or more stations, while in other embodiments a processing chamber may

have three or fewer stations.

Figure 6 also depicts a wafer handling system 2490 for transferring wafers within

5  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

10 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.

In some embodiments, system controller 2450 controls all of the activities of

15  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

20  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

25  readable programming language.

In some embodiments, system control software 2458 may include input/output
control (IOC) 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

30  for a CFD process phase may be included in a corresponding CFD recipe phase. In some
embodiments, the CFD recipe phases may be sequentially arranged, so that all

instructions for a CFD process phase are executed concurrently with that process phase.
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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 substrate positioning program, a process gas control program, a pressure control

5  program, a heater control program, and a plasma control program.

A substrate positioning program may include program code for process tool
components 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.

A process gas control program may include code for controlling gas composition

10 and flow rates and optionally for flowing gas into one or more process stations prior to
deposition in order to stabilize the pressure in the process station. A pressure control
program may include code for controlling the pressure in the process station by
regulating, for example, a throttle valve in the exhaust system of the process station, a gas

flow into the process station, etc.

15 A heater control program may include code for controlling the current to a heating
unit that is used to heat the substrate. Alternatively, the heater control program may

control delivery of a heat transfer gas (such as helium) to the substrate.

A plasma control program may include code for setting RF power levels applied

to the process electrodes in one or more process stations.

20 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.

In some embodiments, parameters adjusted by system controller 2450 may relate

25  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.

Signals for monitoring the process may be provided by analog and/or digital input
30  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
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include mass flow controllers, pressure sensors (such as manometers), thermocouples, etc.
Appropriately programmed feedback and control algorithms may be used with data from

these sensors to maintain process conditions.

System controller 2450 may provide program instructions for implementing the

5  above-described deposition processes. The program instructions may control a variety of
process parameters, such as DC power level, RF bias power level, pressure, temperature,

etc. The instructions may control the parameters to operate in-situ deposition of film

stacks according to various embodiments described herein.

The system controller will typically include one or more memory devices and one

10 or more processors configured to execute the instructions so that the apparatus will
perform a method in accordance with the present invention. Machine-readable media
containing instructions for controlling process operations in accordance with the present

invention may be coupled to the system controller.

Patterning Method/Apparatus:

15 The apparatus/process described herein may be used in conjunction with
lithographic patterning tools or processes, for example, for the fabrication or manufacture
of semiconductor devices, displays, LEDs, photovoltaic panels and the like. Typically,
though not necessarily, such tools/processes will be used or conducted together in a
common fabrication facility. Lithographic patterning of a film typically comprises some

20  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

25 such as a wet bench; (5) transferring the resist pattern into anunderlying 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 is used, for
example, for one of the purposes described herein. Further, the method includes one or

30  more steps (1)-(6) described above.
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Dielectric constant: 5.5-6.5 Wt etch ratio 0.1-1.0 (to thermal oxide) WO
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descri bed. 5Accordingly, the described enbodi nents are to be considered as
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of a njitrogen-5containjng reactant mhergin t he nitrogen-containing reactant
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wherein the silicon-contadining Feactant is adsorBed onto e sur
subst r at ejntaxddcctidfeh) thperacodhsaliporiphasctflavgatebeph ammboinl $liveandedoti osinchanber
ctant has ceased. 2.

shen Lhe YRR hou.ate he, oLl Lcom contalal g spctant, has cessed.
gas througisotDCReRsd iRRuh@88he wafer. After the DCS flow is ceased, the inert gas
10 flow in the reactor purges the remaining vapor phase DCS and any byproducts. Then, a t-
butylamine (TBA) vapor phase flow is established in the reactor at between about 1 slm
and about 5 slm for between about 1 second and about 30 seconds. A plasma, for
example 13.56 MHz at 2.5kW 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
15  vapor phase TBA and any byproducts. The DCS flow, inert gas purge, TBA 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.

Alternatively, in a CFD run, the TBA flow is run continuously. In these runs, the
same conditions as described above are used, except the TBA flow is established first and
20  maintained. The DCS 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 DCS
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
25  about 1.5 A of a SiN film.

The SiN films produced have the following characteristics:
e Non-Uniformity 3% - 5% (max-min/average)
e Non-uniformity <1% (1s)
e Refractive Index 1.8-1.9
30 ¢ Film stress: +20MPa to -180 MPa
e Dielectric constant: 5.5-6.5
e Wet etch ratio 0.1-1.0 (to thermal oxide)
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3. The method of claim11l or 2, further conprising purging to renove
unabsorbed 15silicon-containing reactant after (c) but before (d). 4. The
nmet hod ofwol2aim3dzo7wherein the substrate is a sem condueCoruseafi®s2305. The
met hod of claim4, further conprising repeating (b) through (d) to forma
conformal |ayer on the sem conductor wafer between about 1 nm an about 100
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am ne.s 9. A-EE@‘dfﬁ%lthHe Qfes&ltﬁti NBrdbodMIEKtE 1 a tt@%erﬂsﬁlel%ldké’é 11ﬁf§1r£‘t$ve' gnd not
tert-butyl am ne. . The nethod of claim8, wherein t

si | i con- comtrating.ng reactant is a nonochl orosilane or a dlchlor05|lane 11.
The met hod of claim4, wherein the sem -conductor wafer is heated to

bet ween about 50C and about 550C. 512. A nethod of formng a silicon
nitride material on a substrate, conprising: (a) formng a silicon nitride
filmon the substrate, said formation conpri sing: (i) providing the
substrate in a reaction chanber; (ii) exposing the substrate to a
silicon-containing reactant in the vapor phase so that the
silicon-containing reactant is adsorbed onto the 10surface of the
substrate; (iii) exposing the substrate to a nitrogen-containing reactant
in the vapor phase so that the nitrogen-containing reactant is adsorbed
onto the surface of the substrate;
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(iv) igniting a plasma while the nitrogen-containing reactant is present
15i n the vapor phase; and then, (b) exposing the silicon nitride filmto a
hydr ogen worbaimioiyg pl asna to renove at | east sonme car beaTasadiens23es t he
silicon nitride film 13. The method of claim 12, wherein the
Substrate_is a sem conductgr waf er. 2014. The nethod of claim 12, wherein
(i) is péVHSrTr%CbﬁiIMEl?é {iii). 15. The nmethod of claim 12, wherein
(iii) is performed prior to (||B. 16. The method of claim 13, wher ei n (a)

i s repeated twd Bethadpefarmines: ph¢aprnifrileapyterial on papubstiée, seMRHHNST cl ai m 13,
further conprising repeating (a) and (b) to forma conformal |ayer on the
semi conduct or waf(er proeidivecthe abwtratelin anweagtidn gahaoler100 25nm thi ck.  18. The
nmet hod of claim 12, wherein the silicon-containing reactant is selected
fromthe group cc(h}s'ccstfmngusdsf e@osmga]rnfesubatrzhalt@swdlmm@hmdloanoﬁmhﬂtmgéﬂ-ane, and
m xtures thereof . hod of .claim 12, wherein th

nitr ogin cont ai ni ngwré%ze{ngﬁ?a%%%e%%thg THHOECB NN reARPRES agigrbethe

net hod of clai m 18, (N3eheiRcb8f Hlelsit@ArLont ai ning reactant is a
chl orosilane. 21. The nmethod of claim 12, further conprising continuously

flowngacarrler ) 22.
The nethod of cla gﬁ@%ﬁg%&&%&@g@%&%éﬁgﬁgﬁcﬁ h\%gaetf v bl bt NESPEd to
bet ween 10about 50Cc<aminmlgaaztcteﬁ15 @xﬁcreﬁStheAﬂtmhhodtaﬁﬁng ARG s ads&rliadcon

nitride materi al onasltljbst{:?g . r|S|n (a) providing the
substrate in a reacPM9iCHAHSGEP! th€l§)‘ ng a carrier gas flow through
the reaction chanber; 2 exposi ng the substrate to a vapor phase

flow 8 a mtroge(ﬁ)%mdzsﬁam@q@@a@ﬁ@mnWﬁé@@rlﬁn@h%nbﬁrwh@géhﬁwm ai ni ng
reactant is adsorbedy antRf HenSUNEAEEMlinhBGR LR hadlGs@nd then purging the

reacti on chanber;

2. The method of claim 1, further comprising continuously flowing a carrier gas

through the reaction chamber.

3. The method of claim 1 or 2, further comprising purging to remove unabsorbed

15 silicon-containing reactant after (c) but before (d).
4. The method of claim 1, wherein the substrate is a semiconductor wafer.

5. The method of claim 4, further comprising repeating (b) through (d) to form a
conformal layer on the semiconductor wafer between about 1 nm and about 100

nm thick.

20 6. The method of claim 1, wherein the silicon-containing reactant is selected from
the group consisting of a silane, a halosilane and an aminosilane, and mixtures

thereof.

7. The method of claim 1, wherein the nitrogen-containing reactant is selected from

the group consisting of ammonia, a hydrazine, an amine and mixtures thereof.

25 8. The method of claim 7, wherein the nitrogen-containing reactant comprises a Cy_19

alkyl amine.

9. The method of claim 8, wherein the C;.19 alkyl amine is tert-butyl amine.
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(d) exposing the substrate to a vapor phase flow of a silicon-containing
reactant wherein the silicon-containing reactant is adsorbed onto the
surface obvotha/sudstrate; 20(e) igniting a plasnma in thecrasedilosohanber
after the vapor phase flow of the silicon-containing reactant has ceased,
and (f) heating the substrate to bet weeq. about 200C and about 550C, wherein
at | east one Oofn AEthodiaf §5EM-Se BRESIhinG g1l iceRCP ARG Y 181 | i con- cont ai ni ng

reactant bear s, QR6:15r0%8 Rk @cHidissingL! y renovabl e group, wherein said
25t hermal | 'y rem)va%l e group deconposes at between about 200C and about

550C. 24. The nethod of claim 23, wherein the thermally renovable group is
accor di ng t o IFdhermicthod|of clawm42 9hereir3hs SFPCEIUNd8R01 Wal3 2303 ted| tb batveacai n each

of R, R2 and i, S0k Ndenen .0f the others, Hor G _3 alkyl; or two of
R, R and R3,* O&ééphéé?n%%ggfgp@ecgar bon atomto which they are attached

form5forma C3_7 cycloal kyl and the other of R, R2 and R3is Hor G _3

al kyl ;5 and wizepenethe@ehfoeiirged dliédietitradel itatégirovabubstgitQpmpwkiap: part of the
nitrogen-containing reactant, is attached to a nitrogen or an oxygen of the

ni t r ogen- cont ai ni@pfor@aetAditicondldide Wb PAE bufralch§i® tdrine@tn é&ﬁéﬁdiﬁﬁ:ng
reactant, is attached to a silicon or a nitrogen or an oxygen of the

sil'i con-containing reagt Nidin\%g%gsubm%e'ﬂ? g&?}%t %@hﬁje{{l 23, wherein the

substrate is a sen conduct or r. 26. T of claim25, further

conprising repeatin r s ; I e
seg'pclo?l:jugt or IoWaf :ar gb((a(p %\E}Eéjr%sg%gg g‘%%tﬁ%%gégngglg?ﬁ%ﬁ? 87{11%18{11 me% t??%{%{ thgg'.a M}he
met hod of cl aim 23, wher ghase b that shepilidoarovathidihg msaglaotis addoybddumaigie (e) .

1528. The method of claim 23, wherein the silicon-containing reactant is
sel ect®d from surface of the substrate;

(ii1) exposing the substrate to a nitrogen-containing reactant in the
vapor phase so that the nitrogen-containing reactant is adsorbed

onto the surface of the substrate;

(iv) igniting a plasma while the nitrogen-containing reactant is present

15 in the vapor phase;
and then,

(b) exposing the silicon nitride film to a hydrogen containing plasma to

remove at least some carbon content of the silicon nitride film.
13. The method of claim 12, wherein the substrate is a semiconductor wafer.
20 14. The method of claim 12, wherein (ii) is performed prior to (iii).
15. The method of claim 12, wherein (iii) is performed prior to (ii).
16. The method of claim 13, wherein (a) is repeated two or more times prior to (b).

17. The method of claim 13, further comprising repeating (a) and (b) to form a
conformal layer on the semiconductor wafer between about 1 nm and about 100

25 nm thick.
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the group consisting of a silane, a hal osilane and an am nosil ane, and

m xtures thereof 29. The nethod of claim 23, wherein the

ni trogen-worheimkNdg reactant i s selected fromthe groupPCOrESREL0BZPODT
amoni a, a hydrazine, an am ne and m xtures thereof 2030. The nethod of
claim 29, wherein the nitrogen-containing reactant is a Cl1 10 al kyl am ne
according tod%d ?r{ﬂeg‘oﬁ:Of C[alm\Aézv qreInythp s ?W%@?E@fﬁ%%@%“?ﬂ? f%Meach of

R, R and R3 3 e ASRSREERDF Ofildnle: RIBGHSe afd A arffinodl Ak kil mBEytwo of R,

R2 and R3, together wth the carbon aton1toe&h|ch they are attaéhed form
forma C3_7 cytieomfkyl and the other of R, R2 and R3is Hor G _3 alkyl.
31. The nethod of claim 30, wherein the C1 10 alkyl amne is selected from

the group 5cQnsisti of. [ soptopyl am ne, . cycl opr.opyl am ne,, sec-.butylan ne,
tort Jbatyl o The hellaSis sl R Ao bR RBS nifosf ARh BT s BTN he. A
t hexylam ne. SZNﬂﬁhgnﬁﬁihOd of claim31, wherein the C1_10 al kyl amne is

tert-butyl amne. 33. The nethod of claim 29, wherein the

silicon-containing reactant is a chlorosilane. . 34. The nethod of
clai m 32, whd EhameHodod glamdidwbeisin g pidicon-somaiaingd e ét heldarosdansout
450C and about 500C. 35. An apparatus for depositing a silicon nitride film

on a sem conguehOm ARG cldiE 22RRAEAL M SAPLInEhBGlsly Adw g :0aRtd-Qas chamber ;

through the reaction chamber after (i).

22. The method of claim 13, wherein the semi-conductor wafer is heated to between
10 about 50°C and about 550°C.
23. A method of forming a silicon nitride material on a substrate, comprising;:
(a) providing the substrate in a reaction chamber;
(b) providing a carrier gas flow through the reaction chamber;

(c) exposing the substrate to a vapor phase flow of a nitrogen-containing
15 reactant wherein the nitrogen-containing reactant is adsorbed onto the

surface of the substrate and then purging the reaction chamber;

(d) exposing the substrate to a vapor phase flow of a silicon-containing
reactant wherein the silicon-containing reactant is adsorbed onto the

surface of the substrate;

20 (e) igniting a plasma in the reaction chamber after the vapor phase flow of the

silicon-containing reactant has ceased; and
(f) heating the substrate to between about 200°C and about 550°C;

wherein at least one of the nitrogen-containing reactant and the silicon-containing
reactant bears one or more of a thermally removable group, wherein said

25 thermally removable group decomposes at between about 200°C and about 550°C.

24. The method of claim 23, wherein the thermally removable group is according to

Formula II:
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(b) a source of activation energy to formthe silicon nitride film 15(c) a
reactant inlet; and (d) a controller conprising instructions for:

cont i nuowsbyofil/ideudong a nitrogen-containi ng reactant int@Crhs20ie@asi3ndn
chanmber during a deposition cycle; periodically flowing a
silicon-containing reactant into the reaction 20chamber during the
deposition cycle; periodically ignitiffig a asma in the reaction chanber
when the flow of the silicon-containing actant has ceased. 36. The
apparatus of claim 35, wherein the s e activation energy is a plasna
generator. 2537. The apparatus of cl@a m 35, further including a vacuum
port. 38. The apparatus of claim 36, wherein the plasm generator conprises
i nduction coils and/or a m crowave sourcg. 39. An apparatus for depositing
a silicon nitride filmon a sem conductor wafer, the apparatus conprising:

(a) a reactionyghabelich of R, © SAUEGE iRc_flep%ﬁ&énY 8t IeRURRE Y 0 JIE’;FI%I%W%
silicon nitride fil 5(c) a reactant inlet; and (d) a controll’er

conpri si ng i nsof B¢t Roarsl Rotogeftieowithghacarber sgerto adnthaihay At attectsddntmi nt o

t he reaction chanber, durin deposition.eyel e, 3 - , fl ow ng
a 'si | i on- cont AT et Saiseng aREHS s OF Badt 814 R s b C o kg o ne

deposi tion cych@ercREédcR Sall kbermgIy tdnit ableré@§iT®hich phf ©f fiRatkdgA- Chanber
when the flow of the silicon-containing reactant has ceased and while the
ni t r ogen- cont aFeRtHgingaaratanitis paghed &enpitiogen peaneygen phiis @itfqgephe reacti on
charber . containing reactant, and, when part of the silicon-containing reactant, is attached

to a silicon or a nitrogen or an oxygen of the silicon-containing reactant.
10 25. The method of claim 23, wherein the substrate is a semiconductor wafer.

26. The method of claim 25, further comprising repeating (b) through (¢) to form a
conformal layer on the semiconductor wafer between about 1 nm and about 100

nm thick.
27. The method of claim 23, wherein (f) is performed throughout (b) through (¢).

15 28. The method of claim 23, wherein the silicon-containing reactant is selected from
the group consisting of a silane, a halosilane and an aminosilane, and mixtures

thereof.

29. The method of claim 23, wherein the nitrogen-containing reactant is selected from

the group consisting of ammonia, a hydrazine, an amine and mixtures thereof.
20 30. The method of claim 29, wherein the nitrogen-containing reactant is a Cy.o alkyl
amine according to formula I:

R2 R3

>

R' NH,
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1540. The apparatus of claim 39, wherein the source of activation energy i

a plasma generator. 41. The apparatus of claim 39, further including a
vacuum pow0.20%21303bhe appar at us of cl ai m 40, wherei n t hePplraso® 14982363 at or
conprises induction coils and/or a m crowave source. 20

wherein each of R!, R* and R is, independent of the others, H or C,_3 alkyl; or two
of R', R? and R, together with the carbon atom to which they are attached form
form a Cs7 cycloalkyl and the other of Rl, R?and R*is H or C13 alkyl.

31. The method of claim 30, wherein the C,_1y alkyl amine is selected from the group
5 consisting of isopropylamine, cyclopropylamine, sec-butylamine, tert-butyl amine,

cyclobutylamine, isoamylamine, 2-methylbutan-2-amine and thexylamine.
32. The method of claim 31, wherein the C,.j¢ alkyl amine is tert-butyl amine.
33. The method of claim 29, wherein the silicon-containing reactant is a chlorosilane.

34. The method of claim 32, wherein the semi-conductor wafer is heated to between

10 about 450°C and about 500°C.
35. An apparatus for depositing a silicon nitride film on a semiconductor wafer, the
apparatus comprising:
(a) a reaction chamber;
(b) a source of activation energy to form the silicon nitride film;
15 (c) a reactant inlet; and
(d) a controller comprising instructions for:

continuously flowing a nitrogen-containing reactant into the reaction

chamber during a deposition cycle;

periodically flowing a silicon-containing reactant into the reaction

20 chamber during the deposition cycle;

periodically igniting a plasma in the reaction chamber when the flow

of the silicon-containing reactant has ceased.

36. The apparatus of claim 35, wherein the source of activation energy is a plasma

generator.
25 37. The apparatus of claim 35, further including a vacuum port.

38. The apparatus of claim 36, wherein the plasma generator comprises induction

coils and/or a microwave source.
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39. An apparatus for depositing a silicon nitride film on a semiconductor wafer, the
apparatus comprising:
(a) a reaction chamber;
(b) a source of activation energy to form the silicon nitride film;
5 (c) a reactant inlet; and
(d) a controller comprising instructions for:

flowing a nitrogen-containing reactant into the reaction chamber

during a deposition cycle;

flowing a silicon-containing reactant into the reaction chamber during

10 the deposition cycle;

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

reaction chamber.

15 40. The apparatus of claim 39, wherein the source of activation energy is a plasma

generator.
41. The apparatus of claim 39, further including a vacuum port.

42. The apparatus of claim 40, wherein the plasma generator comprises induction

coils and/or a microwave source.

20
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