PRECURSORS FOR PLASMA ACTI VATED CONFORMAL FI LM DEPOSI TI ON CROSS REFERENCE
TO RELATED APPLI CATI ONS [ 0001] This application clains the beneﬂMIMﬂﬂﬁNmmmm
priority of 61/598,547, filed February 14, 2012. The entire di

t he above application is incorporated herein by reference. [0002] Thiogso*
application is related to US Patent Application No. 13/084,399, filed on
April 11, 2011, US Patent Application No. 13/084, 305, filed on ri —_—
2011, and US Patent Application No. 13/083,827, filed on April ﬂ M\h“‘“m
whi ch are incorporated herein by reference in their entirety. B
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dosing tines to saturate the wafer surface with film precursor. However,
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i n vapor ase Into the reaction chambe and |ntrodUC|ng a second react ant
in vapor ﬁm§§%dﬂg¢)the reaction chanber

BACKGROUND
[0003] Various thin film layers for semiconductor devices may be deposited with- atomic
layer deposition (ALD) processes. Under some conditions, some ALD processes may be unable
to saturate the wafer, leading to incomplete film dcp.osition on the wafer, film islanding, and film
thickness variation. Some approaches to address incomplete film deposition may include longer
dosing times to saturate the wafer surface with film precursor. However, extended dosing time
may waste valuable precursor during film nucleation phases. The additive effect of extending
processing time may diminish process tool throughput, requiring the installation and
maintenance of additional process tools to support a production line. Further, films produced by
such approaches may have physical, chemical, or electrical characteristics that provide

inadequate device performance.



[ 0005] I n other features, the nethod includes introducing the
silicon-containing reactant under conditions allow ng the
silicon-containing reactant to adsorb onto the substrate surface and
exposing the substrate surface to plasna to drive a reaction between the
silicon-containing reactant and the second reactant on the substrate
surface to formthe film [0006]In other features, the nethod includes
i ntroduci ng the second reactant into the reaction chanber while the
silicon-containing reactant is adsorbed on the substrate surface and
wi thout first sweeping the silicon-containing reactant out of the reaction
chanber. The second reactant flows to the substrate surface at one of a
constant flow rate, a non-constanSUMMARYate and an intermttent flow rate.
[0007] I n other features, the filmconprises SiN, the filmforns a conforna
st ruct ur@podand deyxtimidtof deposifing hBinf pi msitsrge sirbramdiudds rrovidmgpe pubstiatee | ess
than or equal to 400C. [0008] A nethod of depositing a filmon a substrate
sur f ace innotasderschamperpselpotingi ailican-cofiaining reactant frpny @ prtureny Sodvp FPRSISHng b)
sel ecting a silicon-containing reactant froma precursor group consisting
of di -t edft - budi-ert-baiyl azi Hegddosidane,  bitsg(@meihylrmideyildatid) si pathe, bis(tert-
bi s(di i sopropyl am no)silane, bis(tert-butyl hydrazi do)diethylsi]ane,
tri s(di netyilyderidasiesivisiingy infroducing By HlicpatRYRAIRNE &RFFENL Y F2RoaPRe: Nty | si | i con
triazide, diisopropylam nosilane, and hexakis(di nmethylam do)disil azane;
(c) i nt riseRtier Aymbereansiipodemingioisear AraRigntia ¥ePOaPRasY iptovhsTercipheie®bsnt o t he
reaction chanber under conditions allow ng the silicon-containing reactant
" to adsori0®Ht o fhehy feiresafle dReiod deeluded JmoRRcing e FHEPRLORRRHRSCI TRt ant i n
vapor phase into the reaction chanber while the silicon-containing. reactant
i s adsor B Rdiiens 2Uenieg thepilcarrriaERefACRRiIP 24SPPoP S RBI T THEre 21
silicon-containiqg react ant out of the reaction chanbg%'.and %@%mgxposing
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sweepi ng ou e second reactant 1 n vapor phase prior to

i ncl udes ex ] ng BQ@ esubstrate’ surface to the second reactant after the
Bigrﬁlltt fl te

sweep phgnse ut pri or to (e). [0011]In other features, the

silicon- gppbal Ningnkeastantne 30 bifise SR the HBAGLARt: LQof¥h $tudhfe, and

deposition of the film is performed at a temperature less than or equal to 400°C.

[0008] A method of depositing a film on a substrate surface includes (a) providing a
substrate in a reaction chamber; (b) selecting a silicon-containing reactant from a precursor
group consisting of di-teﬁ—butyl diazidosilane, bis(ethylmethylamido)silane,
bis(diisopropylamino)silane, bis(tert-butylhydrazido)diethylsilane, tris(dimethylamido)silylazide,

tris(dimethylamido)silylamide, ethylsilicon triazide, diisopropylaminosilane, and



vapor phase. The silicon-containing reactant and the.second reactant do not
appreci ably react with one another until exposure to plasma in (e). The
filmformed in (e) forms a conformal structure. After (e), the nethod

i ncl udes depositing additional filmdirectly on a portion of the film by
chem cal vapor deposition. The second reactant flows to the substrate
surface at one of a constant flow rate, a non-constant flow rate and an
intermttent flowrate. [0012] An apparatus for depositing a filmon a
substrate includes a reaction chanber and an inlet port that delivers gas
phase r%metﬁﬁaﬁh@dfs%%é; op) G e Bl EnOeNe ahaint ik abaes pl asma
to the reaction chanber. A controller initates flowng a silicon-containing
react ant ;hf M@ned rdal@sechbmb® doli® dofddds Ulowharthe Eilittidohtabpdtictan® al | owi ng
the sili‘con-containing reactant to adsorb onto a substrate surface. The
silicon eyt ahidihg sip@st abtacs; IS REEGIcRE 4 F@tAGArepEAT Uil SOYor Ghae pnte desi st i ng
of di-tert-butyl diazidosilane, bis(ethylnethylam do)silane,

bi s( di i SRREEPYhAPen Wha Hanglicdicotiting rhidtayl Byslisabidion diectubytasi fuafae,

tris(di methyl am do)silylazide, tris(dimethylam do)silylam de, ethylsilicon
triazi dewithdui SRPEOEPIng Nhé eBitdmarvAtainaytehganalons O inetehyiba rhadxdi il (@zane. The
controller initiates flow ng a second reactant in vapor phase into the
react i Onexphadpb@e subrirbte stieesb |plason-te drivakeagor deweemthesgicomewtarant on t he
substrate surface and without first sweeping the silicon-containing

r eact ant reunt @id thetsecane amtthmion Geantswate suffree dory tbe fillr: causes the pl asma
generator to generate the plasma in the reaction chanber to drive a

react i onfobeXiweekn dthe fedtiresc tw-nmtod aiqhidayignisiae thermlasaadvbilp et et estdPirteact ant to
formthe film [0013] In other features, the controller initiates chem cal
vapor degb®nichuninidg reactitynd fhe seqont tepent éf intateas phaspwvhifneingsppqsed todhe
initiates etching the filmand depositing additional filmon the etched
film [O@bsiatn e hidicoreatainingyeactapeantjtheneeandprarigriclogonregt M ophE@OMEl m f or ns
a conformal structure, and deposition of the filmis perforned at a

t enper at urtee Yapgrphesean or equal to 400C. [0015] These and other features will
be described in nore detail below with reference to the ass ci%‘tied
dr awi ngs[001BRI Efr plgCReiprs.CRe G FRRPERARENEED (496 HspeEiten lﬁpg‘gﬁ% titally
shows a timng diagramfor_an e,xa%l e conformal film d%BOSi t%}gn ](ac. 2 1-.1))
process HEOeRArIEssn R caRhiRPR Coflbe AOpt Badt VS I BsTPER O TH G 2

schematically shows a timng diagr %MQ% anot her exanpl: CFD process
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reactant after the sweep phase but prior to ().
[0011] In other features, the silicon-containing reactant and the second reactant co-exist in
vapor phase. The silicon-containing reactant and the second reactant do not appreciably react
with one another until exposure to plasma in (). The film formed in (e) forms a conformal
structure. After (e), the method includes depositing additional film directly on a portion of the
film by chemical vapor deposition. The second reactant flows to the substrate surface at one of a

constant flow rate, a non-constant flow rate and an intermittent flow rate.



according to an exanple of the present disclosure. [0019]FIG 4
schematically shows a timng diagramfor an exanple CFD process including a
pl asma treatnent cycle according to an exanple of the present disclosure.
[0020] FIG 5 shows an exanple correlation between a wet etch rate ratio and
a deposition tenperature for filns deposited according to an exanple of the
present disclosure. [0021]FIG 6 shows an exanple correl ati on between a wet
etch rate ratio and a filmstress for filns deposited according to an
exanpl e the present disclosure. [0022]FIG 7 shows an exanple correl ation

bet ween ﬂgbﬁ]conkﬁ%ms GE6:5H s AtHLABn 3RehsHER O idab O S BBPaAbM Ba T il ms
deposited according to an exaone of the present disclosure. [0023]FIG 8

schemat i gal bk tﬁﬁ%\éﬁye@s@ra@?@dﬁﬂeﬁ‘a&i&§ SreS@elibthaberd ATKMAmR | cBRAorprISdes at e
conprising a plurality of gaps. [0024]FIG 9 schematically shows a timng

di agr am fi0dmaa0 RXAARIE chibdep ACRESollen alitd@l AGwg tal SANSH-Loinih® redctiftGYD
process according to an exanple of the present disclosure. [0025]FIG 10

schenat | G@b{ipbmaﬁama ARn®e£iiasSco @G bisaNoRing theGaRof-tdntaidiftClebdintg a
keyhol e voi d.
to adsorb onto a substrate surface. The silicon containing reactant is selected from a precursor
group consisting of di-tert-butyl diazidosilane, bis(ethylmethylamido)silane,
bis(diisopropylamino)silane, bis(tert-butylhydrazido)diethylsilane, tris(dimethylamido)silylazide,
tris(dimethylamido)silylamide, ethylsilicon triazide, diisopropylaminosilane, and
hexakis(dimethylamido)disilazane. The controller initiates flowing a second reactant in vapor
phase into the reaction chamber while the silicon-containing reactant is adsorbed on the substrate
sﬁrface and withount first sweeping the silicon-containing reactant out of the reaction chamber.
The controller causes the plasma generator to generate the plasma in the reaction chamber to
drive a reaction between the silicon-containing reactant and the second reactant to form the film.
[0013] In other features, the controller initiates chemical vapor dc;position directly on a
portion of the film. The controller initiates etching the film and depositing additional film on the
etched film.
[0014] In other features, the film comprises SiN film, the film forms a conformal structure,
and deposition of the film is performed at a temperature less than or equal to 400°C.
[0015] These and other features will be described in more detail below with reference to the

associated drawings.



[0026] FIG 11 schematically shows a timng diagramfor an exanple CFD
process including an in-situ etch according to an exanple of the present

di sclosure. [0027]FI G 12A schematically shows an exanpl e cross-section of
a re-entrant gap fill profile. [0028] FIG 12B schematically shows an _
exanpl e cross-section of the re-entrant gap fill profile of FIG 12A during
an in-situ etch process according to an exanple of the present disclosure.
[0029] FI G 12C schematically shows an exanpl e cross-section of the gap fil
profile of FIG 12B during a deposition process after an in-situ etch

accordi ng to an exanpl grekr bRSCRUEHEN OfiTHEE DRAVRINGD030] FI G 13
schematically shows an exanpl e process station according to an exanpl e of

the presggiedi SEOS Y sEhemAAR Ishdwe a lifnish rain B6 &P efdniple cotf@nabfilmn
exanpl e reactant distribution systemincluding a mxing vessel and a
pl ural i t ¥er8fititH DY pibessfbodidf Lotk exahplest Befesedi digldseean exanpl e
[0017] FIG. 2 schematically shows a timing diagram for amother example CFD process
according to an example of the present disclosure.
[0018] FIG. 3 schematically shows a timing diagram for another example CFD process
according to an example of the present disclosure.
[0019] FIG. 4 schematically shows a timing diagram for an example CFD process including
. aplasma treatment cycle according to an example of the present disclosure.
[0020] FIG. 5 shows an example correlation between a wet etch rate ratio and a deposition .
temperature for films deposited according to an examlile of the present disclosure.
[0021] FIG. 6 shows an cxaxﬁplc correlation between a wet etch rate ratio and a film stress
for films deposi.tcd according to an example the present disclosure.
[0022] FIG. 7 shows an example correlation between film contaminant concentration and
deposition temperature for films deposited according to an example of the present disclosure.
[0023] FIG. 8 schematically shows an example cross-section of a non-planar substrate
comprising a plurality of gaps.
[0024] FIG. 9 schematically shows a timing diagram for an example CFD process including
a transition to a PECVD process according to an example of the present disclosure.
[0025] FIG. 10 schematically shows an example cross-section of a gap fill including a
keyhole void.
[0026] FIG. 11 schematically shows a timing diagram for an example CFD process

including an in-situ etch according to an example of the present disclosure.



of the present disclosure. [0032]FIG 15 shows a side view of the reactant
di stribution system exanple depicted in FIG 14. [0033]FIG 16
schematically shows an exanple timng diagramfor an exanpl e reactant

di stribution systemaccording to an exanple of the present disclosure.
[0034] FIG 17 schematically shows exanple travel and sweep tinme del ays for
a reactant delivery system [O0035]FIG 18 schenmatically shows an exanpl e
skirt enclosure for a mcrovolume of a process station according to an
exanpl e of the present disclosure. [0036]FIG 19 schematically shows an

exanpl e ggeyer headl 12ACLUGhRGAIR oWk ahick¥mpit cFisCERNGH UITE Se-btfanBigdpl BILESS
station according to an exanple of the present disclosure. [0037]FIG 20

schenati@@hky shows anot her exanple of a plurality of m crovol unes incl uded
in a process station according to an exanple of the present disclosure.

[0838] Fl @oz8)l s ¢ie b SRinhyic SR amEwe xR Bl abss abdibh @ shehretenean gap Slheep ti me

i profile of FIG. 12A during an in-situ etch process according to an example of the present
disclosure.
[0029] FIG. 12C schematically shows an example cross—s.ection of the gap fill profile of
FIG. 12B during a deposition process after an in-situ etch according to an example of the present
disclosure.
[0030] FIG. 13 schematically shows an example process station according to an example of
the present disclosure.
[0031] FIG. 14 shows a perspective view of an example reactant distribution system
including a mixing vessel and a plurality of mixing vessel outlet valves according to an example
of the present disclosure.
[0032] FIG. 15 shows a side view of the reactant distribution system example depicted in
FIG. 14.
[0033] FIG. 16 schematically shows an example timing diagram for an example reactant
distribution system according to an example of the present disclosure.
[0034] FIG. 17 schematically shows example travel and sweep time delays for a reactant
delivery system.
[0035] FIG. 18 schematically shows an example skirt enclosure for a microvolume of a
process station according to an examplé of the present disclosure.
[0036] FIG. 19 schematically shows an example showerhead including a plurality of

microvolumes for a process station according to an example of the present disclosure.



sweep flow rate of a dual -zone showerhead at various pressures according to
an exanple of the present disclosure. [0039]FIG 22 schematically shows an
exanpl e correl ati on between signal strength and tinme for plasma initiation
according to an exanple of the present disclosure. [0040]FIG 23
schematical ly shows anot her exanple correl ati on between signal strength and
time for plasma initiation control according to an exanple of the present

di scl osure. [0041]FIG 24 schematically shows an exanpl e process tool
including a plurality of process stations and a controller according to an
exanmpl e hzfhe PreSENbcheinschiDs Ubds iH042 lekiriple 25 =5 pheiBt bt alidyvobfews an
exanpl e cross-sectional view of a through-silicon via during a CFD process

i ncl udi NghcRRediifa Slokdds Sl aBE@igtb BPetatphrvf @@t ditlofdre present
di scl osure. [0043]FIG 26 schematically shows an exanpl e cross-section of a

non- pl ango3gubsFi@tE ehemdticAiynghods Gaindl¢ lcbrdlaipas btwden o saepoimtameaw t h an
exanpl e of the present disclosure. [0044]FIG 27 schematically shows
anot her twd¥h Mgwditagf afual-asneahoveexizen htevab pesoresacoriing tdingample phisi ti on to
a PECVD process according to an exanple of the present disclosure.
[ 0045] Fl @eseBdisdhows. a gr aph depi cting an exanple deposition rate
correlation and al so shows exanpl e scanning el ectron m croscope (SEM
i mages 0f0082in- plFiR.aT? shbsdticalyeshops er exsande byrelation drivepd egr@h-Brepetbradses
including in-situ transitions to PECVD processes according to an exanpl e of
t he pr esdnt fatipkshomitiagon according to an example of the present disclosure.

[0040] FIG. 23 schematically shows another example correlation between signal strength

and time for plasma initiation control according to an example of the present disclosure.

[0041] FIG. 24 schematically shows an example process tool including a plurality of process

stations and a controller according to an example of the present disclosure.

[0042] FIG. 25 schematically shows an example cross-sectional view of a through-silicon

via during a CFD process including an in-sita etch according to an example of the present

disclosure.

[0043] FIG. 26 schematically shows an example cross-section of a non-planar substrate

comprising a gap fill deposited in accordance with an example of the present disclosure.

[0044] FIG. 27 schematically shows another timing diagram for an example CFD process

including a transition to a PECVD .process according to an example of the present disclosure.

[0045] - FIG. 28 shows a graph depicting an example deposition rate correlation and aiso

shows example scanning electron microscope (SEM) images of non-planar substrates processed

by two example CFD processes including in-situ transitions to PECVD processes according to an

example of the present disclosure.



- [0046] FIG 29 schematically shows a timng diagramfor another exanple
C.1-1) process including concurrent PECVD and CFD deposition processes and
i ncluding a sweep phase having a positive tine duration between

di scontinuing a supply of reactant B to the process station and pl asnma
activation according to an exanple of the present disclosure. [0047]FIG 30
schematically shows a timng diagramfor another exanple CFD process

i ncl udi ng concurrent PECVD and CFD deposition processes and excluding a
sweep phase between di scontinuing a supply of reactant B and plasm
activat ilgﬁhﬁﬁtccop@_ Y skinfcaBY ARdHse: Bhink Eaghine $&@ NinotlérsaxbmplIED proe48] FI G 31
schematically shows a timng diagramfor another exanple CFD process

i ncl udi r&gcl-.mcmmh PSR, RN AR SRR g bdeiseang i nDEaRaSwasphhhsehhtitg Ng an
overl ap between a supply of reactant B to the process station and plasna
activati 9%5%9 Qfdiangibobenees Masmtieuis 2 dpplyRs esenit Riiostd procesestatior BAd LED
DESCRI PTI [ 0049] Manuf acture of sem conductor devices typically involves
deposi tiﬂgbﬁ@@ﬁ@ﬁoﬂm&d{nﬁkd‘aﬂfeﬂme efmhecpresent-gchsae. substrate in an
integrated fabrication process. In sonme aspects of the integrated process
it may bpowgef uFIG. ®odepasdtitaltytshows a kinbngt diagram dorf @otiet exapploEH{ process

t opogr aphy. For exanple, a silicon nitride filmmy be deposited on top of
an el evatnerldigatcencatrankPE@VRGhd &FDadeppaidey ploasress fndrexpnéng @tyveep phase

i ghtly-doped source and drain regions from subsequent ion inplantation

pr ocess ebstwhiROdtnuispacerply efrerctanidh omi plasyrs a0t vitien asserding i pd eamPIEbor
deposition (CVD) processes may be used to forma silicon nitride filmon

t he non- pleareadnt disddstureat e, which is then anisotropically etched to formthe
spacer structure. However, as a distance between gate stacks decreases,
nass trafepeyrt [FIGi 3latdhonsicaly VRS g distipshdisgram gt pogRs expplecalfs @rocess
"bread-| oafing" deposition effects. Such effects typically exhibit thicker
deposi t i onlding copusent PEEYD apf CHRdepositige ROCHF] %Pﬂﬁg‘flg HePEEIR IBIFSRE t he
bottom corners of gate stacks. Further, because sone die ma glav regi ons
of diff esupply deswcert Blemibe waesh’ﬁ%t@n@daﬂésﬂtﬁratcu\@@%&‘icgrdﬁ’éﬁ%?se °\ng r
surface may result in within-die and within-wafer filmthickness variation.
These t hipekenedisclestiret ati ons may result in over-etching of sone regions and
under-etching of other regions. This may degrade devi ce perfornmance and/ or
die yield.

DETAILED DESCRIPTION

[0049] Manufacture of semiconductor devices typically involves depositing one or more
thin films on a non-planar substrate in an integrated fabrication process. In some aspects of the
integrated process it may be useful to deposit thin films that conform to substrate topography.
For example, a silicon nitride film may be deposited on top of an elevated gate stack to act as a
spacer layer for protecting lightly-doped source and drain regions from subsequent ion
implantation processes.

[0050] In spacer layer deposition processes, chemical vapor deposition (CVD) processes
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



[ 00511Sone approaches to addressing these issues involve atom c | ayer
deposition (ALD). In contrast with a CVD process, where thermally activated
gas phase reactions are used to deposit filns, ALD processes use
surface-nedi ated deposition reactions to deposit filns on a |ayer-by-Iayer
basis. In one exanple ALD process, a substrate surface, including a :
popul ati on of surface active sites, is exposed to a gas phase distribution
of a first filmprecursor (Pl1). Sone nol ecules of P1 may form a condensed
phase atop the substrate surface, including chem sorbed species and

physi sor ga%?eag@,! £64 B5pB 1RlitatichD BT CRAS bAY paSe fHOMnEMAF URkedhtal beimye gas
phase and physisorbed Pl so that only chem sorbed species remain. A second

film pregusiem ek, bscnleham w&aﬂlgéﬂﬁﬁdthidkeﬂd%@osﬁ@a@t 10p siiRcdstd gats eaEks
nol ecul es "of P2 adsorb to the substrate surface. The reactor may again be

evacuat eghg hidh& depdiRiok & heBTRYE corikd UNghtd Rack SURGEBER iusy sonidie mmy harer gy
provided to the substrate activates surface reactions between adsorbed

nol ecul egpQns FildifethsRRvicd @hdiyNgasd trhihdpbit kEYEY acrdst Makvkfgr sirfaee mepetOrini S
evacuated to renove reaction by-products and possibly unreacted P1 and P2,
endi ng t hemALdR siCkihin-Aalei filioMmknedd Drriatiod. eThagm thidigess mariatiomsdmasoreldi dnd i | m
t hi ckness. [0052] Dependi ng on the exposure tinme of the precursor dosing

st eps andvirkenbiiof kbine reppaf bid ieint-gclofz bhethpr egionss oflss meackoadddeycel e may
deposit a filmlayer of, in one exanple, between one-half and three

angst r onmperffdtinadee afdiotsiie yiiD processes nay be tine consuni ng when depositing
filnme nmore than a few nanonmeters thick. Further, sone precursors _may have
| ong exp@eNsik t iJves spprodbpds rddreasion thieesringes invdlyn atopiF dyerdeposiioaad AL}uce

waf er throughput time. [0053] Conformal filns may al so be deposited on

pl anar slbsbutastewith EGPVIR penepsh.ehenn therredliyeastivajes gagyphpss Tasions; 7 3gF%aidhi c
patterning applications may be formed from pl anar stacks conprising

al t er nat ideppstt ifilms, tAIFE srocesees fiseasvirfpeeepedizied Jeposifgreteactipngyto slePesHHER Ofet el y 100
to 1000 angstrons thick, making ALD processes |less attractive than CVD

pr ocess edayeHbyayebasis e neremale ALPaEedetrea PRy ESS IR BRI HRRPURLPRHer
tolerance for within-wafer thickness variation than many CVD_progesses may
provi de. sPdzce agiEgFites, SEx Bl Brigt PRAsE SisroRtop A iarfE?Hﬁé‘EtPfe\ﬂéfS‘i’fa(;‘?g)r §Pé1§F
tolerate a thickness range of |ess than 3 angstrons. [OogégAﬁcqrd ngl vy,
various exdespicest By Bayiosrgendensed Biase HPRPe SRR Fiees LsRdag ¢ %ﬁ‘ﬁ‘?‘b‘?‘ﬁe nt for

Cubst  at GaETRBLERRAHETELEAED oiat B O PBRE FOSo BBy i sorme
Feduci ng MGG 158 i PRHOEB RO aRe bIG DY HOER BIEHES: PPolh DR

wni e a drrrbrere dokelent b nf sbfeuroin e epBiad Rpurfindlomon”
chamber, (2o ftlbint. BhAsi® e OREOl b g5 lat Budy* uRlfd 8lled 1 L NE

gas phas& a4urFeAeH gactants are cledre he reaction

charber . {8l S3b SRR DL LR ML AL SSIRCH, aod o et 111
1oL Borian, Sfohie, L) by GFDLVB Sally ) 4A5.SBIR Sagkuen, sherber
(1 DLl 0550 TR Sl Sl eyl MDA b
D 1oL Uty ghgogopar ent when consi derng Lhe remel nder of the

di scussi 0&8% Vaﬂeoe%ﬁiag)g%rmé g)ﬁ)oglgé %hfé'of%glg{c@lkrwf d.%siﬁé/ QJ&IS\S Erﬁl {hgesueihﬁg mim set |

of oper at requited®to perrorma surface deposition reaction one tine.
The resul Eoeﬁ{c'eggeofc%c%.@cu!rs% spéagﬁj%f_,tlj %l@ﬁna)aﬁgﬂo§@§hlr§1 ar b & odd é)d'ﬂnlpﬁyer on a
substrate surtace, - y |caITy, a CFD cycle wll include only those steps
necessary to deliver and adsorb each reactant to the substrate surface, and
then react those adsorbed reactants to formthe partial layer of film O
course, the cycle may include certain ancillary steps such as sweepi ng one
of the reactants or byproducts and/or treating the partial filmas
deposited. Generally, a cycle contains only one instance of a unique
sequence of operations. As an exanple, a cycle nmay include the follow ng
operations: (i) delivery/adsorption of reactant A (ii) delivery/adsorption
of reactant B, (iii) sweep B out of the reaction chanber, and (iv) apply

pl asma to drive a surface reaction of A and Bto formthe partial film

| ayer on the surface. [0056] The seven above-nentioned features will now be
di scussed further. In the follow ng descriptions,. consider a CFD reaction
in which one nore reactants adsorb to the substrate surface and then react

., £ e o o o e . AT r~ .




t he gas phase. Further, reactant A may flow while plasma is applied to
drive a reaction at the substrate surface. Note that the continuously

flow ng reactant nay be delivered to the reaction chanber in conjunction
with a carrier gas- e.g., argon. [0058] One advantage of the continuous flow
exanple is that the established flow avoids the delays and fl ow vari ations
caused by transient initialization and stabilization of flow associ ated
with turning the flow on and off. [0059] As a specific exanple, an oxide
filmmay be deposited by a conformal film deposition process using a

princt pao'emresé‘aﬁe@ﬂ}]ﬁf o RS LIRS EREL! efhus OABS RoceSed iy &0 HRRN@Bumidy eCur sor
or, inthis exanple, sinply "reactant B"). Bis(tert-butylam no)silane
(BTBAS) |8, QDSsBHE BRI haie itRala EeaEiRRIers itk MHuSih@XRER! Bocutshe oy inde:
deposition process involves delivery of an oxidant such as oxygen or
nitrous ;gxl &?@su%ﬁxﬁptofcﬂeﬁd@ﬁ 2 lcBhifbrd] fivh, FRGL G LisOHkE WardHdrbipEpd@hdever y of
the principal reactant in distinct exposure phases. The oxidant al so
continugpedzg f | oyurshel Aondinsli A&t bo| BpTReEPROFLIE PhASRs. Seeedmpleexanpl e

t he sequence depicted in FIG 1. For conparison, in a conventional ALD
process, aptikBedivOWyaf feitthanbhivphtethisd giplivdtien febs finned fompnetackr ecur sor
is delivered to the reactor. For exanple, the flow of reactant A woul d stop
when r eaghaRtinSalicfhatie] ivayed. StdG6aEfdatisongers peybd ippraximagy ¢80 totlhed r eact ant
that flows continuously is an "auxiliary" reactant As used herein, an

"auxi | i adngstrof akitlgRiaking ALY proeasedsdedts atthuativel thamGVDaprpeesseei Balveveeaotiant . As
suggest ed above, a principal reactant contains an elenent that is solid at
room t enpgrrefiadtie, lawhs dy @docment ldveer caderanck ertvathin-wafeh@ickpdsprviptioredathy CFD.
Exanpl es of such elenents are netals (e.g., alumnumand titaniun,

sem conduatydTD p@cgyses nsiy lprayola. Eorckxgmplreent00rapgstramdhinio matirefteativs layer mext al | oi ds
(e.g., boron). Exanples of auxiliary reactants include oxygen, ozone,

hydr ogentolecaer tbicknesarangedélessthaniopgstormisde, amoni a, al kyl ami nes, and the

i ke. [0061] The continuously flow ng reactant nmay be provided at a

const ant [0p54w r Acerduglnt vargpi edarhples wnprogide@ dherdin\provading Drofesspie 2hdit t er
case, as an exanple, the flowrate of an auxiliary reactant may drop during
-an exposequipnphabe pleseprattivated cpremmpl rﬁé@tciﬁwiﬁoflsfcﬁ@%liové}oéd’.lanﬂo?“del%%l e, in
oxi de deposition, the oxidant (e.g., oxygen or nitrous oxide) may flow
cont i nuoembktyatedurThasy exhaplen inceraorale yaEews| fetiurse enpved, in some ibpsndt |2 ¢t e may
drop when the primary reactant &e. ., BTBAS) is delivered, This ingreases

t he par t brapesisp-e d5ope thete BAEAS2E (b); ﬁ%gﬂqaflgg BoSHuFPE th BPe B FETPE he
exposure tinme needed to saturate the substrate surface._Shortly before

i gni ti ngores bpthazasants fRB the BaGtER CRERIPEa M PrRYIANSES SORETRESRY Pt ﬂ%ﬁd’&‘% t he

| i keli hood that BTBAS is present duri t he .pl asma expqsur e ase. In sone
exanpl esreagtprt whint AREGRSRRFEP] ‘éwt‘ﬁﬁ“q‘:@i}g@‘ﬁﬁg “Ptf’ g‘ﬁé‘:a&f“’ (ﬁ\ﬁ‘i’?e@?ﬂ“@w rate
over the course of two or nore deFosi g\i on cles. For glxa%rllgl e, t he reactant
may f | owPlEmawhijerape of {hefrararts SREFFH gt e 2ps Ripseoratist $ipR vben A earanl €2 ond

flow rate during a second D cycle. [0062 nul ti pl.e reactants are
enpl oyed cla#fec £ &FII‘E?WI%ChBtH%r’d%ytfeﬁté?ﬁ Bosgﬁiﬁﬁg’ﬁfs‘ymh&*s@?st? mto\%t%' %‘F t hem
S B b LS BB o L P BT BB O M M ket o
ol oy S5CHE IR AP A ot S35 e BbyPanls < Pk *SAELA SERIE E he' gas
phase absent ication . of actjyvatl neray..  Typically. ants
shoul d ng’?twf’%’a ffﬁgtef’lan%@sdg%?g {c})lﬁ%gﬁrsnu sf?trg%?céﬁg‘!rlo%g%edggvﬁéh )%%ggg% to

pl asma or__anaot her ropriate nonsthe | . activation. [ td X osi ng
such reacﬁthar‘i’PJ%%W%F@%%é‘oﬁgf%?eaﬁs%@ 0 t%xﬁg‘}sé%StQ%f%?Fﬁéer df‘}ﬁﬁefﬁo gnam' c
favorabi l i, G bh's free.ener < Ne.gesi.red reaction, and (2) the
activati &ﬁﬁgcn%’?afﬁfwo?n TREIFEES i)é%nrlla,ggd\%ﬁ%fcﬂ%ﬁgﬁouﬁ%%&be sufficiently great so
that there is negligible reaction at the desired deposition tenperature.

[ 0063] Feature 2 (Reduce or elimnate a sweep step) - In certain exanples,
t he process
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di spenses with or reduces the tine associated with a sweep step that would
normal |y be perforned in conventional ALD. In conventional ALD, a separate
sweep step is performed after each reactant is delivered and adsorbed onto
the substrate surface. Little or no adsorption or reaction occurs in a
conventional ALD sweep step. In a (21-11 cycle, the sweep step i s reduced
or elimnated after delivery of at |east one of the reactants. An exanple
of a process sequence in which a sweep step is renoved is presented in FIG
1. No sweep step is performed to sweep reactant A fromthe reaction
chanber. I p_so cases Q ep step_li f t [ f the
first r e@@?ﬂnt ”?'ﬁe 50%0?33% eb °F°aq§s)&%°§6*p‘§t5et%r IHEQJCS)%%HI g\%aﬁ%é%{g% lggmed

f deliv f . i S 64
after deLluer o lable 386G Ol ARl (06U HERAHyT £AALANS kO hE: concept

of a CFD"*%eep ase appears In-‘t si on various exanpl es

her ei n.  GERELA! LdbsofomiBRD MDASA: SRAPUER SbroBHIRRS: AMRuQipalidenaRs phase

react ant “Froma reaction chanber and typically occurs only after delivery

of such éx? ?%}bt e duffa0 %i@& da chP QUG HOEEonI DGk stefaftafty loYeker | onger

delivere e reacti chanber during sweep ‘phase. However, the reactant

re ma‘i ns %ﬁ‘aﬁ&?@ R Reat g 1S P SivsRite sustdtd, &QﬁhM&£@ thobd MRAs MR PLRBE S form _
Typically, the sweep serves to renove any residual vapor phase reactant in

the chanfery.afsl ehet befikeachahrsd, shafrty Reg idt hersnRsdllay eepusdnee to the
desired |l evel. A'sweep phase may al so renove weakly adsorbed species (e.g.,
certain pLecHESAE i BARMSERAE o @asbien M/@radie &) frbmflhes tspaiteat e
surface. In ALD, the sweep phase has been viewed as necessary to prevent
gas phasesehdif! acdytietomhing \6Bly’ @R GhAMLS 0Dl iinijversaqich@nofofpenriansr eActaant Wi th
.a thermal, plasma or other driving force for the surface reaction. In

gener al , epdihidinkREsmo} fana tiefolpeng bbeediohe (i@ deljved/dweipn phaseanhAy (iDe
acconplished by (i) evacuating a reaction chanber, and/or (ii) flow ng gas
not cont @kRieRthdidiioapgateant B, (id) sweptB owttoftthe cagontdhembegaantli (0N applainber. | n
the case of (ii), such gas nmay be, for exanple, an inert gas or an

auxi | i ar ylk@eantdans a sufabe msction cioh tridriiodeinythé paytial fign kystioh ittersyrfaceact ant .

[ 0065] El i m nati on of the sweep phase may be acconplished with or w thout
cont i nuouyeost] ow Tk s¢vee amtvherentiaad feamtes witlhnavhiee dscasspd Rrtbkepicthefplpwingl G 1,
reactant Ais not swept away but rather continues to flow after its

adsor pt i alescaptions, chresidsuhEFP adacticwun Whickoiesnarerepttanteadsqrb o thsupsitateduiiyee
reference nunber 130 in the figure). [0066]1n various exanples where two or
nor e r eachattsreagt & fermpk Hiredn the hefapekydntometiopiidipldims its sweep step
elimnated or reduced is an auxiliary reactant. As an exanple, auxiliary
react ant [P&7hn ofertiant (Gentiupnst oy eh? gengiaeld —aRerctapleA Fontes 1oy B (XAL i s a
silicon, boron, or germanium containing precursor. O course, a_sweep of

t he princrast¢n Fhamberadwringwpe a1 Foreproriaas E a8} vy whenathe feactrnt Wyl ¥xanpl es,
no sweep stepis perforned after delivery of an auxiliary reactant but a
sweep st epmalydis ineanventged (A Dredn gprvertiogd Aldr pagint & JPYHEPdPT Meact ant .
[0067] As nentioned, the swee %hase need not be fully elim nr;;t eg_kgut
sinply r entErogsdefi havige ihe Feantant ACSESABLY e STPsERe SR PhalEPhrs Boffvehti onal
ALD processes. For exanple, the sweep phase of e}r_%eact ?nt such, as .an

auxi | i ar yeyelearcimt Acioes ARy floverh sRfaacifh BEtae 1o ERample SesBHLEeT ™2
seconds or |ess, e.‘g., for about 0.001 to Q.1 se ond%. kOOGS%lFegturue 3

(1 gni t i nghopexesFeaciHat £ dloyn sotgrly fgng @&éﬁséﬁﬁ"&’aﬁeéwﬁﬁé‘% PPRgP P 85y 4% Shase) -
Wth this feature, a plasma_is ignited before all reactants have been
cleared fRhgies PACHR ‘?%Pmé‘%?uo’f‘ﬁ?tgcriﬂ?n@ RSP 9*3 ‘{EI‘OIE(E%W#P "oRaY ALD,
where the plasnma activation or, other reaction drivi W%,ggeratign IS tprovi ded

only af t eP*2PNEs JeiFBRt PHEYE PRART HATY ¥ b PR 1o AR £ 156 eact i on
chanber. Note at .this featur uld .neces ily occur en,r nt A
f1 ows con@?aﬁ%f‘jﬁg&ﬁwﬁu 'r@ﬁsgg‘tlrﬁ‘é{ agic\é\fg R Bet ?f;sao?lﬁ% y%{f’ Eﬁ%nésy%\hedgggczg%ﬁct ed in

FIG 1. However, the disclosed exanples are not limted in this manner.
One or nore reactants nmay flow during the plasma phase of a CFD cycl e but
need not flow continuously during a CFD cycle. Further, the reactant
present in vapor phase during plasma activation nmay be a principal reactant
or an auxiliary reactant (when two nore reactants are enployed in a LID
cycle). [0069] For exanple, a sequence mght be (i) introduce reactant A,
(ii) purge A (iii) introduce reactant B and while Bis flowng strike a

pl asma, and (iv) purge. In such exanples, the process enploys a plasma
activated reactant species fromthe gas phase. This is a general exanple
where CFD is not constrained to a sequence of sequential steps.




[0070]If the activation plasma is provided during the tinme when the solid
conponent precursor (primary reactant) is supplied to the reactor, the step
coverage may becone | ess conformal, but the deposition rate will typically
i ncrease. However if plasma activation occurs only during delivery of one
an auxiliary reactant this is not necessarily the case. The plasma can
activate the vapor phase auxiliary conponent to render it nore reactive and
thereby increase its reactivity in'the conformal film deposition reaction.
In certain exanples, this feature is enployed when depositing a silicon
cont ai Nighgykihfh S ¥ahhdSeRhnOXind§ floRl wiiiedRasoris aeplibd tedrivk QOdHideaty e 4
(Plasma treatnent of deposited CFD filnms) - In these exanples, the plasm
My Ser ShdeWe s@facaD Nt 04t @% doRtidub@lyCRdviag reattatichai @ epbeiedito hepeaptiess. One

of its roles is to activate or drive the filmformation reaction during
each CFRugHEdr & cohfuSicthReth alc@tier das-d.@, drgodat the filmafter the LI-1.) film
has been partially or fully deposited followi ng one or nore CFD cycles. The
pl asma tpeRh "enbnd SiviithRRERE cébiniitnel fiby endsplois tmthe edtiblishe flow evdidssbe

Typi cal |y, though not necessarily, the plasma treatnment phase is conducted
under cofghiyt kiNBovt hatatiadseautd berasientfinitnizatiosedempilioated of Bowesspeizie® t he
filmformation reaction (i.e., to drive the film formation reaction). As
an exanpkigh tuidre thd fewren dndelt ment nmay be perfornmed in the presence of a
reduci ng or oxidizing environment (e.g., in the presence of hydrogen or
oxygen) , [00s8]| e Bhi=s speeifid exabhplheart hede 44w wey bagiepdsisedaby iavennfasmalpBi® i on of a
CFD cycle. [0072] The plasnma treatnent operation may be performed during
every Cyddpesitidn prheesCRingr @oesips] redctantrgomespiaey refetmsl tocdy ¢ ‘@olibFOreRPS¥ne | ess
frequent basis. The treatnment may be performed on regular intervals, tied
to a fi xgecunormbein bis e@ple iipls’ reagtany ”)n'@gls(@’é'bpféflfﬂm%o%éépc\ﬁﬁimégl yope. g., at
varying intervals of G-Il cycles) or even randomy. In a typical exanple,
fi | m deposh piisipal seapiertf dp Hiveempleathe @RdEHEPAsiier awcest vplaskdr &ﬁbr‘%ﬁ?i ate
filmthickness, and then the plasma_ treatnent is_enployed. Thereafter, film
deposi t i ofiddns sushas pRYFET PORIFRYE OFiS WAL fiea initAlly Eppeoniipoasly dpm VY asma
treatnment before the treatnent is again perforped. This su - sequence of Xx
nunber off tIFDFiRsjRa} Eactant &} EHERE BRSPS %‘?ﬁe%ﬁ%eww(wtrww@ P EEfon) may
be repeated until the filmis conpletely ftgrrred by CED. kogﬁ]wr{gertai n
exanpl es distnse PRFEE FEPASHE AOFEHt SHayOrhEeRRer By SEHCKEIBPESE A (14t forf °Of CFD
cycling to nodify one or nore propertjes of the surface on.whi.ch the CFD
filmis GEPRIEFeP alcﬂn‘i?&‘?qnbluéugf Fe ?%PWeoé?ﬁ%tc‘éoq%g Stop ey 1 5rﬁ’°sllgl i con
(doped or undoped) or a silicon contaipin terial . The nodifi.ed surface
may be bEPERSEHBICEUEY IHTHUTEL® CHFaﬁWr‘qﬁ%fIegﬁﬁ?ﬁeefquwa%cé”ﬁa?trﬁ f"ﬂ'élg stop
subsequent |y deposi.t g CFD film The interface may provide, e.g., good
adhesi on,WhFIé’lcF%@FEI%‘fe ¢¥fTcal properties through, e.g., defect reduction,
etc. [0074] The pretreatnment of .t he substrat rdor. . | S« lbhmted to
any part i[@]ﬁﬁ;r 31158% Sﬁrggiﬁtcr’%aéﬂlfl?s’ i rg%rafiglﬁlﬁpgg\ﬁsnpcfng}é@uﬁg %)I?e@? ¥rhe t ment

i nvol ves expaosure to hydrogen-nl as I - bl,as. -

ni troge n/"f‘?ﬁ%’i’to g ri“-sf)flé%gf/%,ma%%fya-rgat%t%%ﬁ}ggg%ﬁ? Eﬁ%g:‘xg% T Pl ?)Cltagg ma,

hel i um a%q%a' ey A0 ANDE oo, AT A2 ROBER 102 A GHRE rdrbbelafie PT ESENCE
of hel i u® HERTFGGEN, ~drgont nitrogen. hydrogen/ nitrogen-form ng gas, and/or

anmoni a. Bl Se eme: triggenﬁ?sbiu&g {0 %@?ﬂ]ﬁ)ﬁ)ﬂg %%}Iﬂ%ﬁ%@ﬁf ﬁ%el@ncﬁﬁs‘”@e gedgrators
I O, mcr I

i ncl udi n.g‘ffh1 hough no mte wave, -renote, direct and others

k hose in the .ar: _pcews pef ore,
BT o ol Utlf B LORIHANES 2. silchf ald £RLERRD, HRboRERNE: BT or e

metalloids (e.g., boron). Examples of auxiliary reactants include oxygen, ozome, hydrogen,

carbon monoxide, nitrous oxide, ammonia, alkyl amines, and the like.
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occurring during CFD cycling, the frequency of treatnent may be chosen for
the appropriate deposition conditions. Typically, the treatnent will occur
not nore often than once per cycle. [0076] As an exanpl e, consider a process
for formng silicon nitride from precursors having sonme carbon present.
Exanpl es of such precursors include BTBAS. As a consequence of the carbon
present in the precursor, the as deposited nitride filmincludes sone
carbon inpurity, which nay degrade the electrical properties of the
nitride. To counteract this problem after a few CFD cycles with the

car bon- qosd1ai Ni T Phemctsho flowihp eeapantt gyt by prepied it &dorfsiahhflpw reix 9bged to
hydrogen in the presence of plasma to reduce and ultimately renove the

car bon ivaped bt yontfol &V AW hete. plhasniatigcawi & onsaepp] by 8dwirge gbal furiliaRe il m
surface may be chosen to effect a desired change in filmproperties and/or
CONMpPOSi treszmant Anprigort Meingl aasexposuenphizts ohsn theapriman réretasteiseddlisgiehndPor
tailored for the desired nodification are oxidizing conditions, reducing
condi t i caxssppletic lokide deposithing the nxidant (R OXYERPI TR ﬂ’égeét‘“@y e GoplipyREsly
frequency used to generate the plasma, use of two or nore frequencies to
gener at eduring theleatgrdepopifiemyarcaeentit ity floy Frie wpy frop &henyiBe JEHY f162H(&&ma and
the substrate, etc. Exanples of CFD film properties that can b dified by
pl asna t BERARentelivare.udbis increpess g paftia) presstieey STBASHIipR &f g‘fs&ﬁcg‘?rgg%nsi ty,
hardness, optical properties (refractive index, reflectivity, _oIPtt'LcaI

densi t y, redtcing)the ekpefuaTiimg Reededria samate theabiiatecyHtcenShory BePrs BuM g Pbper ti es
(Vfb spread, etc.), and the like. [0078]|ln so anpl e t.r eat nent ot her
than a plasee thedlost phertidantanay i %@f?ldeat'(? %%HFW%@%%&?FP& (3 retg%g as
deposited film Such treatnents include el ectromagn tljlc .rgdi a}t it:ﬁnw'S

t r eat menSwingirlaree SXROFEE ST s 1P &O° S*aBRlGE APeCopin ?Sg‘h TeRpEPAttr €%pul ses),
and the like. Any of these treatnents may be. perforoed al ane, or | :
conbi nat AGraiRe B AR WET D B%e ﬁft[stﬁ'fj,or e ea?sﬁlﬁgéiy% b S EPRSRE Ireflé.tﬂ‘}\ny such

u asia nmen

treatment can be oyed as a su itute for an th b - 61 i bed
pl asma t%&@%ﬁf%?ﬂg})ﬁoirf’?ﬁwg Fglsggg%ﬂ’%? alfdﬁaé 257 e%‘?{rlr%%fa?? %%/ngl\lé\%é’g&ggposi ng

the filmto ultraviolet radiation. As described below, in a specific

exanpl e, CFheydtet hod i nvol ves t he application of UV-radiation to an oxide
CFD filmjn_sit i.e...during for 1.on ' Qr Pasthind&Ragi tion of
the oxi déo.og@uch B IR iRt e %eagc ?U?ﬁryggﬁ%dé&%bg\glof !?ﬁlenr%tth e dle;a ect structure
and provide |inproved .el ect.ri. LR oo R CES b NsigRegy f i c
exanpl es,ca%{ ttﬁ?/"f rgléﬂéltwn@r?? e%étﬁﬁglee g%%&%?ec%%ﬁ? a pl asna tre%t mer%t . These two

operat i O{"l)% can be H%{ i:cs %Er%%ge& e %ﬂv@&tdehe%Ftsr@ﬁ&]ﬁﬂ?E\L@J’elu?famé ﬂilltcﬁeexfs@quent i al

option, & P Gpet n optional Ty takes place first. In the concurrent

option, tfpmere}oygoitgaﬁ% {@B%%é{ssﬁagpﬁ 59%&463 d8dad {0 Mpaehsl a6t Wil @fothe?. 9., an

RF power ‘source to anp -for the or froma single

source such e, AR LRkl ) M1y adir@biae sidmidnoberdtoduct .
[0080] rodf e ggsﬁ?%g{ﬁéog%ﬂ?g byf%%%ggogdggg%ﬂpr R D)~ I

such exanpl ehrdck bil dx$o 88 REAALAD: hibtRARIpréfiafeilonaktandln part
by a C,\/Dr{lﬁE)h!r11 C?E%leﬁeﬁﬂgégﬁ%Ewﬁ Tyg??:al :&515 therCFD po]%]?'tnig)?)ﬁrall of the

deposi ti %Pm@&@rp %§r§iitioer p@lﬁd(oﬁﬁg%gchf tea&hnta Rl olvbe cRELGMBRL RO dfi ANlekss (Peteor med
second, although this need not be the case. M xed C. 141)/ CVD processes can
| nprove tr_ﬁa?m&i Bnifc OM&S; ?:ﬁllﬁ-{ b st had 828N <0 bh 1EVRsadd raciand aadldR) itenal |y
i nprove the de}gosi ti or§ ra g ovesr t hat %gen with CFD al one. In sonme cases,

pl asma or,.Qfh6x e&&}yi Akt Qctos, wRE iRdidWRishEiceng &tdsé acthamtis heglifibew ng i n
order to produce parasitic CVD operations and thereby achi eve hi gher -

deposi ti Qp,chig f%he dasifl hiépasigsH epeagseof filns, etc.
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[0081] I n certain exanples, two or nore (21-D phases may be enpl oyed and/ or
two or nore CVD phases nay be enployed. For exanple, an initial portion of
the filmmay be deposited by CFD, followed by an internedi ate portion of
the filmbeing deposited by CvD, and a final portion of the filmdeposited
by CFD. In such exanples, it may be desirable to nodify the CVD portion of
the film as by plasna treatnent or etching, prior to depositing the |ater
portion of the filmby (...1-1). [0082] A transition phase may be enpl oyed
bet ween the CFD and CVD phases. The conditions enpl oyed during such
transiti@isgahasedi-t heredice of eRminheseswespkeyed i teraint dxampled)aheCpibeesy t he CVD
phases. Typically, though not necessarily, the conditions permt

si MUl t angQiis. CRARSHT fedk8s HRAGHE ansciand wiDa tsyp® s tphaseld eamtliob:  The
transition phase typically involves exposure to a plasma, which may be

pul sed f QrroaxaNRbwediohd AeD. 1t bewtdtans ATima sghaseswwrystimiv otrfcemetbdfiever y of
one or nore reactants a low flowrate, i.e., arate that is significantly

| ower t hagph thatntapéioyed ahdadsbibed onto espmhdiangsuGkd®. dlitlser ob atiiveption otess.

[ 0083) Feature 6 (Deposit by CFD, etch, and then further deposit by CFD) -
In such exaispbesss ik Buteposil tAl Breviesp pepr: o G dyde. thygveop stepis ecdased 0B s
(typically a nunber of cycles) and then the resulting filmis etched to
renove, t@fingxdufet écliveynt acksess dfithemeattanty Aweeramalercd @ @sesess FEFUAREAD (a
cusp), followed by further cycles of CFD deposition. Oher exanples of

st r uct ur ahich eawespessepi in renfreed] sposseitedinfFIG + Mgt swisenysitrels PEEHEEd INSVESRI i | ar
manner. The etchant chosen for this process will depend on the material to
be et chetkacthm Astpore the aspetion dhbest BHsopp EREs.ine™AMYSipEs PraforardralilEr 4V HY a
fluorine containing etchant (e.g., NF3) or hydrogen. [0084]1n certain
exanpl es of the fisshirbaanp ines@ED Pyslecivpt HYasH SED isPHeRFBy Pefemet AaiRiverssh®fal |y, a
renote plasma etches in a nore isotropic fashion than a direct plasm. A
renot e plseeondor lagedrliresd aginbyi des a rel atively high fraction of radicals to

the substrate. The reactivitcﬁ of these radicals nma ,vfiry,wit_h the vertical
posi t i on [M6¢hi n Thaeoncspteafsz CHP SHeFPt Gf5POT RbAY PR Pethe {HFEAFQRi ¢ are

nore concentrated and consequently will etch at a h% her ra.ﬁgeé ilte
further dswePlesthercine @8eraing SHECPARESSHEPPHMCT BURE PadT DaV&POPIEC F4U8 been

| ost and therefore they will etch at a lower, rate, This js of cqurse a

desi r abl EromehEasiPp ERATPELIN) EPIE ?’O%ﬁ’.f‘c'fr‘ﬁ%ys%f‘?b delyery 5 S‘ﬁ?tlﬁéﬁ'ﬁm%f‘t ?S%mqag '
deposition occurring at the r?cess fﬁeen' ngt.ée An .addrigt gon | be“rlleecfi tasé)f usi ng
a renot e IpPEETEOTS, 18t EpRtaRgSioe Iqnger deprirzed fp s fracian chapRe ERS SER Y™ and |
hence unlikely to damage the substrate layer. This can be particularly
benef i ci FOREN ﬂ'{erféacﬁﬁ?gé‘i’“i’a%snﬁ]‘g?g%is?l} gtlees"?é%/aéer Slfnéccs ensiat ?‘Se&g%g g%fg?on or

ot her damage. _ {0Q085] Feature 7 (Tailoring the.fil ifl 1
addi t i onal P&k ﬁ‘f’%ﬁp SeINEN re&}o(’? He TeXanpl8s %%gé"srgegﬁt%gtgp ﬁ%rcéénﬁdéé%yﬁ% g] rn CFD

processes enpl oyi.n ne or two reaetants. [ ' X@apl es
enpl oy t HE*&EhE aid%%%ega‘)r?t eiS‘hbS'éa\}eerS%/rFa ° %;?c(#g&e{fem %Vg?@efﬁ%gisggneag not be the

case. First, many CED .processes_ d g e g m
Exanpl es FREVCUHEY i3 CEED SBF"F ?i‘@jg‘f%\eltﬁﬁ [?2% ﬁ%orglgg@%aégtraﬁéﬁdir %g%%g?rgt ungst en

hexaf i uor j d d_hyd o and (L Iyl L biB€kn@ Bas
St e o Fips P aitl 20 A6 soviee%@a@ﬁgéegé WebGOE ALy W5 bRend?

react ant s—d ane, y I borane can be renoved fromthe
grow ng fLlmaor 1lnG | NGO RALALEH of HeGedcift dil MiefmARRRRO Sh&-
[00861Fur?hf%§rl?tersa(c)ur?@ Og%oﬁ%?aet%%néy errgr%l o? adi ietci onal regct a%é in only sone
CFD cycl ea-iving force for the surface reaction. In general, and unless otherwise specified herein, a sweep

phase may be accomplished by (i) evacuating a reaction chamber, and/or (ii) flowing gas not

containing the species to be swept out through the reaction chamber. In the case of (ii), such gas

14



In such exanples, a basic U L.) process cycle enploys only the reactants to
create the base filmconposition (e.g., silicon oxide or silicon carbide).
This basic process is perforned in all or nearly all CFD cycles. However,
sonme of the CFD cycles are executed as variant cycles and they deviate from
the conditions of the normal deposition cycles. For exanple, they may
enploy one or nore additional reactants. These variant cycles may al so
enpl oy the sanme reactants enployed in the basic CFD process, although this
need not be the case. [0087] Such CFD processes are particularly beneficial

i N prepatdynige, dapedmpiei des$negr gagtonan aduifey mvedtat isedhsasas c@EDduslyigowiten sone

i npl enment ati ons, dopant precursors are included as the "additional"

r eact antaukifiar9 pdaytast. sl | fraction of the CFD cycles. The frequency of
addi ng the dopant is dictated by the desired concentrati on of dopant. For
exanpl e,[0065¢ doBlanihatpmed thes precprabesh enay ree| agehmeplished evity g Wigoht eopBIUOUDf t he
base material deposition. [00881Unlike many other deposition processes,
parti cul v of thhotbe reastpat rin ey exproplertpicies inFaE| bacac CAPt Preat ey vay be
conducted at a relatively |low tenperature. Generally, the CFD tenperature
will be lbbtnertinughiofowdiesitshdepgmiorontp thesupairais gurbase isicampleted fllpsgaehpf ween
400-480C are preferred. Such tenperature may be chosen to permt deposition
in the cofsreasenugfenl30dnpefigier e sensitive process such as deposition on a
photoresist core. In a specifjc exanple, a tenperature, of betmee& about 20
and 100 10066 usEdvariops eremBlee VBHE Y i PRIC EHPERE &t cRLOYedy dyerfgrciant yhich

phot oresi st cores). In another exanple, .tenperature of be meenrapout 200
and 350 @siil§ s¥isen %BIIW?tCMWVC$g£HE a(%rrr%‘f; es‘éﬁ Ay 881 As S uggest ed
above, CFD is well suited for de osithﬂ filnms in advanced teghnology
nodes. TIsaRaDt fioan @XidpRY| % 2 %Ffﬁebrsg‘lf&esﬁ gew%fﬁaﬁ%df Y P Plolesses at
.the 32 rimnode, the 22 rimnoggb the 16 nm n geﬁntQE %%a£ggkn%g§b and
beyond aBfHFUR FEUENPFECESHodes CBFE 34YEH Deld® PR e TSt er Aat i ona

escri ntern

TeChno ogK BeadTeg Lo, STbALANBLA (i b hiduonp oty on

m cr oel eBtYS equire ears. neral I'y they

f -half pitch of . [, Lfic.e t he CFD
br ocess REIRG it B =FheB P s RUT ek iokord dheuebPag b d ATt | 1€ OO0
of 20-29 Bdr@g?a]r a”%%?éﬁ%‘rgeg it QQ%?%WAE =ngedrﬁ%§ be ﬁ}ﬁg@%ﬁﬁte&’fouth ed?gl? 'rrédﬂ&dl% esent ed

herein c n stlicon based roelectronic devices, t nms may al so

find appl,ication in oth - 8 oy L 2Pt p&l SGLEeNIES USi Ng
non-si | i S8R Lelfi c&%lﬁathsgflgé ssgéeg)gq%]asaeyl%%slﬂg% &o@ﬁ%?rés%esﬁl&éon uctors, as well
as |1-VI nater 1473 Yealhf falrling 4 G LRy R PeBRPIRCESSES
di scl oseaw??grpé?%%)fsa&%%q%égﬂt??g%gq}%rggoerz:f or mal ng{ji el egbt%ri c y}i rp(r;'ns [ ﬁ t he sol ar
energy fi aS1eRNot oxP L8 Cord €Y 0.6 8 ondsN the el ectrochromi cs field,
and ot hera§ |% g%&garse pcoés%bl e. [0091] FI G insschemati cally shows a timng
di agram 100 for an exanpl e exanple of a plasma-activated CF]) process. Two
full CFD cycles are depicted. As shown, each includes an exposure to

react ant (fyeRas iR 3 Bihiied hasrh AHio WRIotiHe ARcENPR DA t0thE @@Ghak) -B phase
140, a svieep of reactanf B phase 160, and finally a pllasma activation phase

180. Pl asf®, QRetaYed Piisted igited Blord|2B 8@ AG thaWabdeR BlcRbR 565 tiSRAtRAd 180B
activates a reaction between surface adsorbed reactant species A and B. In

the depi GLEeh-EXBIPIEDntrd}P tSWBERHHNARSED] $hdre HeqlABE agfvh@in @et faaioant
(reactant A) is delivered. In fact., this reactant flows continuously
during thgvihi bpe-SRRAS biokiaed PilPeRs She vEBoISphafdl @scHAtsi Me hadingee Greshrit ietheeact ant
Ais in the gas phase. Features 1-3 above are enbodied in the exanple of
FIG 1. [[0082] hanbbe depi ehethiekanpl @ould @actarily gaseshéd ancal AEpwe0- exi st
in the gas phase

continuously during the plasma portion of a CFD cycle as depicted in FIG. 1. However, the
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Wi t hout reacting. Accordingly, one or nore of the process steps described
in the ALD process may be shortened or elimnated in this exanple CFD
process. For exanple, sweep steps after A Exposure Phases 120A and 120B may
be elimnated. [0093] The CFD process nmay be enployed to deposit any of a
nunber of different typesof film Wile nost of the exanples presented
herein, concern dielectric materials, the disclosed CFD processes may be
enployed to formfilms of conductive and sem conductor materials as well.
Nitrides and oxides are featured dielectric materials, but carbides,

oxyni tri gi%csld)sag %%%@és%?aofog 121G Shis RRfdeH©Sne B fore TB¥taAt $Ry BEwiRfiAR e OXi des

i nclude a™w ge of materials i1 ncluding undoped silicate glass (USG,

doped si lj cat F@ﬁ,@ Qe 19 SudidpCd CEte dydpor@iheoped
silicat epfﬁ'%ngaséha%l"B%éf? p ogggiﬁgﬁeuegfngiopedggn%?%g?e gxlgk?ss (gySG), anglobor on
phosphor = &9%&&@' fol £:85:p19A8Sink BRSE -2cliQ94 ka0 18 oBriRipaNRLas: @ 481 | con
nitride fi1m y be fofned by reaction of a silicon- contsining reactant
and one Qr.;amy &aaimt%nﬁuntt&&ﬂ&@ﬁ@taﬁtahreleﬁglo?&ﬁmam ®ae or a

ni trogen-contal ning reactant bl end. Exanple silicon-containing reactants

i ncl ude, [fydby ar &R Qkahpléli 4 efudmde b (Bee () iidroptuet pehotini B0)(H) pamge A, (iil)
(SiH2(NH&(CA5)3)2 or BTBAS), dichlorosilane (SiH2C12), and chl orosil ane

( Si H3CL) intfoddintRani B A0 RiteCH it fiiwii g Wrikecaihemt sndi (G purge, Inbuth ewaeplest
limted to, anmonia, nitrogen, and tert-butyl amne ((CH3)3CNH2 or t-butyl
amne) . AR Q¥REPLEpIHYstd NGeR-aabalArdabng spedat femi thelzgenphase ridivdesgendselt i s not
limted to, a blend of nitrogen and hydrogen. [0095] Sel ecti on of one or

nmor e r eagkantiswhay CBP ighiot blstrained veer sequescd oflsequant@] ieps-har dwar e

consi derations. For exanple, in sone exanples, a silicon nitride film may

~ be formedod7pm rEasd haivativh masehlio poyidedniariagn theplis wherm tiei sphd edmpinepiogen.
Chem sorption of dichlorosilane to a silicon nitride surface nay create a
si | i con- hydueee prernieacim)dissupiliat 4o the treter ithrgsitpy ehveorgemnmen |begamfelefsHCL) . An
exanpl e of this chem sorption reaction is schematically degic;ed in

React i on cbnfoff) 361 Realcpdsition fate willHypically increase. However if plasma activation occurs

only during delivery of one an auxiliary reactant this is not necessarily the case. The plasma can
activate the vapor phase auxiliary component to render it more reactive and thereby increase its
reactivity in the conformal film deposition reaction. In certain examples, this feature is

employed when depositing a silicon containing film such as an oxide, nitride, or carbide.

[0071] Feature 4 (Plasma treatment of deposited CFD films) ~ In these examples, the
plasma may serve two or more roles in the conformal film deposition process. One of its roles is
to activate or drive the film formation reaction during each CFD cycle. Its other role is to treat
the film after the CFD film has been partially or fully deposited following one or more CFD
cycles. The plasma treatment is intended to modify one or more film properties. Typically,
though not necessarily, the plasma treatment phase is conducted under conditions that are

different from those employed to activate the film formation reaction (i.e., to drive the film
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\ /S HN NH + SiH2A 21 SiSi -2HC  [0097] The cyclic internmediate shown in
Reaction 1 may then be transfornmed into a silicon amne term nated surface
via reaction with plasma-activated nitrogen. [0098] However, sonme nol ecul es
of dichlorosilane may chemi sorb by alternative nechani snms. For exanpl e,
surface norphol ogy may hinder the formation of the cyclic internediate
depicted in Reaction 1. An exanple of another chem sorption nmechanismis
shown schematically in Reaction 2. [0099] Reaction 2:

formation reaction). As an example, the plasma treatment may be performed in the presence of a
reducing or oxidizing environment (e.g., in the presence of hydrogen or oxygen), while this need
not be the case during the activation portion of a CFD cycle.

[0072] The plasma treatment operation may be performed during every cycle of the CFD
process, during every other cycle, or on some less frequent basis. The treatment may be
performed on regular intervals, tied to a fixed number of CFD cycles, or it may be performed
variably (e.g., at varying intervals df CFD cycles) or even randomly. In a typical example, film
deposition is performed for a few CFD cycles, to reach appropriate film thickness, and then the
plasma treatment is employed. Thereafter, film deposition is again performed for 2 number of
CFD cycles without plasma treatment before the treatment is again performed. Tﬁs super-
sequence of x number of CFD cycles, followed by plasma treatment (film modification) may be
repeated until the film is completely formed by CFD.

[0073] In certain examples, the plasma treatment may be performed before initiation of CFD
cycling to modify one or more properties of the surface on which the CFD film is deposited. In
various examples, the surface is made from silicon (doped or undoped) or 2 silicon containing
material. The modified surface may be better able to produce a high quality interface with the
subsequently deposited CFD film. The interface may provide, e.g., good adhesion, reliable
electrical properties through, e.g., defect reduction, etc.

[0074] The pretreatment of the substrate prior to CFD is not limited to any particular plasma
treatment. In certain examples, the pre-treatment involves exposure to hydrogen-plasma,
nitrogen-plasma, nitrogen/hydrogen-plasma, ammonia-plasma, argon-plasma, helium-plasma,
helium anneal, hydrogen-anneal, ammonia-anneal, and UV-cure in the presence of helium,

hydrogen, argon, nitrogen, hydrogen/nitrogen-forming gas, and/or ammonia. Plasma processing
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[ 0100] Duri ng subsequent plasma activation of nitrogen, the renaining
chlorine atom of the internedi ate species shown in Reaction 2 may be

| i berated and may becone activated by the plasna. This nay cause etching of
the silicon nitride surface, potentially causing the silicon nitride film
to becone rough or hazy. Further, the residual chlorine atom nmay readsorb,
physically and/or chem cally, potentially contam nating the deposited film
This contami nation nay alter physical and/or electrical properties of the
silicon nitride film Further still, the activated chlorine atom may cause

etch da f LiONSRE pli8s PERRESS insludtnk ORoRANINETeed RO tenbwaE] y
r educi ngr@%ﬁbee eg%@% ce life gf p%fgt i ons of the process station. [0101] Thus,

in some g %tgﬁte&mﬁt&%ﬂnaﬂﬁtdfﬁ%elﬂﬁms&bﬁ ituted for dichlorosilane. This
may reduce filmcontam nation, film damge, and/or process station damage.

An exanplgrf t GerANerd Skddnk by oot Bepiresddriag end sftectENayclngl | Yheahown in

-Reaction 3. [0l02] Reaction 3: HH Il H Si-H H Si- H NHZNH2I NHNH

I +2811'<§c§1§3§né huring CFD cycling, the frequency of treatment may be chosen for the appropriate
deposition conditions. Typically, the treatment will occur not more often than once per cycle.
[0076] As an example, consider a process for forming silicon nitride from precursors having
some carbon present. Examples of such precursors include BTBAS. As a consequence of the
carbon present in the precursor, the as deposited nitride film includes some carbon impurity,
which may degrade the electrical properties of the nitride. To counteract this problem, after a
few CFD cycles with the carbon-containing precursor, the partially deposited film is exposed to
hydrogen in the presence of plasma to reduce and ultimately remove the carbon impurity.
[0077] The plasma conditions employed to modify the film surface may be chosen to effect
a desired change in film properties and/or composition. Among the plasma conditions that can
be selected and/or tailored for the desired modification are oxidizing conditions, reducing
conditions, etching conditions, power used to generate the plasma, frequency used to genc@te
the plasma, use of two or more frequencies to generate the plasma, plasma density, the distance
bétween the plasma and the substrate, etc. Examples of CFD film properties that can be
ﬁlodiﬁed by plasma treatment include, infcmal film stress, etch resistance, density, hardness,

optical properties (refractive index, reflectivity, optical density, etc.), dielectric constant, carbon

content, electrical properties (Vb spread, etc.), and the like.

[0078] In some examples, a treatment other than a plasma treatment is employed to modify

the properties of the as deposited film. Such treatments include electromagnetic radiation
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SiSiou,,,I1"SiSi /I\ /1\ -LANA /I\ /1\ [0103]Wiile the exanple depicted in
Reaction 3 uses chlorosilane as the silicon-containing reactant, it wll be
appreci ated that any suitabl e nono-substituted hal osil ane nay be used.

[ 0104] As expl ai ned above, the depicted internediate structures may react
with a nitrogen source to forma silicon amne term nated surface of
silicon nitride. For exanple, ammonia may be activated by a plasma, formng
vari ous amoni a radi cal species. The radical species react with the
internediate, formng the silicon amne term nated surface. [0105] However,

anmoni a %&@yﬁieﬁ:ﬁ) lﬁ‘c&n@ﬂ?@.@’, a&:ﬂcaﬁl'ﬁ’rfh%etémgératﬁﬁ%ﬂs%%&-me kel iangroy | i nes,
Sta ex

. process I on, an haust pl unbi ng, which may | ead to extended purge and

evacuat i ﬁﬁsettj:egﬁﬁ:nts Rty thd SE rfor AT RIBhePor TR YorhBiM AR08 wWithGhoth® dAtinvit] McludihhaSone gas
phase silicon-contalning reactants. For exanpl e gas-phase m xtures of

di chloro 1a£:ﬁ‘il§ea@n§l;nlﬂiz% kuchNet @06 de FRYIGE@ A € subdsthia beans pe dieetbostich as
di am nosilane (S1IH2(NH2)2). Such species nmay deconpose in the gas phase,

nucl eat i g StmltasRRttideLRs - 1n SBdctiicRREhHIE] tBS tréditent s lvRexfeinget filfn anmoni a
reacts with hygrogen chl ori de generated during chem sorption of a

hal 0si | aR@rviSIHE fedpa@bh.i (seestrityd deiowmid atspedific thenppr deessthst atvbloes ther e t hey
may contam nate substrate surfaces, potentially leading to integrated

devi ce deffthifon ANIV-wbRGE foheyxidaCFDdihanisialie., gnigedosnagomof tbr fimrdwar e,
potentially leading to tool down time and cleaning. The small particles may
al so accyayldepRitbn obtbakigs. Plcnibitmgnt spEys ©l redpcp onpinizatddeficostaenre Ad may
create a need for special environnental exhaust scrubbers and/or cold
traps. [ Qidalhpsyed decsodpedoraagpiees, a substituted am ne nmay be used as a
ni trogen-containing reactant. For exanple, various radicals forned from

pl asma aqbé79at i din cataimspecifikexamplet 8 1V wreteEnseAnrbe coupled With § PlasBUESAH DN ne, may
be supplied to the process station. Substituted am nes such as t-butyl

ani ne mayThesweo aptratives cot becperiogoed sefduirentlyrnr seanepiabt e §isthe s508GREACRIN%N
ammoni a, which may result in conparatively |ower phyisorbption rates and
conpar at i tiely dperaan qptioesdly sakpaplese gt thp GaEEyIE PPLPEy the FYpclFpatments may
nitrogen-contai ning reactants nmay form hal ogenated salts that ar e

conpar at i begirgvided fromysbazete BRUGeR rE-AMPS PR EPISIPfac Plpgna 3ad arppppyfor the

t - but yl anmoni um chl ori de may be nore vol atile than_amyoni um ¢chl oride. This
may r educéVy wdiompovirele soree sugl 6 achelivra pReme BrRRqueT U aRd U f BHTRT

abat enent expense. [0108] Further still, such nitrogen-containing reactants
may form other am ne precursors via

[0080] Feature 5 (Depositing by CFD and then transitioning to PECVD) - In such
examples, the completed film is generated in part by CFD and in part by a CVD process such as
PECVD. Typically, the CFD portion of the deposition process if performed first and the PECVD
portion is performed second, although this need not be the case. Mixed CFD/CVD processes can
improve the step coverage over that seen with CVD alone and additionally improve the
deposition rate over that seen with CFD alone. In some cases, plasma or other activation is
applied while one CFD reactant is flowing in order fo produce parasitic CVD operations and

thereby achieve higher deposition rates, a different class of films, etc.
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vari ous byproduct reactions. For exanple, the reaction of t-butyl am ne
with dichlorosilane may form BTBAS. Thus, the side products nay provide
alternate routes to formsilicon nitride, potentially increasing film
yiel.d. In another exanple, substituted am nes nmay provide | ow tenperature
thermally activated routes to silicon nitride filnms. For exanple, t-butyl
am ne deconposes thermally at tenperatures above 300 Cto form i sobutyl ene
and anmonia. [0109]Wiile the illustrative exanple provi ded above descri bes
silicon nitride filmformation using t-butyl amne, it will be appreciated

L?Ztseﬁ?ﬁq%itlogfar 8 ?%%Fe o o e R ome
exanpl eg..based ,g?y?ehgxpr act AW LELNALACHE bSLLES Bhha Qb Yy

char act or exanple, the relati've volatility of

hal ogenaéﬂn%ﬁ ﬁ% {yt g&}@cﬁ@f&ﬁ&% ’ Rgosaan sy demedind asfidamy the

exi stence a rious thermal deconposition paths at

rel evant LEMR Eh%tf%%ﬁposlteqjo}%u th BRh exalfifidsCit bRGbEIBMIMLS nidudy tldeiabove

descrlbémﬁhe deposition of "silicon nitride filnms, it will be appreciated
that th omc!n%?tt@fﬁﬁl I USSE HeRADAY 6r AR pHETe Béokiling @c lae poeiposf he on of
ot her fi exanpl'é, some exanples may use suitable hal osilanes in
. combi nat 4 Vgl a suitabl e oxygen-containing reactant species, such as an
oxygen plasra, to deposit silicon oxides. [0111] A non-limting list of
r eact antﬁmgﬁr 0dUCradsitbAphasa byl iel EmAnEd Hetaes ShepCHP aind YCVIaphess. arfee pr ovi ded
in Table Table 1 Fil m Reactant A Reactant B Reactant C Tenp. (O

conditions employed during such transition phase different from those employed in either the

CED or the CVD phases. Typically, though not necessarily, the conditions permit simultaneous
CFD surface reactions and CVD type gas phase reaction. The transition phase typically involves
exposure to a plasma, which may be pulsed for example. Further, the transition phase may
involve delivery of one or more reactants a low flow rate, i.e., a rate that is significantly lower

than that employed in the corresponding CFD phase of the process.

[0083] Feature 6 (Deposit by CFD, etch, and then further deposit by CFD) - In such
examples, CFD deposition is performed for one or more cycles (typically a number of cycles)
and then the resulting film is etched to remove, for example, some excess film at or near a récess
entrance (a cusp), followed by further cycles of CFD deposition. Other examples of structural
features in the deposited film that may be etched in a similar manner. The etchant chosen for
this process will depend on the material to be etched. In some cases, the etch operation may be
performed with a fluorine containing etchant (e.g., NF3) or hydrogen.

[0084] In certain examples, a remote plasma is employed to produce the etchant. Generally,

a remote plasma etches in a more isotropic fashion than a direct plasma. A rernote plasma
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Press. (torr) Ref. index Si02 BTBAS 02 - 50-400 1-4 1.45-1.47 SiN Si H3C1 02.

generally provides a relatively high fraction of radicals to the substrate. The reactivity of these
radicals may vary with the vertical position within the recess. At the top of the feature, the
radicals are more concentrated and consequently will etch at a higher rate, while further down
the recess and at the bottom, some radicals will have been lost and therefore they will etch at a
lower rate. This is of course a desirable reactivity profile for addressing the problem of too much
deposition occurring at the recess opening. An additional benefit of using a remote plasma in
etching is that the plasma is relatively gentle and hence unlikely to damage the substrate layer.
This can be particularly beneficial when the underlying substrate layer is sensitive oxidation or

other damage.

[0085] Feature 7 (T ailoriﬁg the film composition with additional reactant) — Many of the
examples presented herein concern CFD processes employing one or two reactants. Further,
many of the examples employ the same reactants in every CFD cycle. However, this need not be
the case. First, many CFD processes may employ three or more reactants. Examples include (i)
CFD of tungsten using as reactants diborane, ungsten hexafluoride, aﬁd hydrogen, and (ii) CFD
of silicon oxide using as reactants diborane, BTBAS, and oxygen. The diborane can be removed
from the growing film or it can be incorporated into the film if appropriate.

[0086] Further, some examples may employ additional reactants in only some CFD cycles.
In such examples, a basic CFD process cycle employs only the reactants to create tﬁe base film
composition (e.g., silicon oxide or silicon carbide). This basic process is performed in all or
nearly all CFD cycles. However, some of the CFD cycles are executed as variant cycles and

they deviate from the conditions of the normal deposition cycles. For example, they may employ
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28-288 1-4 Si02 SiH (N(CH3)2)3 02 - 50-400 1-4 1.45-1.47 Si N BTBAS NH3 -

one or more additional reactants. These variant cycles may also employ the same reactants
employed in the basic CFD process, although this need not be the case.

[0087] Such CFD processes are part_icplarly beneficial in preparing doped oxides or other
doped materials as CFD films. In some implementations, dopant prccursoi:s are included as the
“additional” reactant in only a small fraction of the CFD cycles. The frequenf:y of adding the
dopant is dictated by the desired concentration of dopant. For example, the dopant precursor

may be included in every 10th cycle of the base material deposition.

[0088] Unlike many other deposition processes, particularly those requiring thermal
activation, the CFD process may be conducted at a relatively low temperature. Generally, the
CFD temperature will be between about 20 and 400 C. In some cases, temperatures between
400-480C are preferred. Such temperature may be chosen to permit deposition in the context of
a temperature sensitive process such as deposition on a photoresist core. In a specific example, a
temperature of between about 20 and 100 C is used for double patterning applications (using,
e.g., photoresist cores). In another example, a temperature of between about 200 and 350 C is
employed for memory fabrication processing.

[0089] As suggested above, CFD is well suited for depositing films in advanced technology
nodes. Thus, for example, CFD processing may be integrated in processcé at the 32 nm node,
the 22 nm node, the 16 nm node, the 11 nm node, and beyond any of these. These nodes are
described in the International Technology Roadmap for Semiconductors (ITRS), the industry
consensus on microelectronic technology requirements for many years. Generally they reference
one-half pitch of a memory cell. In a specific example, the CFD processing 1s applied to “2X”

devices (having device features in the realm of 20-29 nm) and beyond.
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[0090] While most examples of CFD films presented herein concern silicon based
microelectronic devices, the films may also find application in other areas. Microelectronics or
optoelectronics using non-silicon semiconductors such as GaAs and other ITI-V semiconductors,
as well as T-VI materials such -as HgCdTe may profit from using the CFD processes disclosed
herein.  Applications for conformal dielectric films in the solar enmergy field, such as

photovoltaic devices, in the electrochromics field, and other fields are possible.

[0091] FIG. 1 schematically shows a timing diagram 100 for an example example of a
plasma-activated CFD process. Two full CED cycles are depicted. As shown, each includes an
exposure to reactant A phase 120, directly followed by an exposure to reactant B phase 140, a
sweep of reactant B phase 160, and finally a plasma activation phase 180. Plasma energy
provided during plasma activation phases 180A and 180B activates a reaction between surface
adsorbed reactant species A and B. In the depicted examples, no sweep phase is performed after
one reactant (reactant A) is delivered. In fact, this reactant flows continuously during the film
deposition process. Thus, plasma is ignited while reactant A is in the gas phase. Features 1-3
above are embodied in the example of FIG. 1.

[0092] In the depicted example, reactant gases A and B may co-exist in the gas phase
without reacting. Accordingly, one or more of the process steps described in the ALD process
may. be shortened or eliminated in this example CFD process. For example, sweep steps after A

Exposure Phases 120A and 120B may be eliminated.

[0093] The CFD process may be employed to deposit any of a number of different types of

flm. While most of the examples presented herein, concern dielectric materials, the disclosed
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CFD proccss.cs may be employed to form films of conductive and semiconductor materials as
well. Nitrides and oxides are featured dielectric matcrials,_ but carbides, oxynitrides, carbon-
doped oxides, borides, etc. may also be formed. Oxides include a wide range of materials
including undoped silicate glass (USG), doped silicate glass. Examples of doped glasses
included boron doped silicate glass (BSG), phosphorus doped silicate glass (PSG), and boron
phosphorus doped silicate glass (BPSG).

[0094] In some examples, a silicon nitride film may be formed by reaction of a silicon-
containing reactant and bhe or more of a nitrogen-containing reactant and/or a nitrogen-
containing reactant blend. Example silicon-containing reactants include, but are not limited to,
bis(tertiarybutylamino)silane (SiH,(NHC(CHs)s), or BTBAS), dichlorosilane (SiH,Cly), and
chlorosilane (SiH;Cl). Example nitrogen-containing reactants include, but are not limited to,
ammonia, nitrogen, and tert-butyl amine ((CHa);CNE; or t-butyl amine). An example nitrogen-
containing reactant blend, includes, but is not limited to, a blend of nitrogen and hydrogen.
[0095] Selection of one or moré reactants may be driven by various film and/or hardware
considerations. For example, in some examples, a silicon nitride film may be formed from
reaction of dichlorosilane and plasma-activated nitrogen. Chemisorption of dichlorosilane to a
silicon nitride surface may create a silicon—hydrogen terminated surface, liberating hydrogen
chloride (HCJ). An example of this chemisorpﬁon reaction is schematically depicted in Reaction
1.

[0096] Reaction 1:

24



SiN Si H2C12 NH3 Optionally N2/H2 50-400 1-4 1.80-2.05 SiN Si H2C12 t-butyl
am ne

H H

\ 7/
Si
NHz NHz HN NH
i l + SiH2Cl2 | l
AN\ NN
[0097] The cyclic intermediate shown in Reaction 1 may then be transformed into a silicon

amine terminated surface via reaction with plasma-activated nitrogen.

[0098] However, some molecules of dichlorosilane may ch_emisdrb by alternative
 mechanisms. For example, surface morphology may hinder the formation of the cyclic

intermediate depicted in Reaction 1. An example of another chemisorption mechanism is shown

schematically in Reaction 2.

[0099] Reaction 2:

Cl H
\ /
Si
N
NH2 NHz HN NHz
l l + SiHCh I _
AN NN
[0100] During subsequent plasma activation of nitrogen, the remaining chlorine atom of the

intermediate species shown in Reaction 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 hazy. Further, the residual chlorine atom may readsorb,
physically and/or chemically, potenﬁa]ly contaminating the deposited film. This contamination

may alter physical and/or electrical properties of the silicon nitride film. Further still, the
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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.

[0101] Thus, in some examples, chlorosilane may be substituted for dichlorosilane. This
may reduce film contamination, film damage, and/or process station damage. An example of the
chemisorption of chlorosilane is schematically shown in Reaction 3.

[0102] Reaction 3:

Lo
H—Si—H H—Si—H

NH> NHz NH NH

| +2siHCl
S

/sl,i T ona S|i Sli

NN /N /N

[0103] While the example depicted in Reaction 3 uses chlorosilane as the silicon-containing
reactant, it will be appreciated that any suitable mono-substituted halosilane may be used.

[0104] As explained above, the -depictcd intermediate structures may react with a nitrogen
source to form a silicon amine terminated surface of silicon nitride. For example, ammonia may
be activated by a plasma, forming various ammonia radical species. The radical species react
with the intermediate, fornﬁng the silicon amine terminated surface.

[0105] However, ammonia may physisorb strongly to surfaces of the reactant delivery lines,
process station, and exhaust plumbing, which may lead to extended purge and evacuation times.
Further, ammonia may have a high reactivity with some gas phase silicon-containing reactants.
For example gas-phase mixtures of dichlorosilane (SiH,Cl,) and ammonia may create unstable
species such as diaminosilane (SiHa(NHbz);). Such species may decompose in the gas phase,

nucleating small particles. Small particles may also be formed if ammonia reacts with hydrogen
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chloride generated during chemisorption of a halosilane. Such particles may accumulate in the
process station where they may contaminate substrate surfaces, potentially leading to integrated
device defects, and where they may contaminate process station hardware, potentially leading to
tool down time and cleaning. The small particles may also accumulate in exhaust plumbing, may
clog pumps and blowers, and may create 2 need for special environmental exhaust scrubbers
and/or cold traps.

[0106] Thus, in some examples, a substituted amine may be used as a nitrogen-containing
reactant. For example, various rédica]s formed from plasma activation of an alkyl substituted
amine, such as t-butyl amine, may be supplied to the process station. Substituted amines such as
t-butyl amine may have a lower sticking coefficient on process hardware than ammbm'a, which
may result in comparatively lower phyisorbption rates and comparatively lower process purge
time.

[0107] Further, such nitrogen-containing reactants may form halogenated salts that are
comparatively more volatile than ammonium chloride. For example, t;butylammonium chloride
may be more volatile than ammonium chloride. This may reduce tool down time, device defect
creation, and environmental abatement expense.

[0108] Further still, such nitrogen-containing reactants may form other amine precursors via
various byproduct reactions. For example, the reaction of t-bufyl amine with dichlorosilane may
form BTBAS. Thus, the side products may provide alternate routes to form silicon nitride,
pgtentially increasing film yield. In another example, substituted amines may provide low
temperature thermally activated routes to silicon nitride films. For example, t-butyl amine

decomposes thermally at temperatures above 300 °C to form isobutylene and -ammonia.
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[01121FI G, 1 also shows an exanple of a tenporal progression of exanple
CH) process phases for various CFD process paraneters. FIG 1 depicts two
exanpl e deposition cycles 110A and 110B, though it will be appreciated that
any suitable nunber of deposition cycles may be included in a CFD process
to deposit a desired filmthickness. Exanple C..PD process paraneters
i nclude, but are not limted to, flowrates for inert and reactant species,
pl asma power and frequency, substrate tenperature, and process station
pressur efo1don- | iwhile fig pRsaRed exanpeagesvidedr alsve edeanipbe sBichn qiriddifdmi de
deposition cycle using BTBAS and oxygen are provided in Table 2. Table 2
Phase formation using t-butyl amine, it will be appreciated that any suitable substituted amine may be

employed within the scope of the present disclosure. Suitable substituted amines may be

selected, in some examples, based on thermodynamic characteristics and/or reactivity

characteristics of the reactant. For example, the relative volatility of halogenated salts formed

from the reactant may be considered, as may the existence and selectivity of various thermal

decomposition paths at relevant temperatures.

[0110] Further, while the examples provided above describe the deposition of silicon nitride

films, it will be appreciated that the principles discussed above apply generally to the deposition

of other films. For example, some examples may use suitable halosilanes in combination with a

suitable oxygen-containing reactant species, such as an oxygen plasma, to deposit silicon oxides.

[0111] A non-limiting list of reactants, product films, and film and process property ranges

are provided in Table 1.

Table 1
Reactant Reactant | Temp. | Press. Ref.
Film A Reactant B C © | (tom) | index
Si0, BTBAS o8 5 50400 | 14 | 145-1.47
SN SiH,Cl 0, . 50400 | 14
Si0, | Sifl (N(CHa)2)n 0, - 50400 | 14 | 145-1.47
SiN BTBAS NH, n 50400 | 14 | 1.802.05
SiN BTBAS - NJH, | 50400 | 14 | 1.80-2.05
SiN | BIBAS NH, NoH, | 50400 | 14 | 1.80-2.05
. . Optionally
SiN SiHLCI NH, D, | 50400 | 14
. . t-butyl Optionally
SN SiH,Cl -] T
SiN SIH,CL, NH, O‘;‘?‘j;‘{"‘”y 50400 | 14 | 1.80-2.05
2/ L1
. . t-butyl Optionally
SiN SleClz amine Ng /Hz
. SiH(CH;)- Optionally
NH 50400 | 14 | 1.80-2.05
SN | (N(CHy)h 3 Ny/H,
SiN | SiH(CHs)(Cly) NH, o‘;f;;’,gl"‘:“y 50400 | 14 | 1.80-2.05
. SiHCl- Optionally ]
NH 50400 | 14 | 1.80-2.05
SIN G| ON(CH)) : No/H,
SIN | (5i(CH.).NH), NH, Optionally | 50400 | 14 | 1.80-2.05
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[0112] FIG.-1 also shows an example of a temporal progression of example CFD process
phases for various CED process parameters. FIG. 1 depicts two example dcpositioﬁ cycles 110A
and 110B, though it will be appreciated that any suitable number of deposition cycles may be
included in a CFD process to deposit a desired film thickness. Example CFD process parameters
include, but are not limited to, flow rates for inert and reactant species, plasma power and

frequency, substrate temperature, and process station pressure. Non-limiting parameter ranges

for an example silicon dioxide deposition cycle using BTBAS and oxygen are provided in Table

2.
Table 2
Reactant A | Reactant B Plasma
Sweep A
Phase exposure exposure activation
-| phase
phase phase phase

Time | otouing | 025-10 | 0.25-10 | 0.25-10

(sec)

BIBAS n/a 0.5-5.0 0 0

(sccm)

0.

(slm) 1-20 1-20 1-20 1-20
Ar (sim) 1-20 1-20 1-20 1-20
Pressure 14 14 14 14

(tor)

Temp (C) 50400 50400 50-400 50-400
HF Power
0 0 0 50-2500
W) .
LF Power
0 0 0 -2500
W) 0-250
[0113] A CFD cycle typically contains an exposure phase for each reactant. During this

“exposure phase,” a reactant is delivered to 2 process chamber to cause adsorption of the reactant
on the substrate surface. Typically, at the beginning of an exposure phase, the substrate surface

does not have any appreciable amount of the reactant adsorbed. In FIG. 1, at reactant A
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exposure phases 120A and B, reactant A 1s supplied at a controlled flow rate to a process station
to saturate exposcd surfaces of a substrate. Reactant A may be any suitable deposition reactant;
e.g., a principal reactant or an auxiliary reactant. In one example where CFD produces a silicon
dioxide film, reactant A may be oxygen. In the example shown in FIG. 1, reactant A flows
continuously thronghout deposition cycles 110A and 110B. Unlike a typical ALD process,
where film precursor exposures are separated to prevent gas phase rcaction,. reactants A and B
are allowed to mingle in the gas phase of some examples of a CFD process. As indicated above,
in some examples reactants A and B are chosen so that they can co-existence in the gas phase
without appreciably reacting with one another under conditions encountered in the reactor pridr
to application of Plasma energy or the activation of the surface reaction. In some cases, the
reactants are chosen such that (1) a reaction between them is thermodynamically favorable (i.e.,
Gibb’s free energy <0) and (2) the reaction has a sufficiently high activation energy that there is
negligible reaction at the desired deposition temperature. Various reactant combinations meeting
these criteria are identified at other locations in this disclosure. Many such combinations include
a primary reactant, which contributes an element that is solid at room temperature, and an
auxi]jaryl reactant, which does not. Examples of auxiliary reactants used in some combinations
include oxygen, nitrogen, alkyl amines, and hydrogen.

[0114] Continuously supplying reactant A to the process station may reduce or eliminate a
reactant A.flow rate turn-on and stabilization time compared to an ALD process where reactant
A is first turned on, then stabilized and exposed to the substrate, then turned off, and finally
removed from a reactor. While the example shown in FIG. 1 depicts reactant A exposure phases
120A and B as having a constant flow rate, it will be appreciated that any suitable flow of

reactant A, including a variable flow, may be employed within the scope of the present
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disclosure. Further, while FIG. 1 shows reactant A having a constant flow rate during the entire
CFD cycle (deposition cycle 110A), this need not be the case. For example, the flow rate of
reactant A may decrease during B exposure phases 140A and 140B. This may increase the
partial pressure of B and thereby increase tﬁe driving force of reactant B adsorbing on the
substrate suﬁace.

[0115] In some examples, reactant A exposure phase 120A may have a duration that
exceeds a substrate sﬁrface saturation time for reactant A. For example, the example of FIG. 1
includes a reactant A post-saturation exposure time 130 in reactant A exposure phase 120A.
Optionally, reactant A exposure phase 120A includes a controlled flow rate of ‘an inert gas.
Example inert gases include, but are not limited to, nitrogen, argon, and helium. The inert gas
may be provided to assist with pressure and/or tcmpcréture control of the process station,
evaporation of 2 liquid precursor, more rapid delivery of the precursor and/or as a sweep gas for
removing process gases from the process station and/or process station plumbing.

[0116] At Reactant B exposure phase 140A of the example shown in FIG. 1, reactant B is
supplied at a controlled flow rate to the process station to saturate the exposed substrate surface.
In one example silicon dioxide film, reactant B may be BTBAS. While the example of FIG. 1
depicts reactant B exposure phase 140A as having a constant flow rate, it will be appreciated that
any suitable flow of reactant B, including 2 variable flow, may be employed within the scope of
the presént disclosure. Further, it will be appreciated that reactant B exposure phase 140A may
have any suitable duration. In some examples, reactant B exposure phase 140A may have a
duration exceeding a substrate surface saturation time for reactant B. For example, the example
shown in FIG. 1 depicts a reactant B post-saturation exposure time 150 included in reactant B

exposure phase 140A. Optionally, reactant B exposure phase 140A may include a controlled
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flow of a sunitable inmert gas, which, as described above, may assist with pressure and/or
temperature control of the process station, evaporation of a liquid precursor, more rapid delivery
of the precursor and may prevent back-diffusion of process station gases. In the example shown
in FIG. 11, an inert gas is continually supplied to the process station throughout reactant B

exposure phase 140A.

[0117] In some examples, plasma activation of deposition reactions may result in lower
deposition temperatures than in thermally-activated reactions, potentially reducing consumption
of the available thermal budget of an integrated process. For example, in some examples, a
plasma activated CFD process may occur at room temperature.

[0118] ‘While the CFD process example depicted in FIG. 1 is plasma activated, it will be
appreciated that other non-thermal energy sources may be used within the scope of the present
disclosure. Non-limiting examples of non-thermal energy sources include, but are not lirnited to,
ultraviolet lamps, downstream or remote plasma sources, inductively-coupled plasmas, and
microwave surface wave plasmas.

[0119] Further, while many examples discussed herein include two .rcacta.nts (A and B), it
will be appreciated that any suitable number of reactants may be employed within the scope of
the present disclosure. In some examples, 2 single reactant and an inert gas used to supply
plasma energy for a surface decomposition reaction of the reactant may be used. Alternatively,
as discussed above in the context of feature 7, some examples may use three or more reactants to

deposit a film.
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begi nni ng of an exposure phase, the substrate surface does not have any
appreci abl e anount of the reactant adsorbed. In FIG 1, at reactant A
exposure phases 120A and B, reactant A is supplied at a controlled flow
rate to a process station to saturate exposed surfaces of a substrate.
Reactant A nay be any suitable deposition reactant; e.g., a principal
reactant or an auxiliary reactant. In one exanple where CFD produces a
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be employed within the scope of the present disclosure.
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of feat ureganfple, soxwecrea folverate Teay hadivstr a®orgiog o Vaqus et (P& Hssi t a
~film [0120]In sone scenarios, surface adsorbed B species na E?i\i st as

di scont i heescriss¢sarmdior romdiec shapsterisice of (b BOESSS SERTTHAPYY BPER TP t o
achi eve surface saturation of reactant B. Variaqus surface g:ondirli ns may
del ay nughestinsfer sodifges e dureen drsveeRh2sto08- ﬁﬁ Op, BOTSRBER 5zfaénpseﬂﬁjface. For
exanpl e, ligands rel eased on adsorption. of re?%ant s A nd/aer 1B TE bl ock
some sur fducaiomet 4 seemphpeegmay e SPRAETIRY A TFTRIC! HESBFBEF DN 0f" G edct ant B.
Accordingly, in sonme exanples, continuous adlayers of reactant B may be
provi ded tgucpraebabineT GYEle me RIFIRaYAREST S“gft?éertg%gghympul sing reactant B into

the process station during reactant B exposure.phase 0A. i provi de
extra tin@1#dr sﬁr@ﬁ%éy%fdg@}cﬁlﬁ S‘H“é‘?ﬁc?ndég SPSE P@ﬁseprmo?:%agnsogsto\k%i %B&g%nser Vi ng

reactant B conpared tq a constant fl scenario. %eﬁjfé pddidd enald ¥ or
al ternati WIW?OWW@WaﬁgﬁSﬁF@,aL%VﬁE% aGrorer ga/esee%)c phases nay %e
the one or more reactants adsorbed on the substrate surface. At plasma activation phase 180A of

the example shown in FIG. 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
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i ncl uded between consecutive exposures of reactant B. For exanple, the
exanple of FIG 2 schematically shows an exanple C hll process timng

di agram 200 for a deposition cycle 210. At reactant B exposure phase 240A,
reactant B is exposed to the substrate surface. Subsequently, at sweep
phase 260A, reactant B is turned off, and gas phase species of reactant B
are renoved fromthe process station. In one scenario, gas phase reactant B
may be displaced by a continuous flow of reactant A and/or the inert gas.

I n anot her scenario, gas phase reactant B may be renoved by evacuating the

process %}s%gésg 0 01d3800¥ 3 Eachift AaSfolh aseadteoatinat. BhdiByadivhls fiay den interact
adsor ptionfdesorption process equilibrium desorbing |igands, pronoting

surface &gﬁ L AROSIERLD RictA€8 OfhlthgBn HOn-FRIER sdiffe eduttliohsloBasmsictinaion of
adsorbed B. At reactant B exposure phase 240B, reactant B is agai n exposed
to the syhst@iecshflidc@posiibh lcfld NEA sl ie tshomple nf FIGG 1 2 follnpleddz one

i nstance of a reactant B sweep and exposure cycle, it will be appreciated
that any agieiikiabéRien b Emaitndidgenattanst Atxmbirepnat 1208. sweep and exposur e
cycles may be enployed within the scope of the present disclosure.

[ 0122] Retping) Ng Ih Godnb @xangdsrpthe pdsmE|igited ,in plasoe atttvation phase 13 BEYthee pl asma
at 180A, gas phase reactant B may be renoved fromthe process station in
sweep phasged @04ty kbsente extamgnd asfaced UEB mway qirevidras giepiel plekmaodrasisr adpr e
sweep phases in addition to the above-descri bed exposure phases. Sweepi ng

t he procegsn&ddaduifar mEyoavos tetges it Acméth. offer oiepls. p At CBPi s
susceptible to plasma activation. Further, sweeping the process station may
remove suidcases rsayi lsqeirexied iygapitiss & ksio fmayensy K lickldo  &vapAssETd2t S HBani nat e
the film Exanples sweep gases include, but are not |imted to, argon,

hel i um and caatitioge roupled platee. Exairplatvestromales. # TEReELY BenesafgdeRasFidmY0F sweep
phase 160A is supplied by the inert_gas stream In sone exanples, sweep
phase 16Qnaresd outrideisd thegrn Terctipthe™bffacuat i on subphases for evacuating the
process station. Alternatively, it will be appreciated tﬁgt syee ghase
160A may [DE6bNI t Aeyisuitable earanay\os hpidds forpohe BlpEie Jp a%ﬁ%%ani DAPHEY Bave any
suitabl e duration. |In sone exanples, incr asi&g flowrate of ajone or

mor e sweepchyassazonnayhelise PRBIEReR Y G rStY BT \Rg‘étﬂa' s EoPEFATRG

exanple, a sweep gas flow rate may be adjusted accordi to various

react ant TedréanhERd PR CXYATA PRELBIHAPRCY W ?JPUIQ@BR%WEI' Etgc?ﬁ%rrda%{fa%@? stics
the process station and/or process, station. plunmaing for LLyi e
durati on BYeeH ERSHCAH ALESTETAY O ?fe(ir?e‘["%}l“ﬂpﬂaﬁ\’lﬁ'r% C@%n%ﬂme%?n%{ﬁ% °3%+e§‘4t1i on of
a sweep phase nay be optjm zed by _adjustnent of the Ry d at e.
This may fas@eREs éﬁ&%’iﬂ% B%%R?‘&eg fop t,lonvﬁgi%(‘: aﬁ‘ﬁ%/twferrrlptrﬁécl)\@%gss glte r at ek{

t hroughput. [0124] A C1-0. cycle, typically in " I.V.al.l ase" in
addi 1 op e PHE BAsaFEna A SR Do SRl e E el MRS

activation phase _serves _ta drive t react | ane Bk @ACt ant s
adsor bed &icEREd Oy g‘gtﬁéﬁsaﬂ?frggecf’ﬁg\% “%ﬁfééngﬂ gtég%eiatg}ga!r?i h D %sgglglng(%A of the

exanple shown in FIG. 1 | as ener £ES P i.ded :t.0 LY.ahge SHIhace
react i ons 6%t HESHDS J??’a?%g%lngs%cﬁ cgggrngaé'c%cozﬁt %&E&aﬁgm% ﬂ%gtrp exgn%l e, the

plasma may directly or_indirect] LV se hesyhessu@bpié eact ant
Ato for nP?PQEiB?"’aPﬁOXC S Y céﬂesa.péui‘%aetgng&%ta%% %gl %@érrgleyig he%ﬁ?gnt er al?tSS Wt h
surface adsorhed reactant I I Dahdel dpdeqr 5k RG e dAgewEBe@t | ONS.
Pl asna acglle?}%ﬁg?SOnN%agl%lgm%g}gﬁP%gﬁgF%%;%gcsd@%g%eiIﬁsgﬁs %%/cl e 110A, mhi ch in the

le of FI is f d {by, oLl ' i th
exampl e of, feﬁgg,mge 4115%%2%%&?%0 épxl,%%%ﬁ Lib 8 1Y ShsEhad 20 BFICAOTEENRE inag b

react ant osure n sonme exanples, the plasm ignited
n plasma. actlyatlonBhasE kA oIBNnd thah QLHE oSl by aloONSd dhegas DS T at e
surface. THIS th provide a greater plasnma density and enhanced surface
reaction rate between reactants A and B. For exanple, plasmas for CFD
processes may be generated by applying a radio frequency (RF) field to a

| ow- pressure gas using two capacitively coupled plates. In alternative
exanples, a renotely generated plasma nmay be generated outside of the main
reacti on chanber. [0126] Any suitable gas may be used to formthe plasma. In
a first exanple, and inert gas such as3argon or heliumor nitrogen may be
used to formthe plasma. In a second exanple, a reactant gas such as oxygen
or amoni a may be used to formthe plasma. In a third exanple, a sweep gas
such as nitrogen may be used to formthe plasma. O course, conbi nations of
t hese categories of gases may be enpl oyed. lonization of the gas between
the plates by the RF field ignites the plasma, creating free electrons in

t he plasna di scharge region. These el ectrons are accel erated by the RF
field and may collide with gas phase reactant nol ecules. Collision of these
el ectrons with reactant nolecules may formradi cal species that participate

) o - g, - ~—~ "
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[0127] Pl asma activati on phase 180A may have any suitable duration. In sone
exanpl es, plasnma activation phase 180A may have a duration that exceeds a
time for plasma-activated radicals to interact with all exposed substrate
surfaces and adsorbates, formng a continuous filmatop the substrate
surface. For exanple, the exanple shown in FIG 1 includes a plasm

post -saturation exposure tinme 190 in plasma activation phase 180A [0128]As
expl ai ned nore fully below, and as suggested in the discussion of feature 4
above, extending a plasma exposure tinme and/or providing a plurality of

pl asma expgsur e phase Hemd, DRSLnY Sk CRraibe atgpk cpfmp k and/ or
near-sur@ggﬁ po? '%%%:Bn%¥ﬁ§£§g%g§F?%g fﬁf%\ Ineone scenari o, decreasing
surface gontami.natio o £ IBH mIP%-RISRAR fob §lasts-hawaed O
adsorpti@ﬁmgfgbggeF§E¥Qﬁf&$g§?§§§hple, a siligon pitride%filnlforned from
reactl Onragifﬁal?‘ osﬁée%agt%ﬂlc r&gdstgi ARGkl a@%s@bq@sl%ﬁ&@gla EsHfibntu filg)

react ant y Rave & surtace that resists adsor ption of subsequent

react ant g, r%ﬁ\#&&g 188 Skl Qb1 itte dxd@pR UhdWCR MGt DirluataspEsnmEposicr eat e
hydr ogen fonds tor faC|T|tat|ng“subsequent adsorption and reaction events.

[0129] I n 50 n%%?ogﬂjegﬁxe 15 ih BlaRhORAVAHoE Shass UEIA. @S il m stress, dielectric
constant, refractive index, etch rate may be adjusted by varying plasm
paranmeters, which will be discussed in nore detail below Table 3 provides
an exanple list of various filmproperties for three exanple CFD silicon
di oxi de Wlbgf deRosbhlfed dorARily delgiveasd Gebgigeised ihahe dsfussien ot fptrepéses,
Table 3 also includes filminformation for an exanple PECVD silicon dioxide
film depgsdvkaslteating O Pladiegipasre Galeshdler pridding a BluBl2f Plemeswpomepphaieat e
(mg./cycle) NU ((max-mm! _

may provide a post-reaction treatment of bulk and/or near-surface portions of the deposited film.

In one scenario, decreasing surface contamination by plasma treatment may prepare the surface
for adsorption of reactant A. For example, a silicon nitride film formed from reaction of 2
silicon-containing reactant and a nitrogen-containing reactant may have a surface that resists
adsorption of subsequent reactants. Treating the silicon nitride surface with a plasma may create
hydrogen bonds for facilitating subsequent adsorption and reaction events.
[0129] In some examples, film properties, such as film stress, dielectric constant, refractive
iﬁdex, etch rate may be adjusted by varying plasma parameters, which will be discussed in more
" detail below. Table 3 provides an example list éf various film properties for three example CFD
silicon dioxide films deposited at 400 degrees Celsius. For reference purposes, Table 3 also

includes film information for an example PECVD silicon dioxide film deposited at 400 degrees

Celsius.
Table 3
: NU Flm ) picectic | Wetetch
Si0O; Dcp/‘ ract](’;) ((max-min)/ (IIH;) Ilr};ix Stress clcfn‘s:tcant rate ratio
Process | (ang./cy average) (MPa)
1 sec. 0.9 5% 2% 1436 169 66 o
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average) NU (1 a) Ref. Index Filmstress (M3a) Dielectric constant Wet
etch rate ratio 1 sec. 0.9 5%

200W
O, plasma
(HF only)
10 sec.
1000W
O, plasma
(HE only)
10 sec.
1000W
0O, plasma
(HF/LF)
PECVD
Si0,

0.6 5% 2% 1.466 -138 39 1.59

0.6 12% 5% 1472 -264 39 1.55

600 3% 1% 1.477 -238 42 5.28

[0130] For example, FIG. 3 schematically shows an example of a CFD process timing
diagram 300 including a deposition phase 310 followed by a plasma treatment phase 390. It will
be appreciated that any suitable plasma may be used during a plasma treatment phase. In a first
scenario, a first plasma gas may be used during activation in the deposition cycle and a second,
different plasma gas may be used during a plasma treatment phase. In a second scenario, a
second, different plasma gas may supplement a first plasma gas during the plasma treatment

phase. Non-limiting parameter ranges for an example in-situ plasma treatment cycle are

provided in Table 4.
Table 4
Plasma Plasma
treatment | treatment
Phase R
sweep activation
_phase phase
Time (sec) 0.25-10.0 | 0.25-10.0
Ar (sccm) 1-20 1-20
Pressure (torr) 1-4 14
Temp (C) 50400 50-400
HF Power (W) 50-2500 50-2500
LF Power (W) 0-2500 0-2500

[0131] At plasma activation phase 380 shown in FIG. 3, the substrate surface is exposed to a
plasma to activate a film deposition reaction. As depicted in the example shown in FIG. 3, the

process station is provided with a continuous flow of reactant A, which may be, e.g., an auxiliary
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2% 1. 456 -165 6.6 7.87 200W 02 pl.asma (HF only)

reactant such as oxygen, and an inert gas at plasma treatment sweep phase 390A. Sweeping the
process station may remove volatile contaminants from the process station. While a sweep gas is
shown in FIG. 3, it will be appreciated ﬁhat any suitablhc reactant removal method may be used
- within the scope of the present disclosure. At plasma treatment activation phase 390B, a plasma
is ignited to treat the bulk and/or near-surface region of the newly deposited film.
[0132] | While the example of FIG. 3 includes one instance of a CFD cycle including a
plasma treatment phase, it will be appreciated that any suitable number of iterations may be
employed within the scope of the present disclosure. Further, it will be appreciated that one or
more plasma treatment cycles may be inserted at intervals (regular or otherwise) between normal
deposition cycles. For example, FIG. 4 shows an example of a CFD process timing diagram 400
including a plasma treatment phase inserted between two deposition éycles. While the example
of FIG. 4 includes a plasma treatment cycle inserted between two deposition cycles, it will be
appreciated that any suitable number of deposition cycles may precede or follow one or more
plasma treatment cycles. For example, in a scenario where a plasma treatment is used to alter 2
film density, a plasma treatment cycle may be inserted after every tenth deposition cycle. In a
scenario where a plasma treatment is used to prepare a sﬁrface for adsorption and reaction
events, a plasma treatment phase may be incorporated in every CFD cycle, e.g., after each CFD
deposition phase.
[0133] Plasma treatment of the deposited film may alter one or more physical characteristics
of the film. In one scenario, a plasma treatment may densify a newly deposited film. Densified
films may be more etch-resistant than non-densified films. For example, FIG. 5 shows an
example of a comparison 500 of etch rates for example CFD processed silicon dioxide films

relative to thermally grown silicon dioxide films. The example film examples of FIG. 5 were
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10 sec. 1000W 02 plasma (BF only) 0.6 5% 2% 1.466 -138 3.9 1.59 1
1000W 02 pl asma (HT/LF) 0.6 -9 1.59 10 sec.

deposited over a range of temperatures from 50 to 400 degrees Celsins by CFD processes 502
and 504. For reference, relative etch rates for undoped silicate glass (USG) and silicon dioxide
spacer layers deposited by plasma-enhanced CVD processes are displayed in FIG. 5. Films
produced by process 502, which included a one-second high-frequency oxy gen plasma activation
phase in each deposition cycle, were approximately one-half as resistant to a dilute hydrofluoric
acid wet etch (100:1 H20:HF) as film 504, which included a ten-second high-frequency oxygen
plasma activation phase in each deposition cycle. Accordingly, it will be appreciated that
varying one or more aspects of the plasma activation phase and/or including one or more plasma
treatment cycles may vary an etch rate of a deposited film. |

[0134] In another scenario, plasma treatment of a ﬁlnll may vary the stress characteristics of
the film. For example, FIG. 6 shows an example of a correlation 600 between wet etch rate ratio
and film stress for example CFD silicon dioxide films. In the example shown in FIG. 6,
decreases in the wet etch rate ratio by, for example, extending a plasma exposure time, may
increase a compressive film stress.

[0135] In znotber scenario, plasma treatment of a deposited film may provide transient
differential removal of trace film contaminants (e.g., hydrogen, nitrogen and/or carbon in an
example silicon dioxide film) relative to other film constituents (e.g., silicon and/or oxygen in an
example silicon dioxide film). For example, FIG. 7 shows an example of a correlation 700
between deposition temperature, plasma exposure time, and film contaminant concentrations. In
the example shown in FIG. 7, a CFD silicon dioxide film 704 deposited at 50 degrees Celsius
and having a ten-second oxygen plasma activation phase exhibits lower concentrations of
hydrogen and carbon than a CFD silicon dioxide film 702 deposited at the same temperature but

having a one-second oxygen plasma activation phase. Modifying contaminant concentrations in
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12% 5% 1. 472 -264 3.9 155 PECVD Si 02 600 3% 1% 1.477. -238 4.2 5.28

a film may modify electrical and/or physical properties of the film. For example, modulating
carbon and/or hydrogen content may modulate a film dielectric constant and/or a film etch rate.
Accordingly, it will be appreciated that varying one or more aspects of the plasma activation
phase and/or including one or more plasma treatment cycles may provide an approach for
varying film composition. |

[0136] While the plasma treatment discussed above relates to an oxygen plasma treatment, it
will be appreciated that any suitable plasma treatment may be employed without departing from
the scope of the present example. For example, in some examples a substituted amine may be
employed as a nitrogen-containing reactant in a suitable CFD process in place of NHs. Although
replacerent of NHj3 with a substituted amine (e.g., an alkyl amine like t-butyl amine) for
conformal SiN deposition may provide a number of benefits, in some instances, the deposited
film may include carbon r;asidue originating from the alky! amine reactant (e.g., carbon residue
from the three methyl groups inciuded each t-butyl amine molecule (Nﬁz—(CH3)3)). This in-film
carbon may result in electrical leakage and may render the film unusable for some dielectric
barrier applications.

[0137] Thus, in some examples, igniting a hydrogen plasma during SiN film deposition may
reduce carbon residue in the SiN film, which may comparatively improve the insulating
character of the film. In some examples, the reduction in carbon residue may be readily
observable in FTIR spectra. For example, the SiN:C-H levels may be reduced from
approximately 10% atomic to approximately 1% atomic.

[0138] Therefore, in some examples, a silicon nitride film may be deposited with a CFD
process using an alkyl amine or a mixture of alkyl arpines included in the njtrogcn—containing

reactant and one or more instances of a hydrogen plasma treatment. It will be appreciated that
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[ 0130] For exanple, FIG 3 schematically shows an exanple of a

timng diagram 300 including a deposit?on phase 310 Pgllomed b?Fg B{ggﬁzs
treatment phase 390. It will be appreciated that any suitable plasm nay be
used during a plasna treatnment phase. In a first scenario, a first plasma
gas may be used during activation in the deposition cycle and a second
different plasma gas may be used during a plasma treatment phase. In a1
second scenario, a second, different plasma gas may supplenent a first

pl asma gas durlng the plasnma treatnment phase. Non-limting paraneter ranges

S e T G I
phase Ti éIEclo(s&rg.C u%,' i%%on%‘é) éxgmplcs, an admixture of H, with a gas such as He or Ar, or other H-
containing gases, or active H atoms produced by a remote plasma source, may be used to treat
the deposited film. Further, in some examples, the carbon content of the film may be tuned to
any suitable concentration by varying one or more of the number of treatment pulses and their
duration, the intensity of the treatment plasma, the substrate temperature, and the treatment gas
composition.
[0139] While the hydrogeﬁ plasma treatment discussed above relates to 2 silicon nitride
film, it will be appreciated that application of a suitable hydrogen plasma treatment may be used

to adjust the carbon content of other CFD deposited films, including, but not limited to, SiOx,

GeOx, and SiOxNy.

[0140] Certain examples disclosed herein pertain to ultraviolet treatment (with or without
plasma treatment) of oxide CFD films. The tIcaUnenf may mitigate defects in the oxide and
improve electrical properties such as CV characteristics of a gate dielectric. Device and package
applications employing CFD oxides that can benefit from such treatment include thru-silicon
vias, logic tech.nélogy employing gate oxides, shallow trench isolation (STY), thin thermal
oxidation formed after STI-photoresist strip, sacrificial oxide (e.g., ~60A) before a P-well
implant, post “well” thermal oxide growth, gate/channel oxide, DRAM PMD PECVD Oxide..

[0141] In some cases, untreated CFD oxide films have been observed to have relatively poor
electrical performance due to, it is believed, fixed charge in the as deposited film. For example,
some films have been found to have significant within-wafer Vib variations. Such problems

have been resolved by using a post-deposition treatment with UV-radiation and/or a thermal
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0.25-10.0 Ar (sccm 1-20 1-20 Pressure (ton) 1-4 1-4 Te C) 50-400 50-400
BF Power (W 50-2500 50-2500 LF Power (W O0-2500 P (O

anneal in the presence of hydrogen. It is believed that this process passivates and/or alleviates
defects related to fixed charge at the (1) oxide to silicon interface or (2) within the deposited
dielectric fitm or (3) at the air to oxide surface (surface charge). Using such treatment, the Vib
spread for as deposited oxide has been tightened from 8.3V to about 1.5V after UV cure.

[0142] Wi]ile the these examples are primarily concerned with improving oxide films, the
disclosed method may be applied generally to the growth of dielectrics, metals, mctal_ to
dielectric interface engineering. Specific dielectric ﬁateﬁﬂs include, for example, silicon
oxides, including doped silicon oxides, silicon carbides, silicon oxycarbides, silicon nitrides,
silicon oxynitrides, and ashable hard mask materials.

[0143] Examples of treatments that may be applied to improve dielectric properties include
the following:

[0144] (A) Post deposition treatment of dielectric films synthesized by CFD with UV cure
and then hydrogen-anneal. In the simplest examplc_:, UV treatment may be used alone to reduce
fixed charge. |

[0145] (B) Pre-treatment of the substrate prior to CFD-dielectric film deposition with
treatments including: H,-plasma, No-plasma, Nlez'-plasma, NH;-plasma, Ar-plasma, He-plasma,
He anneal, H,-anneal, NH;z-anneal, an_d UV cure in the presence of He, H;, Ar, Na, Ho/No-
forming gas, NH;. Plasma processing may be enabled with various plasma generators including,
though not limited to, microwave, ICP-remote, direct and the like.

[0146] (C) Concurrent treatment (curing during deposition) with treatments inclnding: Ho-
plasma, Nj-plasma, Na/Hy-plasma, NHz-plasma, Ar-plasma, He-plasma, He anneal, Hj-anneal,
NHs-anneal, and UV cure in the presence of He, H, Ar, Ny, Ho/N,-forming gas, NH;. Plasma

processing may be implemented with various plasma generators including, though not limited to,
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0-2500 [O0131] At plasma activation phase 380 shown in FIG 3, the substrate
surface is exposed to a plasna to activate a filmdeposition reaction. As
depicted in the exanple shown in FIG 3, the process station is provided
with a continuous flow of reactant A, which nay be, e.g., an auxiliary
reactant such as oxygen, and an inert gas at plasnma treatnment sweep phase
390A. Sweeping the process station may renove volatile contam nants from
the process station. Wile a sweep gas is shown in FIG 3, it wll be
appreci ated that any suitable reactant renoval nethod may be used within
the scope.of th resent .. di scl r At IRRbicaal idtadibgd phase
390B, a E‘I“’é%‘?f’é(eﬁgpir%?tf’eddr e‘ftoamti?%grrts %P%‘QI %ﬁt{b%%g%é%e oar%lnear-lscurface regi on of
the newly deposited fil.m. [ i - mEI& exdobl?€ lduees one

i nst anceg’&wsgmgpﬁﬁ’ gfi/a lel‘m: 13‘%?%&30%%%%% ]g)lt g%%%@%é?%gllto%ep% Ehase% it will be
appreci ated that _an I e, o ht | jQRemiEY tB/merTRF a¢&dnw t hi n

t he scopglwafﬂ%mbcf%(’vs%%%ﬁ%%c os%?gdl%hﬂi%%?ﬁ&%t w Il be appreciated that
one or mpre pla t AC VeyBi8s in admaboidt Nt 10bscles.egul ar
or ot her ctgvg% %g‘ﬁé’gfﬁ?ﬁ%?@n% Adée{‘g%’?tqi%nycycl gg%lyzor exanple, FIG 4 shows
an exaﬁp'Ae?@fc A SR RLRERSE) § byHlep o CFBg%ias:4ah foNehdddiyTz) e pt mswdilir eat ment
phase i nse e%} Between two deposition cycles. Wiile the exanple of FIG 4

i ncl udes 3.0l AS W, Lh £ 8t RE Hemb%ea b Mbte . latamama WY-themesi) i obowedy c| es,

it will be appreciated that any suitable nunber of deposition cycles may
precede qf #0dl,Qu QNETOExiEPEEwRl TSiFandtodatdyeiriusal ol geow 2 Bon obxangskiesd in a
scenario Where'a plasma treatnent is used to alter a filmdensity, a plasm
t reat menty;emelse may be inserted after every tenth deposition cycle. In a
scenario where a plasma treatnent is used to prepare a surface for

adsor pti qgi@nd I eBrti aRaBRNhSarted aPby@sdBct by eay plesma pted sbovrye bebelium

i ncorporated in every CFD cycle, e.g., after each CFD deposition phase.

[ 0133] Pl aiBhalhaatvantiatoh).t he deposited filmmay alter one or nore physical
characteristics of the film In one scenario, a plasnma treatnent may
densify aop@y y Oepesirpkcbf kipiareduBefos inf site dforé’] dnsingie G enshies BVARSRS| st ant
than non-densified filnms. For exanple, FIG 5 shows an exanple of a

conpar i sopusMkg operationd) rates for exanpl e CFD processed silicon dioxide
films relative to thermally grown silicon dioxide filnms. The exanple film
exanpl es @f R GatmRniMes Be-plaposi ted over a range of tenperatures from50 to
400 degrees Cel sius by CH) processes 502 and 504. For reference, relative
etch rat eg)gepayndeped silicate glass (USG and silicon dioxide spacer

| ayers deposited by plasnma-enhanced CVD processes are displayed in FIG 5.
Films progyegge by process 502, which included a one-second high-frequency
oxygen plasnma activation phase in each deposition cycle, were approxi mately
one-hal f ag OesirH fildmatactivatieh | ut e hydrofluoric acid wet etch (100:1

H20: 11F) as film 504, which included a ten-second hi gh-frequency oxygen

pl asma actjypaigeon phase in each deposition cycle. Accordingly, it wll be
appreci ated that varying one or nore aspects of the plasma activation phase
and/ or i n¢d)Repaagstena-50on yirhiradilplofdevaed thigkiteplent cycl es may vary an etch rate
- of a deposited film [0134]In another scenario, plasma treatnent of a film
ey vary §{foftr s Sanghaf ant eirk sbidit®noinay be employed in any of the listed contexts.

D

Generally, the pedestal temperature will be maintained between about 250 and 500C during the
cure. For many device fabrication applications, the upper temperature will be limited to 450C or
even 400C. The ambient employed during the cure may be inert or reactive. Examples of gases

that may be present during the cure include helium, argon, nitrogen, forming gas, and ammonia.
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the film For exanple, FIG 6 shows an exanple of a correlation 600 between
wet etch rate ratio and filmstress for exanple CFD silicon dioxide fil ns.
In the exanple shown in FIG 6, decreases in the wet etch rate ratio by,
for exanple, extending a plasma exposure tine, may increase a conpressive
filmstress. [0135]1n another scenario, plasnma treatnment of a deposited °
filmmay provide transient differential renoval of trace filmcontam nants
(e.g., hydrogen, nitrogen and/or carbon in an exanple silicon dioxide film
relative to other filmconstituents (e.g., silicon and/or oxygen in an
exanpl e silicon digxide fil For anpl 0, of a
correl at il5f ﬂ?UGatB é’? e rgaﬁéaag% Ib% about ?ﬁo 98 08? sc!an.,Gbre era%g'aé%ut%og)ﬁﬁ@b@

ion fenperature,; “plasma exposure tinme, and

fil mcontam ngpt concent ions. | QE q ggynm' etwdenCFD
silicon dftki %Ee ??Weﬁlogglﬁﬁ'ﬁ}e%%g in%agdf%éte %(igag?d etgéﬁ S| E% r%ﬁ%iﬁ%gvtiwﬁz a
ten-second oxygen .plasma activation. I i s i ons of
hydr ogen Wﬁ%%g Jﬁd?hg%fgmﬁé%ﬁéé?¥%§E@E?%gﬁggppﬁﬁﬁ#gggﬁdggggnggaﬁi t he
sane tenpgagé%:#%ﬁg 2&}- NIk} g@%ﬁ%b&'?@o SRGRf g&ﬁ%ﬁ.ﬁfﬂe Ple@SfBn AT neRil 4 @Nevehase.

Modi fyi n ant con trations in m hmay nodi'fy electrica

and/ or physj.cal BLoReRtLe5 0L the film For exanple, modulating carbon
and/ or hy&rogen content may nodulate a filmdielectric constant and/or a
filmet Cftggs’ibt]e- @ﬁ&?ﬂaﬁh@&!a}ﬁ el bn Whdchive-RR6 8ECRD 8fidt hal obtanad wihgahe or
nore aspects of e plasm gcilvatlon phase and/or including one or nore

pl asma tregt %Lmﬁﬂﬁhgs may provi de an approach for varying film
conposition.Q? 136] Wi le the plasnma treatnent discussed above relates to an

oxygen pl ApBesll £AbdRME = 06cW | | be appreciated that any suitable plasna
treatment nmay be enpl oyed without departing fromthe scope of the present
exanpl e. Fo@xRaRe, iNn sone exanples a substituted am ne nmay be enpl oyed
as a nitrogen-containing reactant in a suitable CFD process in place of

NH3. Al t houghsirephagenent of NH3 with a substituted amine (e.g., an alky
amne like t-butyl amne) for conformal Si N deposition may provide a nunber
of benefi fSgow BiesOTEO0ORGEANCES, the deposited fil mmay include carbon
residue originating fromthe al kyl am ne reactant (e.g., carbon residue
fromthe three nethyl groups included each t-butyl am ne nol ecul e

( NH2- ( CH3}@F)} Thi Somhdeainpies, cathironl aspalr@shd pxifaiseedemmedl @figr hedRagEeand my
render the filmunusable for sonme dielectric bather applications.

[ 0137] ThuSperitivns e exaaipjs s following convifioas wygmesgénthprenssta during SIN film
deposition may reduce carbon residue in the SiN film which may
conpar at i uebed T+006ve the insul ating character of the film In sone

exanpl es, the reduction in carbon residue may be readily observable in 1,
11R spect raAmbont etlanple, the SIN. CG-H |l evel s nay be reduced from
approximately 10% atomi c to approximately 1% atomc. [0138] Therefore, in
sone exanpl Bsssu@=si.3T@on nitride filmmay be deposited with a CFD process
using an al kyl am ne or a mxture of alkyl am nes included in the

ni t r ogen- cloRbwriraesry7Peerst Bht308A6FCBTE? or nore i nstances of a hydrogen pl asna
treatnment. It will be appreciated that any suitable hydrogen plasm may be
enpl oyed wi thout departing fromthe scope of the present disclosure. Thus,

in some exanples, an adm xture of H2 with a gas.such as He ar Ar. or. other
H cont ai nilBtp2yaseBhe mysiaE %qd\FéﬁcF?%tCBﬁ‘ﬁCtﬁ?sﬁﬁﬁRf ‘1?‘905&34 ’glﬁb‘i“éy %Foaée “Eur ce,

may be used to treat the depositedc%ll Further, in ?oqp e gqghgththe
car bon corfiveadiuste otfe P RAARF S S1CG AR IFROH M RGT b € EBRE &t rat1 on by
varying one or nore of the nunber_of treatnment pul ses @E& thei?FB%ﬁ%tion
t he i nt ens100yf #fe sxpaple Aepigtsde tF1 G 7a§1ﬁ‘h,sh°f”ﬁém§ﬁac‘?§’§er§ BROPBRPETSTUre. ‘and t he
treatment cgc?siﬂon temperature and film contaminants concentration. As film deposition temperature

increases, incorporation of film contaminants decreases. In another example, the example shown



conposition. [0139] Wiile the hydrogen plasma treatnent discussed above
rel-ates to a silicon nitride film it wll be appreciated that application
of a suitabl e hydrogen plasna treatnment nay be used to adjust the carbon
content of other CFD deposited filns, including, but not limted to, SiOx,
GeOx, and Si OxNy. [0140] Certai n exanpl es disclosed herein pertain to
ultraviolet treatnment (with or without plasnma treatnent) of oxide CFD
films. The treatnment nay mitigate defects in the oxide and inprove

el ectrical properties such as CV characteristics of a gate dielectric.

{1 om Such TBcatemicoRL? HRprPe I Fstnt dioon e TS REaRe i g
3t or SroephBtOPBRTE SR SAERTPRLETe cpiip il e h Ry ES ol (2T,
PECVD, G pliet o ey pag? bBe S, PCK B ER e Ol R B R
obser Vel L g et L AL 00t SISl pRBEROTIBRGS Mt Qi | o

bel i eved € as deposit m “For exanple, some filns

have beepfound,{ o ave.SLaRL! LP ANk dArEECIsYbb abicby QaSg uBuch

pr obl ens aV& Been y using a post-deposition treatnment with

UV-radi ati on 6{? %4%& g@cgpﬁra%lcon-mg tActhil Gn P bR ENGRY PR hithud bageR.anl t i S

bel i eved 'RAT" 0Cess passivates and/or alleviates defects related to

fixed charge at t.h Jr,)1 oxide to silicon interface or (2) within the
deposi ted’x%eglcé%%]rn?%& ITmor (3) at the air to oxide surface (surface

charge) . pghndg [ £8EABEd that VA8 200l PRYEACLnHEE cladriche RS thedtetnicde has
been ti gtﬂt’%ﬁgd ?[ygg%%.%@%to about 1.5V gfger UV cure. [0142] Wil e the these
exanpl es gt ng’Jdi&Bés&d %&é?ﬂﬁ%ﬁeﬂe WhpoRhuki TR 16 WA d&ide@erfdridafide, and hielddisscl osed
nmet hod may be applied generally to the growh of dielectrics, nei-alg,
netal to gijelephbsrhmitkdicehb@seaspirEi dTarRvics gramfipeeiok ipocekisahegttiinc Ambrer i al s
i nclude, for exanple, silicon oxides, including doped silicon oxides,
silicon %B—l?jircéﬁ%, exBrhpl, AR aDAY Bt elets rateSibbiacrastiod frai CHETS silisdnl diogde film
oxynitrides, and ashable hard mask materials. [0143] Exanpl es of treatnents
that may he aRll kRdfkD ai GRGeMe f6hi el Gtdpi haydr ey kid sthenptasee intgrafian | owi ng:
[0144] (A) Post deposition treatment of dielectric filnms synthesized by CFD
With U cippieaand. theodhygs egens enngds of FFD edusidfilmeste eroaidpd bereiwfor
treatnent may be used al one to reduce fixed charge.

application throughout an integrated semiconductor device fabrication process.

[0154] In one scenario, a CFD process may deposit a conformal silicon dioxide film on a
non-planar substrate. For example, a CFD silicon dioxide film may be used for gap fill of
structures, such as a trench fill of shallow trench isolation (STD) structures. While the various
exarnples described below relate to a gap fill application, it will be appreciated that this is merely
a non-limiting, illustrative application, and that other suitable applications, utilizing other
suitable film materials, may be within the scope of the present disclosure: Other applications for
CFD silicon dioxide films include, but are not limited to, interlayer dielectric (ILD) applications,

intermetal dielectric (IMD) applications, pre-metal dielectric (PMD) applications, dielectric
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[0145](B) Pre-treatment of the substrate prior to CFD-dielectric film
deposition with treatnents including: Hz-plasm, N2-plasm, N2/ H2-plasng,
NH3- pl asma, Ar-pl asma, He-plasma, He anneal, Hz-anneal, NH3-anneal, and W/
cure in the presence of He, Hz, Ar, N22 Hz/N2- form ng gas, NH3. Plasnma
processi ng may be enabled with various plasma generators including, though
not limted to, mcrowave, |ICP-renpte, direct and the |ike. [0146] (O
Concurrent treatnent (curing during deposition) with treatnents including:
H2- plasma, N2-plasma, N2/ H2-plasma, NH3-plasma, Ar-plasma, He-plasm, He
anneal , Hz-an ; 5 i kel AP Eatiohs, H@vorHz, Ar,
Nz, H21ﬁ5??d¥2§§£ gas,n§ﬁ§?§gi3@%%“%%6%@%53ﬁguﬁgs be iﬁ%ﬁénented wth

various %ﬁﬁg%mgﬁgg&ﬁg o id DEAMG b PSatiddfough not limted to, mcrowave,
I'T ect

| CP-renot e, and ot hers known to those in the art. Isotropic and

di 1 ect i afjpls) PAGERRHNGBhap e B2k Qi 4ok uBiziGfor biratG ot ioetead o
renote plasia,” UV exposure, direct plasma, and m crowave plasma. An exanpl e

met hod i A?&Lﬁ!d ABSimtsNtFef Hatb RN bérbeadpRR Bticadd glhigBSE), Mphespit@erdogedifisteof
(...1-0 cycles. A group of CFD cycles may vary from about 1 to 10000cycl es.
A typi Callass PRSI bievei & bl Shodphdrud dsppe kitisato flaEHBPBS) celdbowth Dopddowed by
(2) one or nore filmtreatnents with any of the nethods descri bed above

(e. 9., HerphesRan bdehpleni e piovide fcohfomad dogiyg in3or Sramyile shred-digEDiwRl de
grow h. This nethod may be used to grow a filmof any desired thickness.

[ 0147] ( DyankiMot E@ahm®NEuch NPambkickars FoPT © cind t thisy-dawepsipiab gnendry stedersabove

(e.g., a heliumplasma emts UV radiation). [0148] One exanple of a

pr ocedur gordvertiohdl i6h timplantens efanahuireasily Gdpe s@ERaltsy chpepiglly nv diahesPedhdadl | owi ng

operations: (1) WV treatnent via He-plasma (2) BTBAS dose
structures. CFD doped oxides as diffusion sources have various advantages. First, they provide
high conformality at low temperature. In comparison, low-pressure CVD produced doped TEOS
(tetraethylorthosilicate) is known but requires deposition at high temperature, and §ub-
atmospheric CVD and PECVD doped oxide films are possible at lower temperature but have
inadequate conformality. Conformality of doping is important, but so is conformality of the film
itself, since the film typically is a sacrificial application and will then need to be removed. A
non-conformal film typically faces more challenges in removal, le. some areas can be
overetched. Additionally, CFD provides extremely well controlled doping concentration. As
mentioned, a CFD process can provide from a few layers of undoped oxide followed by a single
layer of doping. The level of doping can be tightly controlled by the frequency with which the
doped layer is deposited and the conditions of the doping cycle. In certain examples, the doping
cycle is controlled by for instance using a dopant source with significant steric hindrance. In

addition to conventional silicon-based microelectronics, other applications of CFD doping

include microelectronics and optoelectronics based on II-V semiconductors such as GaAs and
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(3) Purge (4) 02/ Ar-RF plasnma activation (5) Purge (6) Repeat steps 1-5 to
yield a filmof desired thickness. [0149] A range of UV cure conditions may
be enployed in any of the listed contexts. Cenerally, the pedestal
tenmperature will be maintai ned between about 250 and 500C during the cure.
For many device fabrication applications, the upper tenperature will be
limted to 450C or even 400C. The anbi ent enpl oyed during the cure may be
inert or reactive. Exanples of gases that nay be present during the cure

i nclude helium argon, nitrogen, formng gas, and ammonia. The flow rate

of such gases may_be about 2 00,.scc 4808t o
18, 000 sgc‘(ﬁ SGIPFFQX%%% sugh a3 ﬁé&%\% 8%"2%}”}%1%’ %?B?&Ei;(%%@éhg%é&%o 5:10 kW and

preferably between about 3.5-and 7 kW An appropriate duration of exposure
to UV fr&RolRgh source is between about 20 and 200 seconds (e.g., about 90
seconds). Finally, the pressure may be held at a | evel between 0 Ton and
about 40 Ton. [0150]In a specific exanple, an effective treatnent of CFD
oxi de was_obt ai ned usi t he fol | AL dLRBS sters peE@RAtAl difr@smer at ur e
= 400C 2.[°lﬂ%oi entomE %r@.mﬁesesgssﬁ%%ng%oﬁ%n I;Ifl.g 4. sFIIJSOI\’/?/ rate = 10,000 sccm

,E géSJU\]/I 2 ?éogl%or? %(o%{gpllesxﬁﬂhgaa Jagﬁmgak%ﬂ@ %?—L:xﬁguﬂz B&weshl cﬂﬁ)siti%n pRedseds NEIG.af t er

8 schematically shows an example non-planar substrate 800 including a plurality of gaps 802.
As depicted in FIG. 8, gaps 802 may have varying aspect ratios, which may be defined as a ratio
of gap depth () to gap width (W) for each gap 802. For example, 2 logic area of an integrated
semiconductor device may have varying gap aspect ratios corresponding to different logic device
structures.

[0157] As depicted in FIG. 8, non-planar substrate 800 is covered by a thin, conformal film
804. While conformal film 804 has completely filled gap 802A, gaps 802B and 802C remain
open. Closing gaps 802B and 802C with a conformal film may lead to extended process times.
Thus, in some approaches, a thicker film may be deposited ex-situ by a higber deposition rate
process, such as a CVD and/or PECVD method. However, ex-situ deposition of gap fill films
may reduce wafer throughput in a production line. For example, substrate handling and transfer
time between a deposition tools may reduce a number of substrate processing activities during a
production period. This may diminish production line throughput and may require the
| installation and maintenance of additional process tools in the production 1ine.

[0158] ' Further, while gap 802C may have an aspect ratio suitable for a gas-phase deposition
process, 802B may have an aspect ratio that may lead to incomplete filling by a higher
deposition rate process and may form a keyhole void. For example, FIG. 10 shows an example

high aspect ratio structure 1000 formed in substrate 1002. As depicted in FIG. 10, bread loafing
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operation. In one exanple, the follow ng conditions were used in the
anneal : 1. Fed T = 400C 2. Anbient = H2 + N2 3. Pressure = 2.5 Ton 4. Flow
rates = 750 sccm H2 ; 3000 sccm N2 [ 0152] The physical and el ectrical
characteristics of the deposited filmmay al so be altered by adjusting

ot her process paraneters, such as deposition tenperature. For exanple,
correlation 700 of the exanple depicted in FIG 7 also shows an exanpl e

rel ati onship between CFD fil m deposition tenperature and fil m contam nants
concentration. As filmdeposition tenperature increases, incorporation of .
filmcontam nants _decreases, .| ot skQpRe in FIG
5 i 11 ust PECEIIPRG e feppsinon ph.jpe %@mrﬂgﬁégggp@gﬂﬁp egﬁt’é‘?eﬁ@g?m&di oxide Cl-D
films decreases as depasiti-Qn.t . 0e cihRgchaabove.

Qt her deﬁ%‘g? BrHRe Eé?Pﬁ%gta@grl & ﬁﬁgmngt@g%ee?d%ngg g%&ggentt ng&tg%’ewfi m g
properties.include RFE power, RF frequency, pressure, and flow rates.

Furt her, ?elaﬂtos ﬂlée%?%'l es, filmcharacteristics nmay be altered by altering
a reacta l ection. For_ e - : fra8 SObBIiisdiedi OXi de
film rrayrﬁi}éﬁfedct}téuena aﬁgro%éfsneéaa{@tcr&ggia%%%gggggﬁgu ﬁ?#gﬁggh(% gCg) as a

si l'icon-cont al N0 i h QipsNEb#OKS, sfohl di6igR Sl nay

oxygen- c8n v%ad?nr‘ﬁndﬁglg? éeg%tﬁfgﬂ%ﬁha?g%égﬁfﬁggwolﬁ?%bg Pappr eciated t hgl vari ation of
physi cal r?cﬂﬂé %dltg)lng(ﬁrlarshﬁ tepk | cha A8 BAGdealebish Higfeult! b6y OB W@iistdiseded
above, may’ provide opportunitiés to adjust device performance and yield, as
wel | as Qppart Ml Gucto R 4, ¥EREGla§ iffredleMthOfaciiing bact Thinh process
integration. As one non-limting exanple, the ability to tune etch rate
char act e shiiGs  BED3rdokP Y kichadartin@it densitioh MomeyCHRjecdsh® £ CVinasd/gandi dat e
for etch stop, hard mask, and other process integration applications.

Accor di ngl yecvBbidekks. e¥RLAS, b ChldvRraditessle bf b CFDarecepy thvingédgher ei n f or
application throughout an integrated sem conductor device fabrication
process. dofkidhisbeanvaeEnes thze pRasé&EOIFD poess phay 9eedrpeist ancexempif 6FRal
silicon dioxide filmon a non-planar substrate. For exanple, a CFD silicon
di‘oxi de fjrbdms e bBorleseith, & 6inglg @PDprdckssafcls isrshiotuindls:, exsmplh degicted mriddch fil |
of shallow trench isolation (STI) structures. Wile the various exanpl es
descri bed, hpduphvitr @illseeappreciated) it iyl duitatp humlzer iob AFDi proasks| ¢yclse aehplesed at ed
that this is nerely a non-limting, illustrative application, and that

ot her suitcabhdt appk ineatbi drtdediin CFI2 progeso phese 9821 Adbngitien phesheddelollers, may
be within the scope of the present disclosure: Qher applications for CFD
silicon dCExipeheess iphas 9Dhchsidepictdduin taer example of iFifF-t% dransifion| phassrq04 jrafudes
dielectric (MD) applications, internetal dielectric (I1VID) applications,
pre- met al asgéced @ dbthiaCRDRIpCEYs 2app PECHDiporrsss- Gpesifiselly: reactantiByig providsy to the

t hrough-silicon via (TSV) applications, resistive RAM ( ReRAM apepl ications,
and/ or st prokeegstampaest the Fud cfarent B RO MHRSIVYD B hetatacgps A and B are both

present in the gas phase during plasma activation phase 904B. This may provide PECVD-type

gas phase reactions concurrently with CFD-type surfac_e reactions. While transition phase 904
includes only one iteration of reactant B exposure phase 904A and plasma activation phase
904B, it will be appreciated that any suitable number of iterations may be included within a
transition phase.

[0160] | In some examples, a plasma generator may be controlled to provide intermittent

pulses of plasma energy during plasma activation phase 904B. For example, the plasma may be
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[ 0155] Doped si'licon oxide nmay be used as a diffusion source for boron,
phosphorus, or even arsenic dopants.. For exanple, a boron doped silicate

gl ass (BSG, a phosphorus doped silicate glass (PSG, or even a boron
phosphorus doped silicate glass (BPSG could be used. Doped CH. ) |ayers can
be enpl oyed to provide conformal doping in, for exanple, three-dinensional
transi stor structures such as nmulti-gate FinFET' s and three-di nensi onal
menory devi ces. Conventional ion inplanters cannot easily dope sidewalls,
especially in high aspect ratio structures. CH..) doped oxides as diffusion
sources BAvA ¥ 8hd @YSore BYRBIRE cludmig Sit, not hieytedy too freahendids Patveemblol0nidt i ty at

| ow tenperature. I n conparison, |ow pressure CVD produced doped TEGCS
(tetraet hyd pyoteho Sinksi St e@hants slge@nerariiy tedapingredredepasy of vn bambandryyt
tenperature, and subat nospheric CVvD and PECVD doped oxide filns are

possi bl e ;fdonpaiddh tol sFRETuaisil AmBUFurthexy ¢hid magkedura i bowhirdment(dpmage to the
Conformality of doping is inportant, but so is conformality of the film
itsel f, siviGRet IFer éxiainple} pipiorasist yutissates mae bt Biodédaby wpHombardingst SHRRE % | | t hen
need to be renoved. A non-conformal filmtypically faces nore challenges in
renoval , cbntuos @hEmarkeskngdrpldsma evesrpesheduce prRICTESGARPEY, CFD provi des
extrenely well controlled doping concentration. As nentioned, a CFD process
can provi[es1f r orin shefepamplaghews iofIGuy Adbpler i facarapy BHiwieplpsa? YR | ayer
of doping. The level of doping can be ti ghtl_y contraqlled by the Q‘{ equency
Wi th whi gphasetRo4Bldpless thayte fiow Wepdgpaceat Rrittpneeeeand eXRoMEe 8825¢ REYopi ng
cycle. In certain exanples, the doping cycle is control]ed t% fg{) }% nst ance
using a dipantacem oy b ‘tiskisf Gintorthe BrAgess ftation dumnelAsRA Al S P %on t o
conventional silicon-based m croel ectronics, other pli cg%i ons tpf CFD

dopi ng i ridiudey proddos Eaebse RECY Daisertiop s EBlaeis e ST b aee SU5H° (3

sem conductors such as GaAs and  |1|-VI semn conduct grs B U aasblglg%ie‘ge,

phot ovol tBgveeser, f|vak b?)&??éﬁma&fjélﬁﬂt’ﬁ?f?m%\ﬁ’ﬁ”@ﬁcé’ TR BAFE et ATidI%5gy .

[ 0156] Some gap fill processes involve wo film depasition st er fornmed
on di f f er&wng 8&pgs PEsHHACH BEPR PP AYFS ‘#\egcoéfrs\‘? ﬁgﬁﬁ?ﬂg‘g%gf?s% nI*s g g’%?npgz)’(%os ure

bet ween deposition processes.. FIG schenat i cal | s

non- pl anat TG PheeLingBEE O IH1AY %rﬁicgf’g?ieﬁ?sué? X%d?a%n%\é%(fgﬁb aﬁsﬁggiﬁ?ct ed in
Fati o of Gl AR BT S e RS e RaL S B o dgsRre 73
| ogic area of an integrated sem cqonductQr. ' VALY Bi9pgap
aspect r abidYEREH? F%@’E%Hﬁf“ﬁdcqvgggd]l ?cl\a &f g‘?f"’t”‘f’%gﬁé& it 0%35@1?50%%{%2. TT0157] As
e e e e R i b
802A, gap 02B and 8 engl .. . | lRe@REhsSO0RC W th a
conf or nal a}:}%lpfﬂcﬁﬁgﬁs%%%%ee togﬁg‘gl%&pcp %%:(giﬂssﬂglognggévé us, ?_nssoma o
ote proclled sudels SN R RS, B0 udal gt fowest i on
deposi tion f ap fill fi . r ek e ;gnlgf,g)l&g,ﬁmm), rétest qREREELCT 1 ON

| i ne. For c’étgbé'ﬁ'%l ea,no‘ésu%g’trér g{ﬁgs]ﬁgﬁ;&:laﬁﬁé&%ﬁh tre(linsfetr tinme bﬁét &/een a

deposi tion tool JBUESEsiRE i HPSEiAk @f RICFDESSieROptAsd | Bist | es
during a g‘?%ﬁuﬁ?%ﬁé{%g@?ggg I‘?’?\i S mag)/mdi Fn ni sh glr oducti on Ieigﬁ% t hr oughput
and may reguir 4 dBhd | o R R Bposaedlid b Badmppr afcess
tools in ?raﬁlﬁﬁgo@%c%qogﬁk?is%gd F%llsgig?lzﬂl}?t her, alhi I ef)%ap 802C ma;J have an

aspect ratn'!a.gsit?lﬂi L2018 0k x A G RIYRS B HEPOSH dikiffle, FirQtaSIonSNABMBMaNave an
aspect ratio Tt may lead to inconplete filling by a higher deposition

rate proc ARY, £97 wdr Kewhal &t Yeiteht Feirin@ R Pheitiol pkase, 1Ad skows  an
exanpl e h?’éﬁiqusggﬂect rarts}?o sEtructure 1000 formed in substrate 1002. As

depi ct ed iéﬂn&tﬁo@ ﬁl.ﬂi%GO@'hﬁ?-@e |d@[§)fsiitd&gat a second, higher flow rate of reactant B later in the
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effects during the deposition of thicker film 1006 have produced keyhol e
voi d 1008. Keyhol e voids may be re-opened and filled with conductive filns
i n subsequent processes, which nay | ead to device shorting. [01591Sone
approaches to addressing high aspect ratio gaps such as gap 802B i ncl ude
provi di ng device design rules that avoid creation of such gaps. However,
such design rules may require additional masking steps, may nmake device
design difficult, and/or nay lead to increased integrated sem conductor
device area, which may increase manufacturing cost. Thus, in sone exanples,
a CFD proges e.| Gk W@ pAVidenm Shreasd madepoditicnnat darnathERBnyittapadess. t o a CVD
and/ or a PECVD process. For exanple, FIG 9 shows an exanple of a C .11.)
process §i;mi gy R fEy@08mt hathehas deenrdieiodetirdugtmt t Filee8phagesn CFD
process phase 502 depi cts an exanpl e CFD process cycle. For clarity, a

si ngl e CHR-plQ6RESi0R)BI@bitGect Hapusition rihendexteanptien fiepiadT@UsurfaceRPGICY, t hough
it wll be appreciated that any suitable nunber of CFD process cycles and
pl asnma t gat feento £YECED phiy 288t dcnwnting eckn cagRDobiho prsst gidesereoliE. 24
transition phase 904 follows CFD process phase 902. As depicted in the
exanpl e ko flo®s cmple easidg dmrphasosgdd (SEN) imass %@%@@t@ogﬁ‘ﬂ’&é&%&ag CFD
process and a PECVD process. Specifically, reactant B is provided to the
process & taé CEID syrfist rebdiien eiede 2§02 aechiotherAEBTp38A0S TpREECIB04A so t hat
reactants A and B are both present in the gas phase during plasma

act i vat i u16§hase\l@fdBielyTor sidiviayallys igvsore cpmmim. ¢ ipw 5ot 6??5@8‘ B B3¢ F ons
concurrently wwth CFD-type surface reactions. Wiile transition h§se 904

i ncl udes cantayt dumeg  blesmat dcEvAteh Phaswef 2HFARSIROTBNAYs Fi@E PIHERES SOFRTRIT pl asna
activation phase 904B, it wll be appreciated %hat aqy.suitthﬁﬂgugber of

i terati o Dnpycese tifing| diemam w7 hheran theafiey f3io AT prRYEE . B [oIB8F T Some
exanpl es, a plasnma generator may. be cont&ﬁlled to provide intermttent

pul ses ofplasinaswinaton@hepy ZH4B; A 52351198 RS2 1% vat i on phase 904B. For exanpl e,
the plasnma may be pulsed at one or nore frequencies including, but not
limted to, frequencies between of 10 Hz and 150 Hz. This may enhance step
coverage by reducing a directionalit f ion bonbardnent | ald.son to a
cont i nuou816si asn'@. somsr T"Iﬁ%‘?l,es’tcf?f’mty%{]?‘gmﬁy@ei B r%%sﬁbrg?cgh%gn%]n dﬁ%@g@ %o the

substrate. For exanpl e, photoresi st substrates £Lro
bonbardnéﬁﬁ@EUFFﬁ@“dmﬂbﬁfFﬁﬁ5ﬁ§?BW%§ﬁﬁ?aﬁ@ﬁé&ﬁﬁgﬁrbgﬁfgéng%gﬁer jQan

reduce photoresist erogion. [0161] I he e : d H2m the flow
rate of résgedumiioeg i ﬁ‘ﬁ‘g‘%ﬁi{% v‘%éﬁba??yo%agﬁégg\gﬁggﬁ%ﬁ %nﬁg&l t har%lh t he
flowrate of reactant B i react.ant B exposure phase 904A.. Thus,
reactant‘@nﬁﬁ?mﬂé&}pP?@Wﬁggkﬂgﬁ?%m?%ggbrocess station during plasna
activation phase 904B. ' [ Qirsl = I-eRaGhi ®Ro-
supplenen“ﬂ%ﬁ thgmﬁngy}?§pg'gé?$gce r§£§$§§§§?“ﬁ%&%@§ﬁ¥g?{ Wil be
appreciated that, in some 1%1%[@%? eIxtl. %oﬁ@teﬁa:ﬁglcsr &AGERRte & rE@¥ntb e avar i ed

during a ??ﬁb? %Fﬁ?t TaekiVation phasé or over the course of a transition

phase. For, exanple, | ok RARE o NGkt MG b Weockdsesaaibh @fig Of
react ant B‘a%%g’ﬁ?ﬂemegggéﬁﬁégﬁg}oguc???}gti on, a flow rat \ew%f reactant B during

a first plaspa activat BASSHIRY BRihRWer clbaie & e B Al absuaeact ant B
during th@ﬁ?gggﬁ(x%¥§§%g&§gt?va?g%ﬁ phase. Vg§§ing a flow rate of reactant

B during pl asma achhvatdan PHasea94B 200 ol @Xamklfe & STFIDibceky iaclsditg on from
t he step-ggv3?38§ aﬁéggcteristigg‘Bf CFD process phase 902 to the

deposi tion rat - St s i RBECVWRE i R6RHSinp RAGHLOHGeacIBR] Bt G 26
depicts aﬁwg§gﬁﬁﬁgg@%%£ fti%?§§ﬁ92600 of a non-plgnaﬁggﬁggtrate 2602

exhi bi ting vari bSn0BROSIoh e 0h D¥nodRr EveapR| S1®T 30t hRws Anahdruittinansi t i on
process d §E?f5§g&5%%ggl é%%%géﬁglq?fln12604 may be deposited in an exanple
of a CFD process phase. First transition film 2606 and second transition
film 2608 may be deposited in an exanple of a transition phase |like the
exanpl e descri bed above. For exanple, first transition film 2606 may be
deposited at a first, lower flowrate of reactant B during the transition
phase, and second transition film 2608 may be deposited at a second, higher
flowrate of reactant B later in the ransition phase. This may provide an
increase in deposition rate during the transition phase, which may reduce a
cycle tinme of the tool and increase tool throughput. FIG 28 shows an
exanpl e correl ati on 2800 between deposition rate and a transition froma
Cl-1.) surface reaction phase 2802 to a PECVD phase 2804 according to an
exanpl e of the present disclosure. FIG 28 al so shows exanpl e scanni ng

el ectron m croscope (SEM inages 2806 and 2808 corresponding to the C. PD
surface reaction phase 2802 and to the PECVD phase 2804, respectively.
[0163] Al ternatively or additionally, in sone exanples, a flow rate of

T T '



constant during a plasnma activation phase of a transition phase. FIG 27
depicts an exanple of a (...1-1) process timng diagram 2700 wherein the
flowrate of reactant B is constant during a plasma activation phase 2704B
of transition phase 2704. [0164]In sonme exanpl es, concurrent PECVD-type gas
phase reactions and CFD-type surface reactions may be enpl oyed throughout a
filmdeposition process. For exanple, a dielectric liner for a
through-silicon via (TSV) may be filled with a sem -conformal film by
concurrent CFD-type and PECVD-type reactions. [0165] Concurrent PECVD-type
and CFD-type reactions may occ where reactant B co- gexi | eact ant
Ain a pﬂé%ﬁ*ﬁl 309 for p FEARPte 9E2 0%?%1%&3’5“? acsg’-@ﬁ%ﬁeeﬁ@é%%?n%g‘g? nts in a
pl asma environment nay result fro %L%Elﬁpce oEvrﬁggct ant B in a process
e

z a_per
station &meetd) Be¥esmsfiironimuires PR O BAHEY SfrETont 1 hued, continuing an
exposure of reactant B to.the %%Fstr e, For.exanple howg a
timng dif¥$fhm 2B0ETF GRS eSA cgceo%t %aﬁr% le%gféfgn%a Fnﬁj(i::r B‘l%?n%ngn “2 sweep phase
havi ng a positive ti durat i bet wee Lscaont Ll S iSHPRLex @ik eact ant
B 10 he HPPCCREEeR SR EER Ko e SeT AToRt L Fe Pl SR 150
shows an er. timng. diagram r XSPHED O ocBss Gatingd Jan RVEEHSS S
excl udi ng:&g éhébé’ﬁ’sﬁhtﬁglgg ?%fgrf, ﬁﬁgglo{]% %ﬁgl Eeég ti mecgé%) Sbgtuvxléeaﬁ e
di sconti nui.n suppl v. of - PNoB 28 MBedh B 8 ¥l Roess[sBdi6Oddan some
exanpl es?‘n%g%&%? enf?ééeéw%fw{e%g‘%%%%g%n apglllyasrracenvi ronr?l.g&’rﬁltt‘:3 may result from
concurrena sug&{vxﬁogf reactant B to the process station and pl asna
activatidh. For exanple, FIG 31 shows a tinming di agram 3100 for an exanpl e
of a CFD process having an overlap (indicated by a "negative" sweep tine)
bet ween a supply of reactant B to the process station and pl asna
activati 0@1 7&016&] %Jﬁes%pﬁéammsproés@yﬁhﬁﬁﬁsﬁl Rditul d1€d BsdeseRBtNel- Situ
etch for e? ctively renoving a re-entrant portion of deposited film
Non- | i t.fAg AL ARk hABABSOMie Mlue XROPLiRithE bisanRudtugpe te adepasid i on
process including an in-situ etch for a gap fill CFD process are provided

in Tabl e Sycofahl§edddphasn ReRst alhdify @X PO €ich for a gap fill CFD process are

provided in Table 5.
Table 5
Reactant A Reactant B Swee Plasma )
Phase exposure exposure P activaion | Etch phase
phase
phase phase phase
'(ﬁm‘; continuing 0.25-10.0 | 0.25-10.0 | 0.25-100 | 0.25-10.0
sec
BTBAS . 0.5-2.0 0 0 0
(sccm)
0, - 1-20 1-20 1-20 0
(s 1-20
NF; 0 0 0 0 1-15
(sccm)
AT (skm) 1-20 1-20 1-20 1-20 1-20
Pr("-SS“)“ 1-4 14 14 14 1-4
torr
Temp (C) | 50-400 50400 50-400 50-400 50400
HF Power 0 0 0 | 50-2500 | 50-2500
W)
LF Power 0 0 0 0-2500 0-2500
W)
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phase Reactant B exposure phase Sweep phase Plasma activation phase Etch
phase Tinme (sec) continuing 0.25-10.0 0.25-10.0

[0168] FIG. 11 shows an example of a CFD process timing diagram 1100 including a
deposition phase 1102, an etch phase 1104, and a subsequent deposition phase 1106. .At
deposition phase 1102 of the example shown in FIG.. 11, film is depositeci onto the exposed
surfaces of the substrate. For example, deposition phase 1102 may include one or more CFD
process deposition cycles.

[0169] At etch phase 1104 of the example of FIG. 11, feactants A and B are turned off and
a.n_etch gas is introduced to th; process station. One non-limiting example of an etch gas is
nitrogen trifluoride (NF3). In the example depicted in FIG. il, the etch gas is activated by a
plasma ignited during etch phase 1104. Various process parameters, such as process station
pressure, substrate temperature, etch gas flow rate, may be adjusted during etch phase 1104 for
selectively removing a re-entrant portion of a deposited film on a non-planar substrate. Any
suitablg etch process may be employed within the scope of tﬁe present disclosure. Other
example etch processes include, but are not limited to, reactive ion etching, r;on-plasmé vapor
phase etching, éolid phase sublimation, and adsorption and directional activation (e.g., .by ion
bombardment) of the etch species.

[0170] In some examples, incompatible gas phase species may be removed from the process
station before and after etching the film. For example, the example of FIG. 11. includes a
continuous flow of an inert gas after reactants A and B have been tumed off and after the etch
gas has been turned off during etch phase 1104.

[0171] At the conclusion.of etch phase 1104, a deposition phase 1106 begins, further filling
gaps on the non-planar substrate. Deposition phase 1106 may be any suitable deﬁosition process.
For example, deposition phase 1106 may include one or more of a CFD process, a CVD process,

a PECVD process, etc. While the example of FIG. 11_ shows a single etch phase 1104, it will be
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(])-. 2(5)- 10.0 0.25-10.0 BTBAS (sccm - 0.5-2.0 0 0 0 02 (slim 1-20 1-20 1-20

appreciated that a plurality of in-situ etch proce'sscs may be inserted at intervals among multiple
deposition phases of any suitable type during a gap fill process.

[0172] FIGS. 12A-C depict example cross-sections of a non-planar substrate at various
phases of an eiamplc of the in-situ deposition and etch processes described above. FIG. 12A
shows a cross-section of an example non-planar substrate 1200, including a gap 1202. Gap 1202
is covered with a thin film 1204. Thin film 1204 is nearly conformal with gap_1202, but thin
film 1204 includes a re-entrant portion 1206 near the top of gap 1202.

[0173]  In the example depicted in FIG. 12B, re-entrant portion 1206 of thin film 1204 has i
been selectively removed and that an upper region 1204A of thin film 1204 is thinner than a
lower regidn 1204B. Selective removal of the re-entrant portion and/or sidewall angle
adjustment may be achieved by imposing mass transfer limitations and/or lifetime limitations on
the active etch species. In some examples, selective etching at the top of gap 1202 may also
adjust a sidewall angle of gap 1202, so that gap 1202 is wider at the top than at the bottom. This
may further reduce bread loafing effects in subsequent deposition phases. In the example shown
in FIG. 12C, after a subsequent deposition phase, gap 1202 is nearly filled and exhibits no voids.
[0174] Another example of an in-situ etch process is shown in FIG. 25, which depicts a
through-silicon via (TSV) 2500 for a copper electrode. Some example TSVs havc depths of
approximately 105 microns and diameters of approximately 6 microns, giving an approximately
17.5:1 aspect ratio, and may have a thermal budget ceiling of approximately 200 degrees Celsius.
As shown in the example of FIG. 25, through-silicon via 2500 is covered by a dielectric isolation
layer 2502 to electrically isolate a silicon substrate from a metal-filled via. Example dielectric
isolation layer materials include, but are not limited to, silicon oxide, silicon nitride, a low-k

dielectric material. In some examples, the example eich processes described above may be
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NF3 (sccm) 0 0 0 0 1-15 Ar (slm) 1-20 1-20 1-20 1-20 1-20 Pressure

supplemented with physical sputtering of the re-entrant portion using a suitable sputter gas, such
as argon.

[0175] Other example applications for CFED films include, but are not limited to conformal
low-k films (e.g., k approxjmatély 3.0 or lower in some non-limiting examples) for back-end-of-
line interconnect isolation applications, conformal silicon nitride films for etch stop and spacer
layer applications, conformal anfireflective layers, and copper adhesion and barder layers. Many
different compositions of low-k dielectrics for BEOL processing can be fabricated using CFD.
Examples include silicon oxides, oxygen doped carbides, carbon doped oxides, oxynitrides, and
the like.

[0176] In another example, in one integrated process scenario, a silicon dioxide spacer layer
may be deposited over a photoresist “core.” Use of a photoresist core instead of an alternative '
core material (such as 2 silicon carbide layer) may eliminate a patterning step in the integrated
process. The process may involve patterning photoresist using normal lithographic techmiques
and then depositing a thin layer of CFD oxide directly over that core. A directional dry etch
process may be then used to remove the CFD oxide film at the top of the patterned phot_orcsist
and at the bottom leaving only material along the sidewall of the patterned phqtoresist (consider
trenches). At this stage, simple ashing can be used to remove the exposed core leaving behind
the CFD oxide. Where once there was a single photoresist line, now there are two CFD-oxide
lines. In this manner the process doubles the pattern density; hence it is sometimes referred to as
“double patterning”. Unfortunately, use of a photoresist core may limit a spacer layer deposition
temnperature to less than 70 degrees Celsius, which may be less than depovsition temperatures for
conventional CVD, PECVD, and/or ALD processes. Thus, in some examples, a low temperature

CED silicon dioxide film may be deposited at temperatures below 70 degrees Celsius. It will be
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appreciated that other potential integrated process applications exist for suitéblc CFD-generated
films within the scope of the present disclosure. Additionally, in various examples, a nitride
such as a silicon nitride deposited as above may be employed as 2 conformal diffusion barrier
layer and/or etch stop in various stages of semiconductor device manufacture.
[0177] ‘While the various CFD deposition processes described above have been directed at
depositing, treating, and/or etching single film types, it will be appreciated that some CFD
processes within the scope of the present disclosure may include in-situ deposition of a plurality
of film types. For example, alternating layers of film types may be deposited in-situ. In a first
. scenario, a double spacer for a gate device may be fabﬁcatgd by in-situ deposition of a silicon
pitride/silicon oxide spacer stack. This may reduce cycle time and increase process station
throughput, and may avoid interlayer defects formed by potential film layer incompatibility. In a
second scenario, an antireflective layer for lithographic patterning applications may be deposited
as a stack of SiON or amorphous silicon and SiOC with tunable optical properties.
[0178] It will be appreciated that any suitable process station may be employed with one or
rmore of the examples described above. For example, FIG. 13 schematically shows an example of
a CFD process station 1300. For simpﬁcity, CFD process station 1300 is depicted as a standalone
process station having a process chamber body 1302 for maintaining a low-pressure
environment. However, it will be appreciated that a plurality of CFD process stations 1300 may
be included in a common low-pressure process tool environment. While the example depicted iﬁ
FIG. 13 shows one process station, it will be appreciated that, in some examples, a plurality of
process stations may be included in 2 processing tool. For example, FIG. 24 depicts an example

of a multi-station processing tool 2400. Further, it will be appreciated that, in some examples,



0 0 50-2500 50-2500 LF Power (W O O O 0-2500 0-2500 [O0O168]FI G 11 shows
an exanple of a (...Pl) process timng diagram 1100 including a deposition
phase 1102, an etch phase 1104, and a subsequent deposition phase 1106. At
deposi tion phase 1102 of the exanple shown in FIG 11, filmis depositéd
onto the exposed surfaces of the substrate. For exanple, deposition phase
1102 may i nclude one or nore LPL) process deposition cycles. [0169] At etch
phase 1104 of the exanple of FIG 11, reactants A and B are turned off and

one or more hardware parameters of CFD process station 1300, inclnding those discussed in
detail below, may be adjusted programmatically by one or more computer controllers.

[0179] CFD process station 1300 fluidly communicates with reactant delivery system 1301
for delivering process gases to a distribution showerhead 1306. Reactant delivery system 1301
includes a mixing vessel 1304 for blending and/or conditioning process gases for delivery to
showerhead 1306. One or more mixing vessel inlet valves 1320 may control introduction of
process gases to mixing vessel 1304.

[0180] - Some reactants, like BTBAS, may be stored in lignid form prior to vaporjzation at
and subsequent delivery to the process station. For example, the example of FIG. 13 includes a
vaporization point 1303 for vaporiz'mg liquid reactant to be supplied to mixing vessel 1304. In
some examples, vaporization point 1303 may be a heated vaporizer. The saturated reactant vapor
produced from such v.aporizcrs may condense in downstream delivery piping. Exposure of
incompatible gases to the condensed reactant may create small baxﬁclcs. These small particles
may clog piping, impede valve operation, contaminate substrates, efc. Some approaches to
addressing these issues ipvolvc sweeping and/or evacuating the delivery piping to remove
residual reactant. However, sweeping the delivery piping may increase process station cycle
time, degrading process station throughput. Thus, in some examples, delivery piping downstream
of vapoﬁzaﬁon point 1303 maSI be heat traced. In some examples, mixing vessel 1304 may also
be heat traced. In one non-limiting example, piping downstream of vaporization point 1303 has
an increasing temperature profile extending from approximately 100 degrees Celsius to
aﬁproximatcly 150 degrees Celsius at mixing vessel 1304..

{0181] In some examples, reactant liquid may be 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
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an etch gas is introduced to the process station. One non-limting exanple
of an etch gas is nitrogen trifluoride (NF3). In the exanple depicted in
FIG 11, the etch gas is activated by a plasna ignited during etch phase
1104. Various process paraneters, such as process station pressure,
substrate tenperature, etch gas flow rate, may be adjusted during etch
phase 1104 for selectively renoving a re-entrant portion of a deposited
filmon a non-planar substrate. Any suitable etch process may be enpl oyed
wi thin the scope of the present disclosure. O her exanple etch processes
i ncl ude, .| | oL i 86t g€ viroRzetahthil @y fshingthadineidvapor
phase ef%%%%5?$§6@3%6Bﬁgggﬁgd%ﬁﬁ%gfion, gn adsorptioz and directiona
activatiQn, {810 preQiret®E10RR sGHER tapotiedr ste@iceh Libuid pgxeioe may pibhizOFHen some
exanpl es, |nc%npgt|ble gas phase species may be renoved fromthe process
stati on jhefqre sandsattiebaspieRigat hebséukity Japorized anphaied thieves@pmplte of FI G
11 includes a continuous flow of an inert gas after reactants A and B have
been t Ur&;&ﬁdueo% re@iteh abt hanbheroftE hngasptiizs fiseenbanUinmeddrofléts.dedicng set ch
phase 1104. [0171] At the conclusion of etch phase 1104, a deposition phase
1106 begiens. befwdtt Ngwid fjbdtibM Gnd)amsplen vegreizaion- Bisten apposiadsion reayerede fosi t i on
phase 1106 may be any suitable deposition process. For exanple, deposition
phase 11Q6-EpidintCdowelrean dronr vapmiizatianfposnt CHI3. Iprope ensariogs WA 1BIEGRERY, a PECVD
process; etc. ile the exanple of FIG 11 shows a single etch phase 1104,
it wll henomppaeeilatedixngatsse 104 irdnpthyr sofnafie)-adigrid injectts M5y 5e B may be
inserted at intervals among nultiple deposition phases of ‘any suitable type
during adigafly fishdwepieat 98 [ 0172] FI GS. 12A- C depi ct exanpl e cross-sections
of a non-planar substrate at various phases of an exanple of the in-situ
- deposi ti pnsand &t omepropss Sew duseshiadiyiddpieter. mp) g corglled Ry RR aguator
cross-section of an exanpl e non-planar substrate 1200, includi g gap
1202. Gapuch 202 cinsolied\piunget, wintivave BEP Vrailwen%ﬂlfeﬂ&%ﬁ%ﬂ%]iynmfsPlF’ﬁF’i%g‘: i ‘Ee nearly
conformal with gap 1202, but thin film 1204 includeﬁ a re-entrant ortion
1206 nealiqtithéjdcmp mo bgesplitlo P no VORERS PR eehEe @S B4 F8 5FE BT 'HP G 128,
re-entrant portion 1206 of thin film 1204 h%i been selﬁﬁﬁiveh%nrggpved and
that an lippemisceyiForexamplaAbesctiar may firsetly salhs et aRPARRY PHIHY SNer regi on
1204B. Sel ective renoval of the re-entrant, orti§$_$nd/§§ s%&gy@é&cangle
adj ust mefhisrreay thice eth pEYRE Oh A hFEReA FY FERYETY P8 AGFIPTET RYTRETONS ‘and/ or
lifetime limtations on the active etch species. In sone exar
sel ect i vectwaterhPyrg ligrid mpeht CORIYE tOﬁﬁpoi%@eﬁwcg?“s%OPﬁdﬁaﬁss‘?g aaﬁ@q%)lec\%\gﬂt angl e
of gap 1202, so that gap 1202 js w.der_ at _the top than m This
may furtm@keﬁE@HE@ﬂHFé%BHYHﬁ?ﬂ£§fgp?%éP§m?hI?ﬁﬁg@ﬁd@%fggég%gﬁF?%%Bghases.
In the exanple shown in FIG 12C aft a subsequ i L1 : se, gap
1202 is reiapetipn pifh) ippmRAtP e RIGFYT E%*%’%;\%i‘:ﬂ‘éfng T%&%’gf“"%ﬁ%ﬁdg{r’k%ﬁg%?e of an
~in-situ etch process is shown in FIG 25, which depicts a through-silicon
via (TSV)eZ580 for a copper electrode. Sone exanple TSVs have depths of

approxi mately 105 m crons and di ameter. PRY Qi erbte I An 91 Vi ng
an approﬂpﬁg¥elymf*@%ffmﬁgﬁkétﬁTﬁfggg{gﬁ%%&%y&£g§gﬁg£teﬁf%&ﬁhgggget ceiling

of approxinately 200 degrees. Cel sjus. | Dot hE e anRlee@bsufds G 25,
through-§FW@%gﬁyV?Ewﬁéggmfgngégggga%ﬁvégqgggI %%?P% i%olatignaﬁﬁigf 2502 to

electrically jsol agﬁe ?aésel éxipﬁsg% t%%QﬁBcf %ET'H %’gﬁgggggﬁjrgddne}gvﬂg@; etExanpl e

di el ect r i BPFSBI%t B er erials ude, are not linmted to,
silicon oxide, silicon nitride i 4 A i@ burthérhd&redre

exanpl es, ¥ E’?&ﬁﬁﬂ%@%ﬁ% C%§§%3§§é§ﬂ%E%%??%E%%§%§$§H%§y be suppl enent ed
w th physical s uh eri.ng of the re-entrant portion using a suitable sputter
gas, suchm5§r§P§8 .efﬁfgﬁ]cxher exanpl e applications for CFD filns include,
but are not limted to conformal lowk filns (e.g., k approximately 3.0 or
| ower in some non-limting exanples) for back-end-ofline interconnect

i solation applications, conformal silicon nitride filnms for etch stop and
spacer |ayer applications, conformal antireflective |ayers, and copper
adhesi on and bather | ayers. Many different conpositions of |owk
dielectrics for BEOL processing can bé’fabricated usi ng CFD. Exanpl es

i nclude silicon oxides, oxygen doped carbi des, carbon doped oxides,
oxynitrides, and




the like. [0176] 1 n another exanple, in one integrated process scenario, a
silicon dioxide spacer |ayer may be deposited over a photoresist "core."
Use of a photoresist core instead of an alternative core material (such as
a silicon carbide layer) nay elimnate a patterning step in the integrated
process. The process may invol ve patterning photoresist using nornal

| it hographi c techni ques and then depositing a thin |ayer of CFD oxide
directly over that core. A directional dry etch process nay be then used to
remove the CFD oxide filmat the top of the patterned photoresist and at
the bottom |l eaving only material al ap he. Si f kerned

phot or esi®d8$4]( coHsTHeP %ﬁ’%‘ﬁ%ﬁ%@j‘t. AAFUE |?%%damg&¥%%%€eee%dgﬁieggg%§nﬂ%e used
to renove the exposed core | eavin ehj ' : nRGe there
was a si ?f@Pee"fpﬁBtPffis%r’é idésfhfuir?‘lé:?” ﬁ}({)a\?vﬂp eI’1EHr g%éértrelg?n\%&) %%%og%e@‘ﬁ?ﬁxgjg@ In this
manner the process, doubl es the pa . i1V hdee LSvid eSS
referr edmflﬂgla a"WbYagvcp%ﬁ {éer Ir]fsleﬁga’E taq{ﬂﬂ*dgﬂl E{ﬁg%ﬁéﬁ%}@@ Slg%ﬂ%ﬁ‘ blgwpﬁgtg%r esi st
core may limt pacer | L de Lol t | £8%rdnb @1 4G 0

degr ees @%?@?&Y%,%l%?%cﬁo‘rrrﬁ%y o ” eag‘gﬁ%thﬁe{%&getg’osi I?t%)ﬁ{-zfde%rpgnelr atures for
conventi onal D PE nof B#fisd thWiS8@NBoR A atgIbes, a

| ow terrpé”r‘%?‘ﬁ'r exa@%l@?ﬁbggﬁ%ﬁ%h%gy ?Flﬁﬁfﬁg?&be- deposited at tenperatures
bel ow 70 g%grees Celsius. It will be appreciated that other potential

i nt egraté pProcess applications exist for suitable (-ell-generated filns
within t ﬁsﬁop%gg sEdf1 RESSE tondli §Ch6S Uinfro-Aetitoibabamtd Ysysteriis \(SIEMSE)S

exanpl es, itride such as a silicon nitride deposited as above nay be
enpl oyed .as. Q% B3 FsE UShs Ay kel as hiawie finj@idd. Gor ekmblest gypaliy var i ous
st ages ofuﬁgcé‘%ls' fchglﬁau'(’:?%%oe%g%i ge I%ranﬁ?{alct ur e_.lq[01%7] Wil e the various CFD
deposi ti Qp VRS S5SR3: B85 6¢ bbadeaiaygachay endbaanordisti@etieaisaproddpe igridng,
treating, and/or etching single filmtypes, it wll be appreciated that
some LI - ;1).ipf QERESiasfodat fhirity e lLigaopactits t empl-adBMS idjesal dopirte may
include in-situ deposition of a plurality of filmtypes. For exanple,

al t er nat i jpgudeap@ s Mf lifhitkdiof sripges sead fen i@ mirsors eol 30 migirsuExampledVEMPst
scenari o, a double spacer for a gate device nmay be fabricated by in-situ
deposi t i Ofje@fon uld widehe taf idcluide] ®hisird dot imiteib dedbpheed msttadl. msThi s may reduce
cycle tine and increase process station throughput, and may avoid

i nterl ayepighf ecinsa thivd sedarky Haibt#ot ingectofsi thap beayed as midavirpiaiertor IThisymay n a
second scenario, an antireflective |layer for Ii thggraphi C patterning

appl i cat i goaddBapidigjedipashtad thans resissntioRFointegrrente orxampisr S SIFT'®on and
SiOC with tunable optical properties. [0178] It will be appreciated that
any suit albbgetpnegasdudst htti on nowljmitd enpoplye Fiz (9T EigPENEr Y BITHe

exanpl es descri bed above. For exanple, FIG 13 schematjcally shows an
exanpl e ofxampERRIpficagisctivt atlsowmdbgoay inFlgde. St 1ot fimifed "Qﬂi’)d%‘F geBdd™st at i on
1300 is depicted as a standal one process station having a proces chanber
body 1302tof 590 meiThesaitrvilichecepproviatest BBy suisapln Rahaisetor PERaY arcl Fcf g 11 be
appreciated that a plurality of UR ) process stations 1300 nmay _ be included
in a conmuapolizaieppandusaerrarRessinelBENE BeaT tERIRFRMIe RRFY %‘%ﬂ@“@‘éﬁﬁ% e
depicted in FIG 13 shows one process station, it will be appreciated that,
in sone exampixampless luiginkstenmayibe §PEEess stations may be included in a
processing tool. For exanple, FIG 24 depicts an exagpllﬁ ﬁf]i a mrjésguiré station
processi ngP18dol  2auyir prevgice Hesrean of (i injecioeman Bt SEARRH P AL P PEhe

exanpl es, one or nore hardware paraneters of 4211 1) tEiéocess u%%tai gn 1300,

i ncl udi ng te ¢rosseataipizasign grdioritlashing o ithe gBIdolR, SOmE F* AR S PIEFRI B ogr amat i cal |y
by one or nore conputer controllers. _[Ol-g%}CFD cprgcesi st at ig%{}fe%‘e%ggsfl uidly
comuni catpewidgd bha push EesfAt PrersTARS AP SRS 8B 6FARRT PVETT NG Pt ocess
gases to a distribution showerhead 1306. Reactant delivery system 1301

i ncludes a m xing vessel 1304 for blending and/or conditioning process
gases for delivery to showerhead 1306. One or nore m xi ng vessel inlet

val ves 1320 may control introduction of process gases to m xi ng vessel

1304. [0180] Sone reactants, |like BTBAS, may be stored in liquid formprior
to vaporization at 58

ol




and subsequent delivery to the process station. For exanple, the exanple of
FIG 13 includes a vaporization point 1303 for vaporizing liquid reactant
to be supplied to m xing vessel 1304. In sone exanpl es, vaporization point
1303 may be a heated vaporizer. The saturated reactant vapor produced from
such vaporizers may condense in downstream delivery piping. Exposure of

i nconpati bl e gases to the condensed reactant may create small particles.
These smal |l particles may cl og piping, inpede valve operation, contam nate
substrates, etc. Sone approaches to addressing these issues involve
sweepi ng and/ or evacuating the deljivery piping to renove %Es'ggﬂlofeactant.
However , acexse epiliggidt niscide (hay einglugs, phuh @ FrelPt | ETdale BPSTEsY €At on cycl e

ti me, degrading process station throughput. Thus, in sonme exanpl es,

del i ver yappiopimeiely®dhmastie b of vapori zation point 1303 may be heat traced.
In sonme exanples, mxing vessel_ 1304 al so be_heat. &$9§&gj3?pmgpe

non- | i mi (0188 exZmsims cxERRys Al FRRRTSAPERSof ST Eh “pBi nt ~ 1303 has an
i ncreasing tenperature profile extendi fram. apprpxi.-nat el rees
Col 51 s, Veprap Ao RRFRFAE o e e BT ST AE T Aoy Btog B

[0181] I n sone exanpl es, .reactant | i qui N oT-R i infek d
i nj ect or 13099 Fores&ampieethc éllq‘luﬁléﬁ?”acolﬂﬁ?]%fzp%rd}%yb llgnl}{%g?mp%u sggg So?mg 1'i qui d

reactant into a carrier gas,str u f i X1 So@lsted| N One
scenar i o MBEM) jlegaied) dPRRSTE Pfﬁﬁjﬁ@gk%5§§%§3§§§€£ﬁ?q€§ gg%?ﬁ% the |iquid
froma higher pressure.to a.lo t CRAMLNVe (P! 1 qui d

i nj ect or T¥BRPSHE d?ﬁf?eégicﬁewi“f%usfg\é% |E r#%,?%;ﬁg& 3}2? sﬁé%oﬁag%lgﬁﬁ%ﬁll ets t hzgt) z;r e
subsequent | y_vapori zed in _a.heat MEXER L€t mhi 2 bie se@na@ppmeei at ed

t hat snalcP%“F‘_’uarrlgﬁ{e%tP%agc n)]/ml\llnela(%g(?nl ‘glgh t?gst er }%/oﬁgxé%ﬁgflg%r droplets, reducing a
del ay between. |iquid_injecti SOPTS & ZaiheOfdr doasd eMiquid

vapor i zat' 6ﬁg%%/ﬂ?uéd88‘é' u§m% 5%3?%19%? pil'pi ngg%%:lag\%n%ﬁsg{lr eam from vgépor iqzat i on

poi nt 1303. |In-pne.s j Aypk i1 G Hay B BEh@icalfPyviltBedBetiidegd fedbakt |y t o
m xi ng veFsE" irg'(lfll.m %ﬁ{l}%ot ot théé%%argi}lo, iﬁll i qtajli[[% injector may be nounted
directly to shower d .. 0 I sSRERx8xAP R SLF] kaw behtyorrgibally | i qui d
injectorcﬁgvﬁﬁﬁ&géﬂﬁﬁ% %%ggﬁg&aﬁﬁgigﬂator, such as a con?ﬂolled pl unger,
pintle valye, d%ﬁ%ffe&ﬂ;'aé{@con@& oS0 dide@nBhikdl modebs aisablifxaspbeashe dffte | qui d
i nj ector nay‘%ave Ittle or no volune between the actuator and an exit
aperture Qf- 1 hend pBUbedugi ector. For exanple, the actuator may directly
seal the 'exit aperture of the liquid injector. This may reduce an anount of
liquidr eﬁog{;d%ed BY i a@ich! @n¥olOmodt e pitwree ealvel ofnisd LBEMmof bt hdjuset Uat or .
Such | i qui i ght continue to evaporate after injection stops, causing a
liquidr e,?r%cﬂ@&n BU! SEplied chrpevolefd ingpariantyl of 4 matrelatbnatf previdadriy tebPRipt |y,
potentiallTy causing small particles on interaction wth inconpatible
process gasesudrt SoteaAws), Musaintisfannilurgkt eibedx o dmcecpfrol megig ceRsesdbct ant .
[0183] I n sone exanples, a liquid injector may be controlled to generate an
i nj ecti ony pr 6f klnerionF@la @X@IIRd erifica fbi gpilaingrigeidtiow. fmyenseexpmBles Etldd t o
inject a plurality of smaller exposures rather than a single |arge exposure
t o ext end R¥RRRUE Ene dr ffbre dufjpalibvations albdes doi dsfiniog ¢ proagEonabTealloRSYPIRINCEEE one or
nore of the constituent smaller exposures may be nodul ated to further

addr ess 0RQol@ize BN £pliigertvaws epenimgameunt. [ 0184] It wi Il be appreciated that any
suitable liquid injector nmay be enployed within the scope of .the, present

di scl osur g10Fpr Gx a6t examiples,ahd plosger sPenmey &e oprnedln & FEFTPESHRRPIY ] ect or
including a pintle valve may be used as a liquid injector. Exanple droplets
provi ded lyemiy auticnpves ifletevalicnj3884 oFperagresiag RS AF¥CEINEAY] [ /8% t o,
droplets sized from5 mcrons to 40 mcrons. Exanple_injectiaon p%{se w dt hs
may i ncl udez04)whpositel livpid redcrnttraay inmediniely thigine flpwipe 10 Rixinggyessel 1304. Alter a

- prescribed time, the control voltage for the LFC may be set to close the plunger valve, causing
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50 ns. [0185]1n a second scenario, one or nore mcro-el ectronechani cal
systens (MEMS) injectors including piezoelectric punps nay be used as
liquid injectors. For exanple, a plurality of MEMS injectors may be
arranged in a stack at one or nore showerheads, providing liquid injection
capability for a plurality of liquid reactants. Exanple MEMS injector
droplets may include, but are not Iimted to, droplets sized from 10
mcrons to 30 mcrons. Exanple MEMS injection pulse wi dths may include, but
are not limted to, wwdths from1l ns to 500 ns. [0186]In a third scenari o,
Hal | -effect, inject L?‘F(@?&ttﬁg?ayéqgsﬁ &aﬁbﬁk{'nﬁthEJv%élQﬂet vEe 3370ympy ovi de

liquid ilh‘}uédc 1on C I's resistant to interference. Exanple

Hal | - ef f.ect | nj S6HALALAP) 8bndBnd fidHideuvebhbiciafdy povidt igpasinanly dr opl et s

sized from b mcrons to 50 m crons. Exanpl e Hal |l -effect injection pulse

wi dt hs J ! lgirdHctatd to, widths from1 ns to 500 ns.
- Thus, |?%”fﬁr%éé&§%%%§£7 togééa?jﬁgltd any suitable liquid injector may be

i ncl uded (ﬁ%l]a V APQ e 28I, DRixiHz veftelSANE: veNaTTISaSay te Mizhtadlbergeepjmiibpr t ubes,
vent ure {u es, etc. Altéernatively, in some exanples a liquid injector may
be om tt gl [ Q38 %hb 1 0disEibRHdRS Slekverhesus I e forofsolhting  niyier veselntBp4 bieomset  at
any suitable delivery pressure to cause atom zation and/or fl ashi ng of the
liquid. Lihes@eR 298 mEEs: shuRs bérgriprvess ol 2 axayplbef priningiedscby404 atish gas
for pressurizing a liquid storage reservoir. Exanple pressure differentials
across afdur Ghtkide iveis@Cou@Et veles i 1803 tiatesuppiving v protesd btaticneshowerheadd ér¥ ur e
differentials o% approximately 0.3 bar to 5 bar. [0188]1n sone exanples, a
i quid f e FIGT Bl shews 41t vieant opori@paTtheeinpls op te mixiago@serdspitse Br ovi ded
for controlling a mass flow of liquid for vaporization and delivery to
process i@t j40WHl3@0GS. AdrandXamsbiet art ¢ramplecnfi agmixingvyesssheanewes 1 {208 nay
include a thermal mass flow nmeter (MM |ocated downstreamof the LFC. A

pl unger \sadous gaes totfeur|piCesvmiptiotseit wilkbaatipresiated thabapysHableetUmper  PHFET K

control signals provided by a propordonal -integral -derjivative (Pl ?[%

cont rol | etatibus redyeetseppiad poosmaasee SRR WRiEhletHBbRHTKSaSFErs 1938 Hey t ake
one second or nore to stabilize liquid flow using feedback contral. This
may ext enditzblet humbef of mikingi yesseh ontle; ypltesy Esglating,pixing,yrssel ilﬁo%ﬁlﬁ%Pg%@ﬁﬁl es, the
LFC may be dynamically sw tched between a feedback control node and a
direct contfiet spasdef khowns seteme feirqellesting.t gadippreney @)y HePleRAEnY 20T §7°%wi t ched
froma feedback control node to a direct control e b@/ ’%'%Lgab% i ng .a sense
tube of timer KF®lizerd e Keowprpad 36y Mlopering B BETSITT PHET FHPERM ¢4 &

control® node,
t he plunger valve of the LFC may be adjusted {n proporti to plied
control vekehtpe4 may epide e frsis,fro WBICE&# Blate AP prfon &ﬁsd%gv%% °ﬁ$§g‘%| D
controller. Put another wa adj ust nent . of the. plunger valve d di rect
control nEFEREsSCEAES &Shf’ﬁ‘éfh‘taﬁégqéoh’f ?B‘?c?f”i"gwl% e’éla”%eg? Fy 358%8?]?5 ?flcagc#%%

regulating liquid flow, In so exanpl es, the LFC i ude:. Qf nore
aut ocal i byazey SROFER&eY fbérc"’]&%l?‘igﬁif??é“ | pﬁ?sﬁ'ﬁ%ﬂcf‘%'ﬁegfcn{rg 4 ?rglrrllsﬁxl p %tnween a

vol tage a:rg;(ijxir?g \P(:lsslé{]%sei{lg \t/hael i\éeeal?, se gf!_{urgx on?'@olﬁgﬁ it will be appreciated that any suitable

equation of state may be used in other scenarios. For example, in one specific example, a
pressure of approximately 400 Torr in an approximately 1 liter mixing vessel may provide up to

40 exposure equivalents of process gas to a 50 liter volume distributed over one or more process

stations.
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[0190] I n sone exanpl es, the plunger valve nmay be opened to a preset
position prior to opening a m xing vessel inlet valve 1320A. Upon openi ng
m xi ng vessel liquid inlet valve 1320A, vaporized liquid reactant nmay

i nmedi ately being flowing to m xing vessel 1304. After a prescribed tine,
the control voltage for the LFC may be set to close the plunger valve,
causing liquid flow through the LFC to cease. In sone exanples, m Xxing
vessel inlet valve 1320A may be cl osed concurrently with a closing of the
pl unger val ve, which may provide an approxi mately square-wave exposure of

vapor i zg éé - q;i % L&act angésbg gx%gd%émn&o%gom £Sotarfmd) ¥é ROre¥ @S8Rla OUt| et

valve 1 SOPGEAT R befween m Xi vessel 1304 and a distribution

shower head. 1306 for | ' Lk }&%@?A A B8, FdrQmrsiioWes headow:306. FI G
14 shomsmﬁ‘éqgsvﬁsesﬁlt%neg Rs;n:%Lee\?\fo%)E 5%‘;%%( mple of a mxing vessel 1404 and four

m xi ng vessel outl et. yal 400 af 8L m SR Ad DidQUn RN Q6@SIS of FHL.116N
shomerhe?d%mflﬁlgtotfghovm .Vg]g—?ie 1% shows a si d%@i/ci ew of a p%rti on of the

exanpl e I%Ld;{ h Fi'ef&gl?g ANES S8h red QR %&Q@pdr@uﬁﬁgﬁ £l frasdN¥0k BxHidHGScondtvkreand 15

. %SS +
depi ct an éexanp a m xing vessel configured to supply process gases to

four progessyahahd 9HSna dciviloh phA& FRNTRES batas il hbissatyedgocabladonunber of
process statiohs nmay be supplied process gases from any suitabl e nunber of
1 XI NG VESSE) Seatt? RGAN AdthibAR RrifITh Shaal 16060 wasigle siktdgetesuhl ves.

| sol ati ng m¥Xing vessel 1304 may provide a confined space of known vol une
for col | geidAGet ﬁo%@i)ﬁésgmciﬂﬁ,to anel @ferbined eipogiry 8 1he tactyRIes rEprhwrzas o
delivery to showerhead 1306. Monitoring the pressure and/or tenperature of
M Xi Ng VES$ehre k34 BRYTHY @adtAhe g& ialsnstdredin mixinghvese! ¢6l4cuntihthe eahdf or
control mass delivery of various process gases to showerhead 1306. In one
non-1lim %ﬂofs?c S26ATH08, wilcH ¢tttk fih tholeadsofthe awaepand platmavaoroepes ¥ e my be
cal cul ated Troma pressure neasurenent taken from an isothermal m xing
vessel uUsiengobied CHRatocgas equation, though it will be appreciated that any
sui tabl e equation of state nmay be used in other scenarios. For exanple, in
one specif§ios] examing, vesepoeiss vale HS apprsox itreekeginping @6 erosure phagp 1610,
approximately 1 liter m xing vessel may provide up to 40 exposure

equi val entglyafz promegss gase bsodatSOpbiesestatian) Anthecing tof ickrpswel PBYerothe or
nore process stations. [0192]1n sone exanples, a pre-detern ned exposure
of a reactizing vamsl dodetstalye dGOT Glosengstepping XEITHIY Be% &9 e ITpGefigstERESE %61 | at er
delivery to showerhead 1306. For exanple, FIG 16 shows an exanple of a

M Xi ng Vessetio, trining gesst! d§Parma1 b0 oompleiely pPHedeef th reatiant gRhAPIRE SHOSEF G, 16,

m xi ng vessel 1604 is filled with reactant gas vapar dur.i ng a fi@l. phase
1606, whiphhsei 161¢ gn cunthes seenpiiq; [exeswere ghash d O H) manandbalore Fu¥iph VHFAd8Y Bf a oFD
process in an associ ated process station, A m x| 8 vessel pressure is
moni t or ectothpietehypnfoiipd: thyTemANINBITECANE 7S i TUERAREHETTE ]% Ry ?the’?}g‘éeggqm Eéssur e

set point corresponding to a pre-determ ned exposure of e. reactant gas,
react ant messsssiatmbypRes ling ek ehoyp) or mep Be Fté’ﬁéfrétﬁ'{’)““éé’§ssiﬂsl6?‘¥1g’ﬁla§f @eﬁléafy in

m xi ng vessel 1604 until the end of storage phase 1608, which coincides
with the tethtpricessii8i@Pneep and pl asna activation phases of the associated

C...F.D process. [0193] M xi ng vessel qutlet valve 1605.o0opens .a
begi nni ngl0&%4] ex pBE§PBE FRAEE 856% Hr™: %Fﬁitﬁ?jdP%ﬁ%?’ﬁ%fssﬁcé%%t“g%taﬁ%ng&aﬂs}goci at ed

process station, At the end of exposure ase 161 ] Kl S aqut | et
val ve 160%Lgery8iee ber@egIpixmg VPR ?Iitvlaif"? Z)\’;/l\jgt%gtgtf?é” = %c{:qegéé'r%{%%i %ﬁl.ml n one

scenari o, mxing vessel 1604 npy be.conpl et el tied of. ctant gas
during exfRAyUiRe pRRde asgaiged I‘”ﬁga{?‘fﬂ?vl‘f@rpr %césn%tarsigsof%géfﬁ%s? r%lp%)sﬁgjéeﬁ%ﬁfg may

end before m xing _vessel 1604 is letel y enptied:. I.NLg. eact ant
gas in m %OW&hVégégﬁ' Fi%ﬁﬁmﬁlﬁflbelf%%wex erﬁgﬁnggiﬁelgy Brrntg)szfgrsé S ieei'?- %aonmbypass

i ne (not_shown) or be stored i,n _m Xi Ng. L &er del iver
tlo thfa pr 8%5’%% a)g‘il &’t‘?"‘gﬁ‘%ls‘fﬁﬁéﬁ Ii‘r&?n'ls]bor?% n)é:aacfnéﬁ‘t%&ggg%g?é%l egggédsfréa(%vbg aI ey

travel delay tinme associated with a | ength of
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delivery pipe between m xing vessel outlet valve 1305 and showerhead 1306.
Further, a simlar delay tine nay be associated with renoving process gases
fromdelivery pipes upstream of showerhead 1306. For exanple, FIG 17 shows
exanpl e travel delay tines for exanple reactant BTBAS and exanpl e sweep gas
argon. Locating m xing vessel outlet valve 1305 closer to showerhead 1306
may produce nore discrete reactant exposure and sweep pul ses than those
produced when m xi ng vessel outlet valve 1305 is |located farther from
shower head 1306. This may reduce a tine needed to conplete a reactant

and/ or sweep phase of a CFD procgss. Thus, in AR P eRep! e,
i xi ng verowerhead k306 tmay ARANCS) TG ‘ﬁﬁffftebléea lé%ﬁész{ %Oéeég%l%gg?g%peﬂ&tgg? r eam of

shower head 1306. [0195] Shower hea . 4] St i R QGRS S TRIOWAr d
subst r at prod®ed whemmpgRg EssghpiIgt Vsaﬁ'(%\]/%n%&?lrs\q{l—ﬁ%'ﬁﬁ f%%%le%abs?t rate 1312 is | ocat ed

beneat h shower head 1306, and is shown. i geepilcesh s, tht Wil |
be appreaaafﬁﬁ%we@ﬁ@\%??@?ﬁi%%c%%n %32&5%&%8?t abl g%scﬁape, Vand may

have any suitabl e nunber, and.arr emBnt v Qe ROGS $naf Ofe Bestd ibttdingy

pr ocesseen@a%%mtﬁags%%‘?lﬁa%’“ﬂcsi%@[‘%?96?| N sone eagar(rapl es, a mcrovol une
1307 is | ocated eneﬁtata lg&ower head 1306. Performng a CFD process in a
mi cr ovol URFSIRPHEPYPRES Tt he entire vol ume of a process station may

reduce reactant osur ; | A EaYaR 131 SIn frigr exatnpler i ng CFD
Q)f?%:‘at i Ogidpw(eé CF 13%@%15%%9 plto‘:&?%ascm i €

processé cﬁ pressure, tenperature, etc.), may limt an

exposure of :E'r :%?851% Shalaton 15 RhRLiS Serbfh BIAGABE] [B6LRd isahown FHBE 082 shows
exanpl es SBYVLBrT 21 ations between a sweep flow rate of a m crovol um*i1 and a
sweep tinme. fo e5 s f @kt Hbbdiesa@nBogriney bael anpreuipblesbapeean

condi ti or® .SSEL%\#%I Ietru'rﬁﬁé)rg\é orFéglr%r%i ﬂéi zes include, but are not linmited to,

vol umes hetween 0 LulbieCfunalad drish@itnt §OMNiE]fbndiswhwing caomptses gaspetfest al
1308 may BE Tarset or |owered to expose substrate 1312 to m crovol une 1307
and/ or to, &ra%lglil_ol ume of mcrovol une 1307. For exanple, in a substrate
transfer phase, pedestal 1308 nay be lowered to allow substrate 1312 to be
| oaded onf@yRedest amel 30BnpidoUk | igrosolEhd 190D G sBatph dseathpedesbedd 1398 may be
raised to position substrate 1312 within m crovolune 1307. In sone

exanpl es, pi,GHQY @ lCtiErde3f in MRYcré/Onple edtier yhae mcthe engire volume of a process station

may reduce reactant exposure and sweep times, may reduce times for altering CFD process
conditions (e.g., pressure, temperature, etc.), may limit an exposure of process station robotics to
process gases, etc. FIG. 21 shows examples of correlations between a sweép flow rate of a
microvolume and a sweep time for the microvolume for different microvolume pressure
conditions. Example ﬁﬁcrovolurqe sizes include, but are not limited to, volumes between 0.1 liter
and 2 liters.
[0197] In some examples, pedestal 1308 may be raised or lowered to expose substrate 1312
to microvolume 1307 and/or to vary a volume of microvolume ‘1307. For example, in a substrate
transfer phase, pedestal 1308 may be lowered to allow substrate 1312 to be loaded onto pedestal
1308. During a CFD process phase, pedestal 1308 may be raised to position substrate 1312

within microvolume 1307. In some examples, microvolume 1307 may completely enclose
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substrate 1312 as well as a portion of pedestal 1308 to create a region of
hi gh fl ow i npedance during a CFD. process. [0198] Optionally, pedestal 1308
may be | owered and/or raised during portions the CFD process to nodul ate
process pressure, reactant concentration, etc., within mcrovolunme 1307. In
one scenari o where process chanber body 1302 remains at a base pressure
during the CFD process, |owering pedestal 1308 may all ow m crovol unme 1307
to be evacuated. Exanple ratios of mcrovolunme to process chanber vol une
include, but are not limted to, volune ratios between 1:500 and 1:10. It

will be appreciafed that, i 8XanD8 eScredaesl spionlof Bigh glotv impsdabes adj ust ed
program?ﬁ%gﬁtﬁﬁhgi ?‘)Sywetzlal %&ipf)g%flgp orerputer controller. [0199]1n another
scenario .ad%ﬁ%jp%gesg hei ght of pedestal 1308 may allow a plasma density to

be vari eqﬁ‘“ﬂ% asma activation and/or treatnment cycles included in the

(1-1) pr S. @tﬁﬁ Otngg, ggdg&hluglog)@nagfbetlbeer%&Mrm&sdﬁthope@esﬁfﬁl 1308
may be | ed ring anot her subStrate transfer phase to allg\évw\r/gqrmval of
substrate 1 suded A8 ctart Q34 Mioh et véthexmivysivelupe unme

vari ati o?{gcegsjeéc%c{dgfeﬂé%ﬁ%rgﬁitp%r efer to a height- adjustable pedestal , it will
be appr egr;ca%cgrgﬁg Réblere frbteSOMHBmB AOPY @502 @upDSiat & drRseofressiroveripe 8 G306 may be
adjusted relative to pedestal 1308 to vary a volunme of m crovol une 1307.
Furt her, ,_iogcswlg,‘},eﬂlag aRRxeGBinedaliduainiceovebintei 1681 tofosiacuged. GRaBBaEEal 1308
and/ or showerhead 506 may be varied by any suitable nmechanismw thin the
scope of f Be NEsRNMo shesl Qstibe. viumes ovmdexanpresot peigdstearoltB3o sy
include a rotational axis for rotating an orientation of substratg) 1312. It
will be gpReaci-sfoasdtihatll winbsmpecesdtiphas soonexappletpedesgt baHE @Y ¥ anpl e
adj ustnments nay be perforned programmuatically by one or nore suitable
conput er ,gQstd Rbir@fiSatichiB2Y: bhiberempxtennobedlieni cr ovol une 1307 is partiall'y
enclosed at the top and along a perineter Q/ shower head 1306. F%;lsitexarrpl e,
FI G 18 gefvenat i &ahdtyer steoaiv, atnsexeasrpiight of pedesiyli1pe8 maaHle ¥ R TAHERY Sy o) une
of a process station. As illustrated in the exanpl e of FI(%P 18, ..pedestal
1808 is nhaibsegtiedriuang plasste apidten 2d/op FertEerFydguaAnded a8 e G RG°% por ti on of
pedestal 1808 and an entire substrate support surface 1810 W-Stsbl- DR

ci r cunf er@aidnabsiapeae GD mhesstphasg QEpdestah 48imay be &0y ™28 WU PoWer ed to a
second pedestal position 1808B for, anong other # ings, facilitating :
subst r at erdnsfangbeno Sipwosmowel of sesEats dbiFoR BIF 4P 0% g robot s (not shown). In
sone exanples, skirt 1809 nmay not form a seal V\AH\Eln edestef%l téLSa0§ei§[{g_d/or a
subst r at e{oren] avohile dirre PrmPlegMEFFRYPINTS AYAFAEE SERTPS Berf)% éstal novenments.
[0202] I n the. exanple of FIG 18, skirt 1809 and shower

depi ct ed axussbloaedestel, &MahesAPErecipthd BA UHOME FFRR Frigh Oél\ég%rﬁg?wgsrﬁgrﬁt@qiog may
be made of a non-conducting materjal, such as a.ceramn I i y

i sol at | ngmshbswsiisedlaisn® PricsA) GOR B Varot YUERsO SFf %Og%eﬁg’gzs%%{réi? ?,(k)dn

However, it will be appreciated that, | ne,, X I iJ e ARG
shower heatle a[wyer@déhaﬂﬁW%fa?a}/P%‘Ft@ﬁé’EP‘?deftﬁln]ﬁB?fm%% Sg sg%g%%)fﬁgzrika}{ ed that, in

sone exanpl es, one or nore openi hgs may ingl kd [ RoRe Shagmed, | of
skirt 1809y faoy suifzbleopehiisg Wﬁfh’ﬁdﬁ%isﬁod’etﬁgtg%ipﬁe?%ygﬁﬂﬂégé taﬂrllgot hat one or nore
of such openings may be dynam.cally controll - L0 Addidcd onal e yior

al t er nat i wedestal 1388 ?Ghﬁldé‘ﬁ%ﬁrfﬂmélg?ah ﬁylf) oﬁrrgétft?rf"yaggp er&1{&1(%:)r9§\}/ol hes may be for med

within a skirt. For exanple, FI 19 sho 9%53,16055@@&“1@1999
i ncl udi ng ba 2ppreEttedrel 6’%/6‘?%%5\%@%&85‘%@5?32 t]%12 and a second m crovol ume

circunferentially surrounding a porti f SbAondP08. In sone exanpl es,
flow in mP@ﬁ@V’GﬂiWalzmi“%g)ybﬁoé’eﬁglﬁlarﬁisﬁ%})%wﬁggﬁi onal 1y or alternatively,

in sonme exanples, pressure in mcrov NRYIP Endiby Wink QspnandExanph e
vol unes ofl02A1Er oVi| WHE*ZEPL™ HEPURER® g%ﬁ@re nof Tt ed to,ﬁn\%l umes in a

range from about 0,1 L t Lo EXAR, @10Y.QB WS b1 TinG HrOMObmRIeA b kkiftne ude,
but are ndtenFlF‘ﬁﬁtlyesao‘f’%t,’ea@é s TR ange from ab)gaut 10 L to 50 L.
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[ 0204] I n sone exanpl es, a pressure gradi ent between m crovolunes Z-1 and
Z-11 may be fornmed such that a pressure in Z-11 exceeds a pressure in Z-1.
Such a pressure gradient may prevent fugitive em ssions of process gases
frommcrovolume Z-1, conserving process reactants, avoiding

particl e-generating processes in the process station, etc. In sone

exanpl es, raicrovolune Z-11 may have an i ndependent sweep gas supply.
Non-limting exanpl es of sweep gases for Z-11 include nitrogen, argon,

hel ium etc. [0205]Wiile the exanple of FIG 19 depicts a plurality of

m crovol unes formed within a skift., }1.\ Lat e i fan sone
exanpl es1808 Iy picHReIRe 8?5““? ek e b}\\‘/%ﬂnﬁ@rr%al[eﬁa% ﬂ%faw é‘g%argﬁat ed fr%%dn?lsa portion

of a second.m crovol une i 0 - Ski aaml e208hd&n 20 shows
a perspetl \}seraW‘&R/ao St&’ﬁg‘%é/&ag & ghgg&ék’tspﬂ%uv\er gre%%”%{f’zf%m depicted in the
exanpl e of. FI 20, firs ' .al. = L Ssn&del 2 Wifrag@nbeakthiyigs® par at ed
from a s%%%‘%ﬁa VO ﬁﬁl%eacgﬁgwq%ﬁﬁgg%%é&snﬁi ('t 2004, Sweep gas for

1 CT oVl Ute. 22 |\ 5 f10Y e, g 828 uond st g Aol 2t od

that any™8 rrangénent urality of mcrovolunes within the

process station e hiHalnd RBots GRP Shobin). I onf 2 &EflEs, kissCl Osur e.
P0206] RebiFRDEat ‘pﬁ%@ﬁ%ﬁ%ﬁﬁﬁgﬁ%&n flng fors G2p Shower head 1306 and

pedest al 1§®0§@¢b&6§§%gaéehywﬁpmaamcgb@ M a BEbspaeas aseip peyerdiag 4malhd

mat chi ng 'network 1 for powering a plasma. In sone exanples, the plasma
ener gy ngxmggs&,ggggéaggtgqmb%&gntrol ling one or nore of a process station
pressure, a gas concentration, an RF source power, an RF source frequency,
and a pl §§1H8; POVR neRikrSfe &fi FIGN, sifAN 88X adRheyeriithd pRitere dpisptl s £834cand

mat chi ng network 1316 nay be operated at any suitable power to forma

pl asma  hayi g an 488 bt asPasiplel Sart 0800 ask bainadepci ee-coibualing| reaterish,

sui tabl e powers include, but are not limted to, powers betwen 100W and
5000 W f QfcrPas30 0 rammt Wadceicallyl isKietvigsdpwEREeadolie6 fromppthy pb8ibas phthe praseisde RF
power of any suitable frequency. In some exanples, RF power supply 1314 may
be confi gukied HoRe@@nt willlbe Apkriatedahal, ih sund exenplen e pkiRFANG hawerhgrdupay s 2

i ndependent|y of one another. Exanple |owfrequency RF frequencies may

i ncl ude, Buhryak@emOl will beialse dprexiatddrtaaiin purhesr abplEWORNOISIPIK PRERARAPS kHz.
Exanpl e hi gh-frequency RF frequencies may include, but are not Iimted to,
fr equenciggude tiiBina Sddvaliidf skirtdl809 A6 diffézentipty pympingoBe FpEPERRe & PHat any
sui tabl e paraneters may be nodul ated discretely or continuously to provide
pl asma engk@ymb.iof futk ouingamey vealyptrhionls contipllehe non-1i miting exanple, the
pl asma power may be intermttently pul sed to reduce ion bonbardnment with
the substjoa03 suAfdidealpbraltemetively, BEADE PRAGIPIE\2 IIERRY SHMISFOYSHEES m‘fy('}fm] I'n
sone exanples, the plasnma may be nonitored in-situ by one or pore.plasnm
moni t or s. fokmedowithits € elrirr Hop exapipies FES- 18 RV sAaPx HeP 6Bt Bkt é%P9H§}°1‘bc{‘ngg aof’rg re
vol tage, current sensors (e.g., VI probes). In another_scenari 0, gl asma
density amittoplupecd&sboyasbeieic dhty ard anserand Bisqrelnes &8 BB S or e
optical em ssion spectroscopy sensors (CES). ln sone exar%lesb,l%nn%n_or nor e
pl asma pasEmvetdes: pesipnisEPsesa i Abn i RS PIAPPES; P8 B BRI DH REAS U Bnent s
fromsuch in-situ plasma nonitors. For exaﬂ)l e, an CES sensor may pe used
in a feedbuifskm| ddsfiticalty 5eETRHIVAY BreoYr SHHREHETEHRT PO O prashm power . 1t
w Il be appreciated that, in sone exanples,. other nonitors, ma .used to
moni t or t hen-WiifggareExample JelH@ES %F%E@%‘%“%?H‘EP@? ilg'éttaf%%o.t lhgbt?: b nlf“{‘jeg }msas may
include, but are not limted to, infrared (IR nitor I nitors,
and pr esswuge fpapbaucel & o[k aF‘}ii’?es eéfgr%%rg‘g?u’?%gfpfnﬁg’%%%ﬁta% bngp
controlled via input/output contral 10% sequenci ng instructions. The CFD
processes 1id@s¢@i%ﬂrl%@r%ﬁa%erf’é’?‘@ﬁb‘|18 B tise tini ng of valves, plasm
ignition, mass flow controllers (MCs), anong others, during CFD cycles. In
one way to make this possible, valve and other commands are delivered to
digital input-output controllers (10C), sonetines in discrete packets of

i nformation, containing instructions for tine-
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critical commands. These commands nmay direct operation of all or a part of
a Cell cycle's sequence. An IOC translates the information in a packetized
sequence and delivers digital or analog command signals directly to the
appropri ate hardware conponent This inplenentation reduces delays in
command execution at the valve, MFC, plasnma source, etc. [0209] The I OCs can
be physically located at various points in the apparatus; e.g., wthin the
process nodul e or on a stand-al one power rack standi ng sone di stance away
fromthe process nodule. There may be multiple 10Cs in each nodule (e.g., 3
per nodule). Wth respect to the actual instructions ingl ucggg[ in a
sequence2@]| ChrsoRAdsarfipes, € pressusl gradiRgt befFodsmicpraEne SOMTEd, "Bt may be
included in a single I OC sequence. This assures that the tim.,ng of all the
devi ces josmdd @it thyt £ prswuo incblfexensinm PEBIS it & L sPUR APIFHES &ﬁﬂ“gﬁ 88 relative
to each other. Alternatively, there may be nmultiple | OC seguences running
at any gpreemt hpiree erfiksians af provess 261 W%F%W%%ﬂe%@%ewg B° cycle to run
in parallel. For exanple, it allows the plasma jgniti aspec a cycle
to run i avoimglpheitlergenemating ePppesteh r o fhed BFACHEr ?atb?g’p&ct gﬂofml%’ c%%%?é;s’
Additionally, it allows multiple operations to run.at. var.i Lons in a
r eact or . miwevobasZpll @nay dave BTGRPt FESFP &I STPBY - Ié?né Ifuﬁ)lﬁé % g&és\ﬁof%&g | timng
controlled for all the hardware _conponents needed to deposit oxide at those
st at i ons gasanir & IsidesecitEgem eEee b #fn concurrently to deposit CFD nitride

at stations 3-4. Exanples of | rchitectures and i | may be
f ound ‘i n [©85Pat éﬁﬁ@?@%@‘?’ﬁ@zfﬁ%ﬂ%@gplﬁ%\? t%ygfm%bddg@%nggﬁg&%%*?%jﬁg%

(filed Septenber 21, 2006 both i ncor ted. - A1 cfoobi8hEe RGeS ten their
entireti sirt jtoad &F IaPPr'é‘?Pée.% Cutel %’fnet%%m‘lﬁgét%rpﬁg[ﬁngoﬁs f;}S()tr. setting plasma ’

conditions for a plasna process phas [ Yded £ eRanpl, FRSRONMI NQ
pl asma aceRafERdi T § BEIHR f&f&%"@ﬁ cr%voﬁg%q%r%@gg@%bfeci pe. ' some cases,
process reci pe phases may .be sequenti all¥naR-R606d desPred fothe akdmple of

i nstruct i HAE F BPEET Y “y%r%gé%ug’ Toﬁgaa!s% are execut ed egloncur rently with that

process phase. It will be_a ' Al SHEBoR S RR6idSmRfovilluas ZaV
gener at i oﬂGn%\]ﬁﬁh%I%Hchzﬂlg[ﬁ%g%%@eg% t}}r%%aéi ent and/or stabilization times

that may prolong.a, plasne pr Z- Aot 2006 UTHas tif wiél del ays
may be pr’éd’?%g%g%?&gugﬁe?igﬁ%&ge Cé%glr?r[gyz Wicslpﬁdc}e a tiﬁnl%wto,s_tri ke the
plasma and a tinme. o ot SRRty bhRidrdvdiueiee dhithiower pree@tst i ng.

For exanpPePPieriesd g]?t ?ﬁ%ﬁ%&b?i%(%&gnﬁmeﬁa;%l e iransient del ay 2204 between a
pl asma ignition co i 2f 33 Greerk @ENGLE. power response 2206 for a
pl asma_ THER™ 5= %%%Q?&%%g?&ig%strugti ons for setting one or nore plasm
par anet erfmﬂ@y b eﬁlﬂﬁlg“tg% LNnRlel 86k P& PIASS, Poeabdingohapl pdesal gBdtess
phase. For“eXanple, a first recipe phase may include instructions for
setting aflowral e, ofc.AlwiRE bowd Gipply 1814 eRthartingasyork A3HSriucrowenss f or
setting a p‘f as generator to a power set point, and tine del ay

instructi ggﬁsnt_xgﬁ.n 1he chidsts, 18laRa BAY tuay Ae s@mohel, bysuiysdiingene o Pé phase
may inclu Instructions for enabling the plasma generator and tine del ay
instructi %ﬁ?oc%s?&taﬁdﬁepre%%é?@%asr R6ipatRhaa®RE sdurthipavdr, re BF peurgtfregeerfayind ncl ude
instructions for disabling the plasma generator and tine delay instructions
for the tQipE]ang BSI R uRDaSme. Fdr evdrigle, BE papprepilnl ¥d anfh aetching SEWPRCi3p@ phases
may be further Subdivided and/or iterated in any suitable way wthin the
scope of thePoesant adhpalidse pever fORdd b blasrsolmeing 2 dpgired sompopigon of radical
above-described approach nay all ow an RF generator controller to_stabilize
at the in@%é‘cﬁeﬁ;.@mﬂ@l‘é@ﬁf sRitld puetafidude, tuhare pbiiimited i, oewers bywesd BN AMAs. 1 n
sonme exanples, a tinme to activate and stabilize a plasnma may be reduced
from appr oxhoTat &k ¥ 380 Gmieafeo Lippise)@ Frptver yurply 1384 mrp proids fb|ROVEFPIEnY 23
illustrates an exanple plasnma ignition command signal 2302, a%{lgrl @i%a power
setting 23Qfapierdudct.an vaectxpoyies RF espanepely36mebbe Ruguarsia qfeot & ng to
an exanple of the present disclosure. Wile the specific exanple described
above relates to plasma ignition, it will be appreciated that, in sone
exanpl es, one or nore other tinme delays nmay be predictable, such that
various control schenes and/or process ecipes may be adapted to conpensate
for the tinme delay. Exanple tinme delays include, but are not limted to,




time delays associated with stabilizing a liquid or gas flowrate, tine

del ays associated with stabilizing a substrate and/or process station
tenperature, and tine del ays associated with stabilizing a process chanber
and/ or m xing vessel pressure. [0212] Normally, an 1 OC inplenents a
sequence of events and then awaits further instructions. In certain aspects
descri bed herein, the 10OCis programmed so that it can | oop over a seguence
of instructions repeatedly. In one exanple, the sequence of instructions
defines a set of operations associated with a single cycle of a CFD
process. This m ght involve applying a command sequence.fo regcvilﬁj ng a

pl asma i f iderEaeadyi Kinposeastess dapentertlst ofpae 239%8S XFPDIE IR tycre. The
rel evant | OC sequence of events mght involve a parti 8}#—@ gebloe)id_ﬂeri od
duri ng Waigabhctebandyl indnde, bet aropotalimiddpcleaeRfs BEFER y° SHEP ranp Up to a
particul ar | evel of applied RF power, followed hy .hql ding that I

appl i ed pwele High-fraqupmy REGweTeencipsapaydRrivge. R4t ﬁ%?o%ﬁg&hﬁ%eﬁcégtbﬁéﬁ%%mr back
to zero or sone other predefined |evel, again for a def ”‘Edbﬁﬁfo}h&g:tc@f tinme.
Wien a segovEnc endof. 4GRS wilipshapaecipti St ey ERhls TR HITSY Che it need
not be resent for each cycle. Rather, the OFC | nt al st he seavenee of

i nst ruct tiseastelyor satipuougly fa REPVidriasa Loy i NG Te-execut es them

repeat edly, cycle-by-cycle, over the course, of - Stk Ao HOMOCESS.
For exanphample2 thecpasing POHPT W%‘Bﬁ?‘”ﬁ@e"é&w@?‘dﬁ%of e%'i‘/:grl:%%g%cour se of a film
depositi on process. The plasma contr ol qgls sequence of events woul d be

del i ver edutmrate fustsecelaBye t AAENTATSY REVFE Wit ch woul d then | oop over that

sequence of events repeatedly, 20 cyc| | sk DS, b&s -otimbie! pldshe
conpl et e [E20M f i |1t SRS HEPROS) g’é@fﬁf‘ﬁéfé%%ﬁ%f%%ﬁ%gﬁg?_ofot he 1'GC cont r ol

inpl emented in accordance with this disc iSodens Bt Wbitage t @regpeat edl y
turn of f moqsuhnonérfcﬁnﬁ’é“fﬂwaé%aé’f’wg nf)agrtfcl Jélg %Ea%pryztt):ur sor or other process

gas over the- course of Cl-13 e 7 BdrSinPhdd@pSrdchie ghy @htingaionor ot her
val uabl e Sﬂ*%ﬁ?@r(F'éi’WBT%ES)'%%%L%%eS%F’%?%ﬁm?S nl(t)}? al vva§/s the case in

conventi onal deposition processe ] Q¥ 9 speSittitdpR Udhsofs| @ESANDh some
i nt er m t te#t beimratedopy Bgee(?{ﬁné%r ép'u'%{fﬁ ngdéli tion topgr eserving material,

there may be other benefits to Be@nda s har frodrhebiebing adiaael dnded dsor
exanpl e, ?@P@S*f?néqﬁfeﬁiofeyp%enéae ?gﬁrayeto ?)ytsjr geﬁre%cess precursor from over the

waf er before strikin - RE 8 ofi@rs. Fok exdmplk, HArCESSAsor foay bdheedbrze,
certain e?&%’ﬂﬂmé’gm‘?ﬁ%f%im?cgﬁgp%%% of "t wo ?or Fr?%r e) precursors which shoul d

not be allo o meet in the chambernrober fasmaniosal. Itf Wit we npyeqatalcdd as
fol |l ows: %ﬂ&%ﬁg? %\%’ g’?@%ﬂ#@éﬁ% (b) Pﬁr ge Pl?ecur sor A, (c) Flow Precursor B,
(d) Purge, Precursor.B, 8¢ usddePSmbmior -the( plrsnas amieeterdprof®214] | n
one exam?‘b?oq%gxafu&fg’n%@&grgé%%rggarggemmd to repeatedly turn off and turn on
the flow otf1 a, val yabl & RLEEH S8 ilchdd Yupapi mg, limiyd| e- racy TR, PR on over
t he cour s&"%F process. In ™turning on" the flow of precursor fromits
source, the sequence Of of-8ollHrddh@ns may account for a line charge del ay
associ at ed“Wth providing the precursor fromits source to the showerhead
or other inlet to the reaction chanber. This neans that the timng of the
initiation or execution of the precursor delivery operation nust occur at
sone defi r{?ﬂ)sfer I RkoRE ekiResp ke Glasing rhdyebeacntralledr B irippéaRtRye LR &IO&) t he
precursor to the reaction chanber. Thus, the |1 OC sequence of events
associ at ed et b, dekiaasn. OfnetdFD jro@sus docrird betsin mReeBRlEY PEASHEFRE Ll with
OC's sequence of events associated with, for exanple,

a different
triggering, f.puiQRa @émtﬁ)mdinﬁé‘seToerHonﬁmt(WCSDﬁmp@\@tbfrrbrﬁmmg QFIBICéi%l?Fa Pn the
reactor. In another exanple, if it is desired that the flow a particul ar
reactant tQ.the b aard Gls Jossiv, Ravearprdter coromingmpreidalvesd e digie PREHEED to
drive a reaction between reactants on the surface of the wafer, the 10C
events prognasNERA100), k@itiiies ilcpi asdrets nbipfdpegion. 8288 EHEEIHP BFUPY the -
expected term nation of flow of the second reactants to the reaction

t chanmber. Mre specifically, the initial execution of the command to ignite
. the plasma nmay occur at a time earlier than the expected term nation of the
. flow of the second reactant, which tim .equals the delay associated with

pl asma power being delivered to the reactor after receipt of the plasna

i ignition command. [0215] In conventional deposition processes, plasma

. strikes last on the order of a few seconds or nore in duration. In various
i npl enent ati ons descri bed herein, nmuch shorter plasma strikes are applied
during a CFD cycle. These may be on the order of 10 nms to 1 second,
typically, about 20 to 80 ns, with 50 ns being a specific exanple. Such
very short RF plasma strikes require extrenely quick stabilization of the
pl asma. "To acconplish this, the plasm generator may be configured such

g, o o . o, M o I o



rate of 10 L per second, but during a malfunction it operates at only 4 L
per second. [0217] 1 n sone exanpl es, pedestal 1308 may be tenperature
controlled via heater 1310. Further, in sonme exanples, pressure control for
CFD process station 1300 may be provided by butterfly valve 1318. As shown
in the exanple of FIG 13, butterfly valve 1318 throttles a vacuum provi ded
by a downstream vacuum punp (not shown). However, in sone exanples,
pressure control of process station 1300 may al so be adjusted by varying a
flowrate of one or nore gases introduced to (2Fl) process station 1300.

[ 0218] As _descri bed.abgv QQ% r I t.atd Va OED Ich@d’ded in a
nulti-stﬁfC%ﬁﬂgfg%gégﬁﬁgig%o .géF%?dgﬁpéﬁ%agﬁégsgﬁg%h ic view of an exanple

of a multj-stat %gr}oerktggg%% 80308k R0 Yckdtoalchibodiag dnads bigis 2402 and

an out botiid 1 6ad 1 0¢ r or both of which may conprise a renote
pl asma SMO%EC'OHABB&) BRla1s24061y 18 heAhPRSRNS hirGwik BSSpbhent. This GAfibmetted to move

waf ers from-a cassette | oaded through a pod 2408 into i nbound |oad | ock

2402 vi ar.%{:cegﬁ&%%'é‘cfdn&n@@{&m%ﬂpmeréalw;lf\mc,'blasrﬁﬂsaﬁ:ed ety the robot 2406 on a
pedestal 2412 in the inbound |oad | ock 2402, the atnospheric port 2410 is
closed, Mot he THRROC] @k Ke piysiBAINEScd avarioMpeing ih be appurousnels.| witdn theck 2402
conprises a renote plasnma source, the wafer may be exposed to a renote
plasma t 'i:ﬁﬁ&sg%dul'e Rr b€ slafBglodeqlePratio Etaiidingo®ins distantd oekycien thatpoocess
processi hg chanber 2414. Further, the wafer also nay be heated in the
i nbound lRade] Teke 4D Be asltiprRIIDCs fucdciexadyid @,g., Boper Brdle). Willsespee tofd
adsor bed gases. Next, a chanber transport port 2416 to processi ng chanber
2414 is qpeneskuads Afeidier a sabaice, (sl cbmsiagaryr qohiadisg tahves, wEbor SAUFRED t he
reactor on a pedestal of a first station shown in the reactor for
processi ng. mhbé Rclubd iex singlk IO eqpnetce dThin 26k th@4hg tirgingded! hedeyidepks, it
w Il be appreciated that, in sonme exanples, direct entr% of a wafer into a
process siehily edntrohed foem pn ebiobhedstandp@Rtl Gl T rlefiecioerdclp pidere s&ltgRptiEHanber
2414 conprises four process stations, nunbered from1l to 4 in the exanple
shown i n thdrEmag4e matHe 3@ stamanden sunaing e tany] giver E5eal ThissHlons fat didigreRl f or
station 1), and gas line inlets. It will be appreciated that in sonme
exanpl es, aspashvf pCbesde Htrat inparabely Fpraxample fif dlogn the glasmyispitisp 8PET Ydses. For
exanple, in some exanples, a process station may be sw tchabl e between a
CFl) and GEEWDnprioeeslel mitiehe penrior SeftenyaspictsAt aevrist iAfgitignallynit aipHs
exanpl es, processing chanber 2414 may include_one or nore matched pairs of
CFD and PREQUDe pprwoetisss oJum el GHSS SEHPISAD £ {EaCHE pF Lt pIF (e S BRaffer 2414
conprises four stations, it will be understood that a gr ocesijbonge chanber

e

accor di ngfor statigre 1 wifle Al tigingcqopErlicd foredll e PArANAS COMPINEHF Q% PaY

stations. For exanple, in sone exanples, a processgyntg cha mg%eg ve five
or nore sewds ahkose GATINE 2pfh 2 SEoRRY SCARCRADH AL T BPOTELY; HR%R rfay “have
three or fewer stations. [0220]FI G 24 al so depicts a{; xampl.e. of a wafer
handl i ng s§t9ee A2 doempley ofPSREEr R {aPRIFEe PR A=hPHte%% g’ chamber

2414. | | es, f dl i 4 1y, L
et woen vAFGHS BRBLOEL RS HOOArRoF bot dolh n LR s 6 A0 Dor a2

load lock, It will be appreciated t{]aéesany sui tabl e waf er handling system
may be enPEepEacd RIHD PY TR SEHIBIES™ ncl ude wafer carousels and waf er
handling robots. FIG 24 also. depi.cts an exanple of.a s onbrQl | er
2450 enpl H7aY toI%B?ﬁ?‘Wplﬁ’rtg%’é‘g%ﬂé%nﬁgﬁsleglﬁg Pand” ﬁoélfiﬁmﬁrfseé%?g%rgsﬂ%fe process

t ool 2400. stem controller 2450 .may,incl ude..one . DeaRy i ces
2456, oneP]Eﬂssé/ﬁ‘ﬁ‘Vé’edﬁ@gie‘gfno? SYESPRGIE é“?ﬂ@%}vg%%dggﬁgep%gg (rgr%re pr rggejegés{ors

2452. Processar 2452 may include.a CPU or - digital
i nput / out ﬁitpc'(:[Bﬁ?FB%‘faf%ré?w%Str%cbpﬁé’rh ot o cho I%E%lﬁ E%m]t%%gr@{)jg{gt %’? {gs{ugé[luéng%z“ I'n

;?gg eg); at %lea%FDS rgécgsrghg's% g}ere%!:clug:la c&‘ﬁ"ﬁgrgcnﬁ9 Rk ﬁlaispr@r!eks ;91?13 el RG PG d.p}ﬁieéiiat@§ of
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2400. Systemcontrol |l er 2450 executes system control software 2458 stored
in mass storage device 2454, |oaded into nenory device 2456, and executed
on processor 2452.  System control software 2458 may include instructions
for controlling the timng, m xture of gases, chanber and/or station
pressure, chanmber and/or station tenperature, wafer tenperature, target
power |evels, RF power |evels, substrate pedestal, chuck and/or susceptor
position, and other paranmeters of a particular process performed by process
t ool 2400. System control software 2458 may be configured in any suitable
way. For exanple, various process tool conponent subroutines, or ccgntrol

obj ects nRy QemeWaipeitervft slasonteemkatiopemay i kee ovell-¢harapiedeee s Sl 2% ponent s
necessary to carry out various process tool processes. System cantr ol
sof t war e 24ASatvatrke teodsdprblnanylass pragsserkesmBot BPDPERa iR “&F%@P%fmn ng

| anguage. [0222] I n sone exanples, systemcontrol software 2;1338 rraé/toi ncl ude
i Nput / out At becpredictable. (u@C)ims dglarsneishipciuge & rtimst o GHEef B PIRTH: 13 ¥y he
various paraneters described above. For exanple, each phase of a D
Process n@sbiliza cheuyglema e the indirtedepowgs settipet Forrrdample. JGe etiiEm By SEtem

controller 2450. The instructions for setting, pro condi.t i ons a CFD
process phasientndelay 7204 hettertet Plapma 12EI0F é@ﬁ’&’ﬁgﬁl ﬁ‘é’“’%&%a% é%dln%gorﬁ’%g é’w{ n some

exanpl es, the CFD reci pe phases nay be sequenti al .ran Ahat all
i nst r uct i caprfR20aioCE Plappa dBYSs INFARS EX AP, S&‘Q%E‘ﬁ?‘)éﬁ%%(ﬁ%@ﬁﬁorngﬁ??’?ﬁ&} th that

process phase. [02231Qt her conputer software and/or pro fd, on nmass
storage dewimpder? By bainanénd indFSHY PREG PE@%@PE}%{@ e ate ggs\g/lmﬁ)ﬁ §)Esa31r tem

controller 2450 may be enpl qyed in sone. ex | es. Qe REQGHANE Or
sections &fst W@g?@ﬁ%mﬂblf‘dﬁqﬁ%s“ﬁﬁﬂoﬂﬁgoései aﬂtﬁgv raaésf) 6%@%%@%502?% i o%i ng

program a process gas control program a pressur t PO ANYor a
heat er connstrettiopy {95 FeitAe 2AR™4 gﬁ’?"’é@ to&?ﬁ’f"?gﬁc%?%g%g%% {egalgzléglsrlA substrat e

positioning program_.nnay inclyde progra : Ol foCaBmRRent s -
that are t ECIPeoRAES ﬁese?ﬁg‘ssflpsg ueeg{)rr?%gg%geeisug %fﬁglg%%%ﬁg&?gocont rgl t he

spaci ng between the substrate . and. hs RionRr0% {0l mrd G&ipe[ 0225] A
process gdke B %ﬂ“erﬁ‘tobé?datrlﬁa%g‘fe}q ch'H}génSE%ée fsoroncéﬂ%r:ctsj{lﬁ]lai ng gas

conposi tion and fl o tates and SRLLANAL hkeckYondhi@BEng a8y Rlcons far mor e
process stRRAIESHAY ‘igSPS?%E%a‘épS%.{%%o |nﬂ) or dagentro stabi || zejthe pressure in

the process ?hgrgtr%fpg suide OGP $oR00LE Bl AEQUEAM HRk: bgbudpneadaition

control li n‘ﬂ"’ re I'n process station by regulating, for exanple,

a throttle valve in the SuS e RBE of epBleacR@sRsmt.ati on, a gas flow
into the p c?é%t%ratgé]%ltalr%sr@égei?\ggY02261Aoﬁegt er-control program may incl ude

code for ogpifiol | (NG LS, SRl §iBvaaiGtkh ngpYRit rkpallod enURBdechaatieat t he
[ nhe

substrate. ernatively, heat er control program may control delivery

of a heat Egn%gﬁefr% stgoq‘@ze(ﬁﬂllg rihd?c%teh%l)\iv&@:ttih@béf&@ tief)Sstra gk a2ess phase begins. In

some éxamples, a time to activate and stabilize a plasma may be reduced from approximately
200 ms to approximately 20 ms. For example, FIG. 23 illustrates an example plasma igpition
command signal 2302, a plasma power setting 2304, and a forward power response 2306 for a
plasmé according to an example of the present disclosure. ‘While the épeciﬁc example described
above relates to plasma ignition, it will be appreciated that, in some examples, one or more other
time delays may be predictable, such that various control schemes and/or process recipes may be

adapted to compensate for the time delay. Example time delays include, but are not limnited to,
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#[ 0227] A pl asma conl program may include code for setting RF power |evels
applied to the process electrodes in one or nore process stations. [0228]1In
sone exanples, there may be a user interface associated with system
controll er 2450. The user interface may include a display screen, graphical
sof tware di spl ays of the apparatus and/or process conditions, and user

i nput devi ces such as pointing devices, keyboards, touch screens,

m crophones, etc. [0229]1n sone exanpl es, paraneters adjusted by system
controller 2450 may relate to process conditions. Non-limting exanples

i ncl ude PLOGERR HA%iaE0 RSk e A Ehuld @VedsaloRS sate, @R QAU ESocipEiesHur €,

pl asma conditions (such as RF bias power |evels), pressure, tenperature,
etc. Thegg.para £:9 et 6 1dnibetdnge, UGAT tithd) dellay dssocimtedf with 1 eci pe,
whi ch m?ehbﬂgﬂén?gé}gs uﬁﬁ%{/f’g?ﬁ’g t he usernq;i) nterface. [0230]Signals for '
moni t or-i P&mﬁﬁ?‘g YRS 6 BBy akifor i ea fiyssaal og and/ or di gi tal input
connections of” systemcontroller 2450 from various process tool sensors.
The si gnggoso NI QmOB) bk R iiflerhdie AeQReGEOf ERyhtend chen pavkitoimrtbdn ensapriicey  and

di gital output connections of process tool 2400. Non-l'imting exanpl es of
process §0Qltx5giBat Seskhball herei, tREIOTin ptogragshedse thadiecardey ofvrsegeReod| | er s,
pressure sensors (such as manoneters), thernocouples, etc. propriately

pr ogr ammegf@esihesdieand Ic Gattexahpla tipoequehersof imsyudsions dedidesd £hoIPREA™F om t hese
sensors to maintain process conditions. [0231] System controller 2450 may
provi de REGEERwith St finid Ephsoff © CFDubeesse nThis gnigti dnvebis\applig cr Fassernd :
deposition processes. The programinstructi ons may control a _vari ?ty of
process RafuefE e movidingh plasn tpowastion chagber for Fdgfingd Pisernefrhe ETRY'pr essur e,
tenperature, etc. The instructions may control the paraneters t.o erate
in-situ depedivahtddCodqientanisventkmishciovrle hgarielay Aelen aerioddmpy & dblg’gcri bed
herein. [0232] The apparat us/ process descri bed herei nabgve rrg)iu,‘be used in
conj unct ipdMemaig fwot activated, then a very steep ramp up to a particular level of apphe poweL,

followed by holding that level applied power for 4 particular period of time, then dropping the
power back to zero or some other predefined level, again for a defined period of time. When a
sequence of events such as this is programmed into the IOC, it need not be resent for each cycle.
Rather, the IOC maintains the sequence of instructions in some form of persistent memory and
re-executes them repeatedly, cycle-by-cycle, over the course of a CFD deposition process. For
example, 20 cycles of CFD may be performed over the course of a film deposition process. The
plasma coﬁﬁoﬂed sequence of events would be delivered and installed once in the IOC, which
would then loop over that sequence of events repeatedly, 20 cycles in this example, until the
complete CFD film was deposited.
[0213] Another aspect of the 10C control implemented in accordance with this disclosure is the
ability to repeatedly turn off and turn on the flow of ;1 particular precursor or other process gas
over the course of a CFD process. This allows the precursor or other valuable material to be

conserved, which is mot always the case in conventional deposition processes employing
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| i thographic patterning tools or processes, for exanple, for the
fabrication or manufacture of sem conductor devices, displays, LEDs,

phot ovol tai ¢ panel's and the like. Typically, though not necessarily, such
t ool s/ processes will be used or conducted together in a common fabrication
facility. Lithographic patterning of a filmtypically includes sone or al
of the follow ng operations, each operation enabled with a nunber of
possi bl e 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 curing .togl.:. i

phot or estastinye flgyw ane Anergtteph Atgirt 9%/3; Py HE a@m&%rg g)grg%ﬁ%?u%%%gqga%f er

st epper; (4) devel oping the resist so_as _to.se Lvel o) o st and
t her eby PaY %%?theribfneaésit%@}%aﬁdéﬁft 1gY oh & gelm P ‘Jé‘g‘% 1ﬁ’;’ﬁ(s é}’”ﬁd?@ynﬁs‘? STy ng the

resist pattern into an underlyjn il : ' [ gy or
pl asma- a¥sPEEeTCEt BIFHTY” #BIBIO;V”y ed@#gbe?&g%@}éﬁé@ﬁ@%ﬁé@ﬁ#%lgf@ n%foa t ool such

as an RF_or mcrowave plasnma resjst stdti r Lt WpehtsRoddEndider st ood
t hat theFE%q?F?ﬁ&rc&%ﬁ’Eamﬁﬁﬁf??W%pEP %a%r%gQﬁe%oéé)ﬁ%%ggsﬁ%r ein are exenmplary in

nature, apd that these cific &S SXRA0R! BRc@¢ §a)Hdw PRcBET
consi der 8PS 13 P { |eﬁ§8§b§ﬁs%? aﬁé@ﬂe Ir]i"girr%rous varioat ian)ns are possi bl e.

The specifi.c.routines qr SufESE JYERisBr BBMd (§RERSEMps () Oor nore
of any- nt‘ﬁ”r@?“%gf |5°F%I3%g§|(ﬂ§}°gf€at egllse’s(. PﬁAggsuch,s various acts illustrated
may be p%r))f ogggdi n the sequence illustrated, in other sequences, in

paral l el Jr " some cases omitted. Likewi se, the order of the

above- degpy,pPed,RLAGERS8E 108 b phBAGAL  R3GAIHCGAIMIRgiof e Tonesent
di scl osure, e met S described for depositing a filmsuch as silicon

car O~ Nt Y Moo hlal 1630k My (PN aAA osérlhcatirstlbf CHITIgrob SN 1 | ms
can use a silicon-contalning reactant selected froma precursor group

i ncl udi ngdint S tindutwbs plicagdRe itsabece, Best@ibty biimtthyticuminty peiohz e, 2

bi s(dl i sopropyl am no) sil'ane, bis(tert-butyl hydrazi do)di et hyl sil ane,

tris(di mahyhap 893ySishodsnd ivi@ providis B predrydr dnviie) sosick Y hersiteverteediend si | i con
triazide, dilsopropylarninosilane, and hexal ds(di nethyl am do)clisil azane.
The chemi gGal ;Sbe s eeYéREonhEmEX ATHL enesiysrthar aliel tonipy of tbe Ditetion er sxequtipbef h

bel ow. Chem cal Structure and Exanple Synthetic Protocol for Di-tert-butyl
di azi dosi f@BRckS2 3okt sRfatiohhitytlocei az saiesicfinetepetiad of firee pidr| tofierrgieheni cal
structure: "t-Bu si.1111111?13 tBu\-1\13

required delivery of the precursor to the reaction chamber. Thus, the JOC sequence of events

associated with delivery of the precursor may be executed in parallel with a different IOC's
sequence of events associated with, for example, triggering a purge of a different reactant or
" ignition of a plasma in the reactor. In anothef exémple, ifit is desircd that the flow a particular
reactant to the reactor terminate prior to igniting a plasma intended to drive a reaction between
reactants on the surface of the wafer, the IOC events programmed to ignite the plasma may begin
to execute prior to the expected termination of flow of the second reactants to the reaction
chamber. More specifically, the initial execution of the commaqd to ignite the plasma may occur
at a time earlier than the expected termination of the flow of the second reactant, which time

equals the delay associated with plasma power being delivered to the reactor after receipt of the
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[ 0236] One suitable synthetic protocol for di-tert-butyl diazidosilane is
set forth below R\ S /XR\ /N3 + M3 Si+ MX /R/'\ RX N3 M= al kali netal
= halide R = alkyl [0237]A 12 L round bottomflask is equipped with stir
shaft with Tefl on paddl e, reflux condenser, thernowel| and pressure
equal i zing addition funnel and flushed with inert gas for 1 hour. To the
flask is added the netal azide, which is slurried in reaction solvent. To
the addition funnel is added the silicon halide. The silicon halide is
" added at roomtenperature over a period of 30 minutes to the netal azide.
After additlon 1.S g gte, the reaction is allowed to stir for 24 hours.
[0238]Th8aﬁPx?n%e ested for conpl eteness. Conpl ete di sappearance of the

sil'i con E@lkfﬁ c%ﬁx%ﬁt&o%gl deﬁ@iﬂ%ﬁ‘hﬁ%esgﬁ epl%ﬁﬂ s@fkced B8 of tHelord2e bf PRw sEIa& drhis is

determn reaction re1s filtered through a porous gl ass,

stainl es 3n éﬁl 3bx. Tflfvlaf?&ls gﬂlﬁl&lﬁéntéﬁ%ﬁg deBBribddBer&i0) thieks sRdrer pﬁﬁ:ﬁlﬁdﬂnkbt b
hydrocarbon solvent and filtered into the sane vessel as the original

mot her | i,guoR 4,716 &P XeR! Thete bBER: &ithd RRAGT 06 fus WHREoNARpicatlyl doyti2el d crude
final pro t The flnal product is fractionally distilled to yield pure

silicon 3& 'SQ%SC %EH%QQB- belill & syt Redtle. pISAtHOEHY shcst RF plasas stribest doquire
descri be | sh, KM, Mchl, J., West, R JACS, 1988, 110, 6689, which
is her ebyexﬁaﬁéy Q,ga@gtﬁglzgyonr&fﬂ@r e, T act:c&nlﬂl@}ﬁ thise the. plasfih epnecadr lﬁyrh&ct ure

and Exanpl e Synthetic Protocol for Bis(ethylnmethylam do)sil ane,

Bi s(di i SQRLORYIIAHICR @8 itheafitpeainde Biamhtierstt prebey |t edpaidutio )witezehyhild thene.
frequency is allowed to float. Conventionally, high-frequency plasmas are generated at an RF
frequency at about 13.56 MHz. . In various examples disclosed herein, the frequency is allowed
to float to a valué that is different fronﬁ this standard value. By permitting thé frequency to float
while fixing the impedance matck‘l to a predetermined voltage, the plasma can stabilize much
more quickly, a result which may be important when using the very short plésma strikes
agsociated with CFD cycles.

[0216] Another aspect of event programming for CFD cycles involves an error recovery
mechanism which treats each CFD cycle as a binary e\}ent In other words, any given cycle
either occurred or did not occur. A partially completed cycle is treated such that it did not occur
(or vice versa). In one example, if a malfunction takes place during a cycle, the cycle is treated
as having not occurred. Thus, for example, if a given CFD film formation process is designed to
require 26 discrete CFD cycles, and on the 15th of these 20 cycles a malfunction occurs, but the
malfunction is promptly repaired, the partially completed 15 cycle is not counted. Thus, another
five cycles are performed until the film formation process is complete. Various malfunctions can
occur and will be understood to those of skill the art. As one example, a mass flow controller for

delivering precursor or oxidant to the reaction chamber may be designed to operate at a delivery
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[ 0239] Bis(ethyl nethyl am do)silane has the follow ng chem cal structure:

Nitt, NMeEt [ 0240] Bis(tert-butyl hydrazi do)di et hyl
fol l owi ng chem cal structure: Y ) yl'silane has the

rate of 1I0L ber second, but during 2 malfunction it operates at only 4 L per second.

{0217} In some examples, pedestal 1308 may be temperature controlled via heater 1310.

Further, in some examples, pressure control for CFD process station 1300 may be provided by
butterfly valve 1318. As shown in the example of FIG. 13, butterfly valve 1318 throtties a
vacuum provided by a downstream vacuumm pump (not shown). However, in some examples,
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.

102181 " As described above, one or more process stations may be included in a multi-station
processing tool. FIG. 24 shov'vs. a schematic view of an example 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, 18 conﬁguréd to

move wafers from a cassette loaded through a pod 2408 into inbound load lock 2402 via an
atmospheric port 2410. A wafer is placed by the robot 2406 on a pedestal 2412 in the inbound
load lock 2402, the atmospheric port 2410 is closed, and the load lock is pumped down. Where
the inbound load lock 2402 comprises a remote plasma source, the wafer may be exposed to a

remote plasma treatment in &c load lock prior to being introduced into a processing chamber

2414. Further, the wafer also may be heated in the inbound load lock 2402 as well, for example,

to remove moisture and adsorbed gases. Next, a chamber transport port 2416 to processing'
chamber 2414 is opened, and another robot (not shown) places the wafer into the reactor on a

pedestal of a first station shown in the reactor for processing. While the example depicted in FIG.

24 includes load locks, it will be appreciated that, in some examples, direct entry of a wafe;: into

a process station may be provided.
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[0219] The depicted processing chamber 2414 comprises four process stations, numbered
from 1 to 4 in the example shown in FIG. 24. Each station has a heated pedestal (shdwn at 2418
for station 1), and gas line inlets. It will be appreciated that in some examples, each process
station may have different or multiple purposes. For example, in some examples, 8 process
station may be switchable between a CED and PECVD process mode. Additionally or

alternatively, in some examples, processing chamber 2414 may include one or more matched

pairs of CFD and PECVD process stations. While the depicted processing chamber 2414

_comprises four stations, it will be understood that a processing chamber according to the present

disclosure may have any suitable number of stations. For 'cxamplle, in some examples, a
processing chamber may have five or more Stations, while in other examples 2 processing
chamber may have three or fewer stations.

[0220] FIG. 24 also depicts an example of a wafer handling system 2490 for transferring
wafers within processing chamber 2414. In some exarﬁples, 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. FIG. 24 also depicts an
example of a system controller 2450 employed to control proéess conditions and hardware states
of process tool 2400. System controller 2450 may include one or more mMemory devices 2456,
one or more mass storage devices 2454, and one or more prdcessors 2452. Processor 2452 may
include a2 CPU or computer, analog and/or digital input/output connections, Stepper motor
controller boards, etc.

[0221] In some examples, system controller 2450 controls all of the activities of process tool

2400. System controller 2450 executes system control software 2458 stored in mass storage
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[ 0241] Bis(di _isopropylam no)silane has the follow '
. . r n :
Si..11111N(i P02 N(iPr)2 [ 0242] 9 chemcal structure:

Thef ol | owi ngexanpl esynt heti cpr ot ocol canbe

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 termperature, wafer temperature, target power
levels, RF power levels, substrate pedestal, chuck and/or susceptor position, and other
parameters of a particular process performed by process tool 2400. System control software 2458
may be configured in any suitable way. For example, various process tool corﬁponcnt
subroutines or control objects may be written to control operation of the process tool components
pecessary to carry out various process tool processes. System control software 2458 may be
‘coded in any suitable computer readable programming language.
[0222] In some examples, 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 for a CFD process phase
may be included in a corresponding CFD recipe phase. In some examples, the CFD recipe phases
may be sequentially arranged, so that all instructions for a CFD process phase are executed
concurrently with that process phase.
10223] Other computer software and/or programs stored on mass storage device 2454 and/or
memory device 2456 associated with system controller 2456 may be employed in some
* examples. Examples of programs or sections of programs for this purpose include a substrate
positioning program, a process gas control program, a pressure control program, 2 heater control

program, and & plasma control program.
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used for bis (ethylnethylamdo) silane bi.s(di I sopr ' [ [
_ _ , opyl am no) si |
(tert- butyl hydrazi do)di et hyl sil ane. R /X Si 4HRIF\’ ICF)\’yR \Si./?\IF\’I RgneR/aneb;(sé/

NRR + RR = i .
Nl Kyl NH2X X = halide R= Hor alkyl R. Hor alkyl R'= alkyl or

[0224] A substrate positioning program may inclnde program code for process tool
components that are ased to load the substrate onto pedestal 2418 and to control the spacing
between the substrate and other parts of process tool 2400.

[0225] A process gas control prograﬁq may include code for controlling gas composition and
flow rates and optionally for ﬂowmg gas into one or more process stations pnor 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.

[022'6] A heater control program may include code for controlling the current to 2 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.

[0227] - A plasma contggl program may include code for setting RF power levels applied to
the process elcctrod.es in ong or more process stations.

[0228] In some examples, there may be a user interface associated with system controller
7450. The user interface may include a display screenm, graphical software displays of the
apparatus and/or process conditions, and user input devices such as pointing devices, keyboards,
touch screens, microphones, etc.

[0229] In some examples, parameters adjusted By system controller 2450 ﬁxay relate to
process conditions. Non-limiting examples include process gas composition and flow rates,
temperature, pressure, plasma conditions (such as RF bias power levels), pressure, temperature,
etc. These parameters may be provided to the user in the form of a récipc, which may be cntéred

utilizing the user interface.
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[0243] A 12 L round bottomflask is equipped with stir shaft with Tefl on
paddl e, reflux condenser, thernmowel| and pressure equalizing addition
funnel and flushed with inert gas for 1 hour. To the flask is added the
silicon halide in reaction solvent. To the addition funnel is added the
am ne or hydrazine derivative and this is added to the silicon halide at
0-10 C over a period of 1 hour. After addition is conplete, the reaction is
allowed to stir for 24 hours as it warns to roomtenperature. The m xture
is tested for corrpl et eness. [0244] Conpl et e di sappearance of the silicon
hal i de r ctes1he Sl krput
determ ﬁé‘% theélg‘@zfé tnn% rclg)csessfljlﬂ tgér %réwgﬁd'%ﬁ%ﬁhgﬁﬁg?%ﬁ? glbz’ss
stainless steel qr Teflon f i NS s alM £bh

hydr ocarclﬁ’B'?F RGBS ER OPH?]‘Hetrzg ?ﬁllgo e E)goﬁe&g\;gésissgﬁsrogssw?hge%rlgl nal

mot her pr 88’6@{’“ E{;ﬁ gro %L gtbc og‘%;{lthcﬁlnthé taﬁélcpp&q Bdifar &Hﬁlﬁ coMR&iedit rodekel d crude

final pro fractionally distilled to yield pure

silylam del 2400 N agﬂ]%ﬁhé:%_g;gfe Ee@s RF0sEXRMBhEmay i MeHilofed Ricdide emdss f or

Et hyl silT°Con yIS|I|contr|a2| e has the follow ng

cheni cal g §f IYGLMLE: oElonlBnsol:0848] FnBiadhdraw) ﬂﬁn@é&fﬂﬂseeﬁynbﬁteﬁﬂmhpr ot ocol
can be used or ethylsilicon triazide: X \Si/X M3 RF "X RN3 \S(MX N \3

- hﬁrhérgﬁm@i_' sabiak oM corﬁiloi(ﬁ'gbnthms may be used with data from these sensors to

maintain .process conditions.

[02311 System controller 2450 may provide program instructions for implemenﬁng the .
a’bove-describcd deposition processes. The program instructions may control a variety of process
parameters, such as DC power lcvél, RF bias power level, pressure, temperature, etc. The
instructions may control the parameters to operate in-situ deposition of film stacks according to
various examples described herein.

[0232]. The apparatus/process described hereinabove 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 includes some or all of the following
operations, each operation enabled with a number of possible tools: (1) application of photoresist
ona 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 photoresi;t to visible or UV or x-ray
light with a tool such as a wafer steépcr; (4) developing the resist so as to selectively remove

resist and thereby pattern it using a tool such as a wet bench; (5) transferring the resist pattern
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[0247] A 12 L round bottom flask is equipped with stir shaft with Tefl on
paddl e, reflux condenser, thernmowel| and pressure equalizing addition
funnel and flushed with inert gas for 1 hour. To the flask is added the
nmetal azide, which is slurried in reaction solvent. To the addition funnel
is added the silicon halide. The silicon halide is added at room
tenperature over a period of 30 mnutes to the netal azide. After addition
is conplete, the reaction is allowed to stir for 24 hours. The mixture is
tested for conpl eteness. [0248] Conpl et e di sappearance of the silicon halide

starter indicates.the end of 1he sti ' CEsiltbd Steilise B6L efdnieyed, the
react i on i )??lﬂdgﬁ*%g Slln?tOIéP”gr P‘F%er.%’i{d;n’ﬁgapg%"r %glasglgagg,t st gﬁ% ess sﬁngzl or
Teflon filter di um .The, ' Vas, ik uelk egasepon sol vent and
filtered TG eereséséﬁ‘sem%/‘letgggl’éh%g m?ﬁgoorl g‘?ﬁé{ e I ?ﬁﬂor. The solvent is

then stripped off under vacuumto yield crude final product. The final
product is fractionally distilled to yield pure silicon azide conpound.

Chem cal %g#ft UI[ 1% t@ggurﬁfrglggdg?xaéxgwﬁﬁﬂﬁﬁdﬁg %&&QFprB&Bes described herein are

Di isoproﬁ nosi | ane. Di | sopr opyl am nosi I'ane has the foll ow ng

chem cal e?élﬁﬂﬁ'% W fature, W%t thesk §ﬁ§écﬂ% %leﬁlEé"d)r [c%ﬁ@as%cﬁ W BeaddhRdesedrt Bet i c
prot ocol for I sopropyl am nosilane can be found in US
limiting sense, because numerous varjations are possible. The specific routines or methods
described herein may represent one or more of any number of processing strategies. As such,
various acts illustrated may be performed in the sequence illustrated, in other sequénces, in
parallel, or in some cases omitted. Likewise, the order of the above-described processes may be
changed.
- [0234] According to the present disclosure, the methods described for depositing a film such
as silicon carbo-nitride (SiCN), silicon oxide (SiO) and silicon nitride (SiN) films can use a
si]icon—contaiﬁing reactant selected from a precursor group including di-tert-butyl diazidosilane,
bis(ethylmethylamido)silane, bis(diisopropylamino)silane, bis(tert-butylhydrazido)diethylsilane,
tris(dimethylamido)silylazide,  tris(dimethylamido)  silylamide, . cthyléiljcon triazide,
diisopropylaminosilane, and hexakis(dimethylamido)disilazane. The chemical sfructures and

éxample synthetic protocols are set forth below:

Chemical Structure and Example Synthetic Protocol
for Di-tert-butyl diazidosilane

[0235] Di-tert-butyl diazidosilane has the following chemical structure:
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Pat ent Publication No. US2006/ 0258173, which is hereby incorporated by
reference in its entirety. Chem cal Structure and Exanple Synthetic

Prot ocol for Hexal ds(di et hvl am do) di sil azane.

[ 0251] Hexal ci s(di nmet hyl am do) di si |l azane has the follomnng chemi cal
structure: NMe2NMe2 Me2N Sli-Sli-Nwve2 |1 NMe2NMe2 [ 0252] The reaction is
performed simlar to those hexakis(dialicylam do)disilanes synthesized in
US Patent Publication No. US2004/096582 Al, which is hereby incorporated by
reference in its entirety. Chemcal Structure and Exanple Synthetic
Protocol for Tris(dinethylamdo)silyl éide and

Tris(di met hyl am dol sil vl am de. [0253 Hi s(di met hyl am do) sil yl azi de has the
foll owi ng chem cal structure: N3

SiliNg

iBu Ns

[0236] One suitable synthetic protocol for di-tert-butyl diazidosilane is set forth below:

X
Ny - \ / + MX
R/Sl\ + MNa / \

! 3

M = alkali metal

X = halide

R =-alkyl
[0237] A 12 L round bottom flask is equipped with stir shaft with Teflon paddle, reflux
condenser, thermowell and pressure equalizing addition funnel and flushed with inert gas for 1
hour. To the ﬂask is added the metal azide, which is slurried in reaction solvent. To the addition
funmel is added the silicon halide. The silicon halide is added at room temperature over a period
of 30 minutes to the metal azide. After addition is complete, the reaction is allowed to stir for 24
hours.
[0238] The mixture is tested for completeness. Complete disappearance of the silicon halide _»
starter indicates the end of the stir period. Once this is determined, the reaction mixture is
filtered through a porous glass, stainless steel or Teflon filter medium. The solids are washed
with hydrocarbon solvent and filtered into the same vessel as the original mother liquor. The
solvent is then stripped off under vacuum to yield crude final praduct. The final product is
fractionally distilled to yield pure silicon azide compound. This synthetic protocol is similar to

that described in: Welsh, KM Michl, J., West, R. JACS, 1988, 110, 6689, which is hereby '

incorporated by reference in its entirety.
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follow ng chem cal structure: NH2 Si' o

Chemical Structure and Example Svynthetic Protocol for Bis( ethvimethylamido)silane,

Bis(diisopropylamino )silane and Bis( tert-butylhvdrazide)diethylsilane.

{0239 Bis(ethylmethylamido)silane has the following chemical structure:

H

SianfiNMeEt
H NMeEt
[0240] Bis(tert-butyihydrazido)diethylsilane has the fo]ldwing chemical structure:

Et

' Si e NHNHIBU
EtA/ ~ NHNHtBu

[0241] Bis(diisopropylamino)silane has the following chemical structure:

T
__SIMINGPD),
H .
~ N(iPr)
[0242] The following example  synthetic  protocol  can be used for
bis(ethylmethylamido)silane, bis(diisopropylamino)silane and bis(tert-
butylhydrazido)diethylsilane.
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Me2N\ NVe2 [ 0255]

Onesui t abl esynt heti cprotocol fortris(di net hyl am do)sil yl azi de and

tris(dimethylam do)silylam de is set forth below R\ /RRN\I NSi-X +
MX' / RNR \ RRR

R X R.. NR'R"
>Si< + 4HNR'R" —mm >Si< + R'R"NHZX
R X R NR'R"
X = halide
R= H or atkyl
R'= H or alky!

R"= alkyl or NHalkyl

[0243] A 12 L round bottom flask is equipped with stir shaft with Teflon paddle, reflux
condenser, thermowell and pressure equalizing addition funnel and flushed with inert gas for 1
hour. To the flask is added the silicon halide in reaction solvent. To the addition funnel is added
the amine or hydrazine derivative and this is added to the silicon ﬁa]ide at 0-10 C over a period
of 1 hour. After addition is complefc, the reaction is allowed to. .stir for 24 hours as it warms to
room temperature. The mixture is tested for completeness.

[0244] Complete disappearance of the silicon halide starter indicates the end of the stir period.
Once this is determined, the reaction mixture is filtered through a porous glass, stainless steel or
Teflon flter medinm. The solids are washed with hydrocarbon solvent and filtered into the same
vessel as the original mother liquor. The solvent is then stripped off under vacuum to yield crude

final product. The ﬁﬁal product is fractionally distilled to yield pure silylamide.

Chemical Structure and Example Synthetic Protocol for Ethylsilicon Triazide.

[0245] Ethylsilicon triazide has the following chemical structure:

Et

SirniliNg

N3 Ns
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\/ RN\ + MK/ RNR \R R =alkyl X = halide X = NH2, N3 M - [
[0256] A 12 L round bottom flask is equipped with stir1shaft mﬁ?Lk$L;lgﬁtal
paddl e, reflux condenser, thernowell and pressure equali zi ng addi ti on
funnel and flushed with inert gas for 1 hour. To the flask is added the
nmetal amide or azide and slurried in reaction solvent. To the addi tion
funnel is added the tris(diallcylamdo)silyl halide and this is added to
the netal am de or netal azide slurry over a period of 30 m nutes.

[ 0257] The reaction is allowed to stir for 24-48 hours while nonitoring the

m g
xture [JZQ&] The following example synthetic protocol can be used for ethylsilicon triazide:

X X R Ny
\Si< + MN3 —_—— S + MX

X = halide
R= alkyl
M = alkali

[0247] A 12 L round bottom flask is equipped with stir shaft with Teflon paddle, reflux
condenser, thermowell and pressure equalizing addition funnel and flushed with inert gas for 1
hour. To the flask is added the metal aiidc, which is slurried in reaction solvent. To the addition
funnel is added the silicon halide. The silicon halide is added at room temperature over a peﬁod —
of 30 minutes to the metal azide. After addition is complete, the reaction is allowed to stir for 24
hours. The mixture is tested for completeness.

[0248] Complete disappearance of the silicon halide starter indicates the end of the stir
period. Once this is determined, the reaction mixture is filtered through a porous glass, stainless
steel or Teflon filter meaium. The solids are washed with hydrocarbon solvent and filtered into
the same vessel as the original mother liquor. The solvent is then stripped off under vacuum to
yield crude final product. The final product is fractionally distilled to yield pure silicon azide

compound.

Chemical Structure and Example Synthetic Protocol for Diisopropvlaminosilane.

[0249] Diisopropylaminosilane has the following chemical structure:
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conpl eteness. Conpl ete di sappearance of tris(dialkylamdo)silyl halide
starter indicates the end of the stir period.. Once this is determ ned.,
the reaction mxture is filtered through a porous gl ass, stainless steel or
Teflon filter medium The solids are washed wi th hydrocarbon sol vent and
filtered into the sanme vessel as the original nother liquor. The solvent is
then stripped off under vacuumto yield crude final product. The final
product is fractionally distilled to yield pure silylamde or silylazide.

[ 0258] Usi ng the silicon-containing reactant selected fromthe precursor
group set forth above enabl es deposition of conformal film at | ower

t enperatures. For exanpl e, depositilﬂﬂEﬁﬁzbe performed at tenperatures |ess
than or equal to 400C. In sone circunstances, using these | ower deposition
tenperatures resol ves thernmal budget| and integrati on concerns. For exanple
only, the nethod may be used to depgﬁlg,ﬁ|pihlfiln1such as Si 34 at 350C
However, sone of the precursors i precursor group described above may
be used to deposit other fiInBFFﬁgg as®i CN and Si O [0259] The
silicon-containing reactants sel ected frbinthe precursor group are

Hal ogen-free, which alleviates corrosion concerns and reduces _toxjcity with
wast e- stijeR MoRIQFEHE . sydthetic Sirdtba@d flercdiisopropylsmginesilaret eant e fo¥nd i USr ecur sor
~group are liquids at roomtenperature. Al of the silicon-containing

r eact antsdon phblRatneNelr BSI0060ZABP73a veichemdicrapy datdrnazieth Pe rFAeREmP cBnduct or
processi ng systens. For exanple, the all of the silicon-containing

react antgyitefy. t he precursor group nmay be used with conventional interlayer
dielectric (1LD) systenms such as the Vector ]LDS systens available from
Novel | as. [0260] The net hod according to the present disclosure can be used
to deposit a Si3N4 film (chem cal precursor(s), and process conditions) for
sem conduct or pr oceShemigakfiiniciure ay e SwtheticiProtoenl for, st ep- cover age,
fill, defect, reliability, Hegatiselimetnylagp d@idenents for the nomnal IX
nm menory and 22/ 16 um generation |ogic nodes. [0261]In a first exanple,
the method was used to create a PEAL]) Si N filn1Hqug thg )r ecur sors.

Gener al i p261]c onderikidimptbylanigedislaamebas e UG MBS e FE™™-1.) SIN fil ns
with the Tris(dinethylarnido)silylazide precursor: the precursor

[ (Me2N) 3SIN3] with NH3+5% H2, ATRPHNMepM@eB pl asma, the substrate
tenperature was 350C, the bubbl er tlenperjature was 50C and vapor draw was
used. Pl.asna was 200VVmﬁth§aef ect ed_poper_a é%e of approximately 2W The
pl asma conposition was N1 o H2, N2 af} 56.5 scem H2 at 13.5 sccm and
pul se I ength of 5s. [0262] The subj efct tter of the present disclosure

i ncl udes all novel and nonobvi ous ¢mvhbhHManS and subconbi nati ons of the
various processes, systens and configurations, and other features,
functions, acts,_and/ or_ pr.operti ' 05€ I §d+ki Inhdofmsilafey and al
equi val erd%2] her Bt .rcac{mn 15 PEdtOhj?e% Ut ORC A" BlrAlis @RI RizkdoRD

synthesized in US Patent Publication No. US2004/096582 Al, which is hereby incorporated by

reference in its entirety.

Chemical Structure and Example Svnthetic Protocol for Tris( dimethvlamido)silylazide and
Tris(dimethvlamido)silvlamide.

[0253] Tris(dimethylamido)silylazide has the following chemical structure:
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CLAIMS What is clainmed is: 1. A nethod of depositing a filmon a substrate
surface, conprising: providing a substrate in a reaction chanber; selecting
a silicon-containing reactant froma precursor group consisting of
di-tert-butyl diazidosilane, tris(dinethylamdo)silylazide, and.

bi s(tert-butyl hydrazi do)di et hyl silane; introducing the silicon-containing
reactant in vapor phase into the reaction chanber; and introducing a second
reactant in vapor phase into the reaction chanber. 2. The nmethod of claim
1, further conprising: i ntroducing the silicon-containing reactant
under conditions allowing the sili cggg contai ning reactant to adsorb onto
the substrate surface; and exposiang the substrate surface to plasna to
drive a reaction between the sili con-lcont ai ni ng reactant and the second
reactant on the substrate surface tog .o.r, Ig%él Im 3. The nmethod of claim
1, further conprising intro% /t/he {econ actant is introduced into
the reaction chanber while zgﬁl I con-ggpalni ng reactant is adsorbed on
the substrate surface and without first swe g‘ng the silicon-containing

react ant out of the reaction chanber. é’F 1;{1 Cﬁj od o{m Ia| m 1, further
conpri si 985411 owTﬁﬁetPﬂ@c@é]éﬁ?&)S??é’ﬁE“edW SR e RRFF AT E ™ Sir f ace at one of a
constant flow rate, a non-constant fl rate and an intermttent flow rate.
5. The nmethod of claim1, wherein: ﬁﬁﬂ | m conprises SiN,

SisslINMes

MezN NMEZ

[0255] One suitable synthetic protocol for tris(dimethylamido)silylazide —and

tris(dimethylamido)silylamide is set forth below:

R R
AN /R N4
"Nt )
Ndiox + MY ———= ON—Si—X' + MX
/ ] 7 !
R N : , R /N\
R/ \R R R
R = alky!
X = halide
X' =NHp, N3

M - alkali metal
[0256] A 12 L round bottom flask is equipped with stir shaft with Teflon paddle, reflux
condenser, thermowell and pressure equalizing addition funnel and flushed with inert gas for 1
hour. To the flask is added the metal amide or azide and slurried in reaction solvent. To the
addition funnel is added the tris(dialkylamido)silyl halide and this is added to the metal amide or

metal azide slurry over a period of 30 minutes.
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the filmfornms a conformal structure; and deposition of the filmis
performed at a tenperature |l ess than or equal to 400C. 6. A nethod of
depositing a filmon a substrate surface, conprising: (a) providing a
substrate in a reaction chanber; (b) selecting a silicon-containing
reactant froma precursor group consisting of di-tertbutyl diazidosilane,
bi s (et hyl net hyl am do) sil ane, bis(thisopropyl am no)sil ane,

bi s(tertbutyl hydrazi do) di et hyl silane, tris(dinmethylam do)silylazide,

‘tris(climethylam do)silylam de, ethylsilicon triazide,

a1 | SOPT QPR N33l LAGS, i, KPS (59 AR b B ok WS fx  (©)

i ntrodu the 'siTicon-contal ning reactant in vapor phase into the

reaction chamb Lt Qi R doeyiHalideGRReCiaMmERbthaghdr eact ant
to adsor m@%?%ggH;g@ﬁ%%@gg@g&g&ggggg?ﬁm@ﬂﬂn ?ﬁ§ i nt roduci ng ; second

react antof th@ sé{t%ggd. Ft%@ &ué iy B&rﬁmd}tﬁ@ﬁ&éﬁ@ﬂ SR Rah e i &gh BQorous glass,

silicon-containing reactant i-s adsorbed on the substrate surface, wherein

the secopdfeaGhaRtTehsn FidrREHESATI §dnas brefWdsBdd wineBatoRgbbMSoIvent and
silicon-containing reactant out of the reaction chanber; and (e)

exposi NG51tne sy Be Al GsilsifBCQidil RbASRubO The isdeenbis tieActippal dittndeen t he
silicon-containing reactant and the second reactant on the substrate

surface $eufotdNitinenddt Ifik pfodlee TRE hed pefdue inifmtibpalphisdied td fieldmuesma i s
ignited while at |east one of the silicon-containing reactant and the

second rgRfinftor kifldAdea gas phase while being exposed to the substrate. 8.
The nmethod of claim®6, wherein the silicon-contRining reactant and the
second reactant do not react with one another in the vapor phase. 9. The
met hod of claim6, wherein: the filmconprises SiNfilnm and deposition of
the fil moksgiper Usihgait dlicoa-chmsipieg atanmat sefrsted titvam the rpresywer groer s0dath

above enables deposition of conformal film at lower temperatures. For example, deposition can
be performed at temperatures less than or equal to 400°C. In some circumstances, using these
lower deposition temperatures resolves thermal budget and integration concemns. For example
only, the method may be used to deposit a SiN film such as SizNg at 350°C. However, some of
the precursors in the precursor group described above may be used to deposit-other films such as
SiCN and SiO.

[0259] The silicon-containing reactants selected from the precursor group are Halogen-free,
which. alleviates corrosion concerns and re(iuces toxicity with waste-stream management. The
silicon-containing reactants in the precursor group are liquids at room temperature. All of the
silicon-containing reactants in the precursor group are readily deliverable in semiconductor
processing systems. For example, the all of the silicon-containing reactants in the precursor
group may be used with conventional interlayer dielectric (ILD) systems such as the Vector

ILDS systems available from Novelus.
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10. The method of claim®6, further conprising flow ng the second reactant
to the substrate surface at a non-constant flow rate during (d). 11. The
met hod of claim6, further conprising sweeping out the second reactant in
vapor phase prior to (e). 12. The nethod of claim6, further conprising
exposing the substrate surface to the second reactant after the sweep phase
but prior to (e). 13. The nethod of claim®6, wherein the silicon-containing
reactant and the second reactant co-exist in vapor phase, and wherein the
silicon-containing reactant and the second reactant do not appreciably
react w one i &2 disBloftra &ditbeiuBed( 16 Xeposit 4 .ST:he filret hod of
cl ai mg&%ereiﬁgﬁ]&%g?f#%dgrtﬁe%% (e) fornms a conformal structure. 15.
The net Egﬂgrﬁggl gﬂe&lﬁ@r@) ahdI kA8 SHRAMRELsH ifg sertitérdtctére procab@pp spplicatpnaddi t i onal
filmdirectly on a portion of the filmby chem cal vapor deposition. 16.
The met had 0o GhadinB Gep-bdvbbRemNC aifpdt] @iimglity] amii dgticeregerordts fea®eant f1 ows
to the substrate surface at one of a constant flow rate, a non-constant
flow ratg and e ieineFEnd b4 no kaetafied I6gic nddes. An appar atus for depositing a
filmon a substrate, conprising: a reaction chanber; an inlet port that
del i ver 50885 PhaserkeacR} thetmetidlevaseaet icorreahafFdD SN s HErg 8er at or
that provides plasma to the reaction chanber; and ] ) '
precursors. Generalized conditions have been demonstrated to yield CFD SiN films with the

Tris(dimethylamido)silylazide precursor: the precursor [(i\dezN)?;Sﬂ\T3] with NHs+5% Hoa,
ATRP35 and NH; plasma, the substrate temperature was 350°C, the bubbl_cr temperature was
50°C and vapor draw was used. Plasma was 200W with reflected power average of
approximately 2W. Thc_ plasma composition was NH3z+5% H,, N, at 56.5 sccm, H; at 13.5 scem
and pulse length of Ss.

[0262] The subject matter of the present disclosure includes all novel and nonobvious
combinations and subcombinations of the various processes, systems and configurations, and

other features, functions, acts, and/or properties disclosed herein, as well as any and all

equivalents thereof.
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a controller that initiates: flowi ng a silicon-containing reactant
i n vapor phase into the reaction chanber under conditions allow ng the
silicon-containing reactant to adsorb onto a substrate surface,

wherein the silicon containing reactant is selected froma precursor group
consisting of di-tert-butyl diazidosilane, bis (ethylnethylam do) silane,
bi s(dii sopropyl am no)silane, bis(tert-butyl hydrazi do)cliethylsilane,
tris(dinethylam do)silylazide, tris(dinmethylam-do)silylam de, ethylsilicon
triazide, diisopropylam nosilane, and hex al ci s(di met'hyl am do) di sil azane;
flow ng a second reactant in vapor phase into the reaction chanber while
the sili chAI®iSNt ai ni ng reactant i s adsorbed on the substrate surface,
wherein the second reactant is introduced without first sweeping the

si | i con- 30ntiackineg i¥ eact ant out of the reaction chanber; and

providing the plasma in the reactio chaquretQDQ££ye a reaction between
the silidon- chmetionpiispeite e Ae OBAF LS TEREHE TEACtant to formthe film

18. The apparatus of claim 17, whengi the controller initiates chem cal
vapor deposi t revidigs p sPeFae BaA T ELEBN "of the film 19. The apparatus of

claim 17, wherein the contraller initates: [ iohihd BB giagdod@posi ting
addi tional fi BRE 3 HECOBIBHERnF Fﬁaﬁq@tﬁfmi e b e el
the fil md?aglrtriggliagee, lsrisaimwet{nyl'lelanl]do)gipy?az{dlc,laﬂhggftgﬁbﬁyﬁ%;ﬂoﬁémﬁﬁl%t ure; and

introducing the silicon-containing reactant in vapor phase into the reaction chamber; and

introducing a second reactant in vapor phase into the reaction chamber.

2. The method of claim 1, further comprising:

introducing the silicon-containing reactant under - conditions allowing the silicon-

containing reactant to adsorb onto the substrate surface; and

exposing the substrate surface to plasma to drive a reaction between the silicon-

containing reactant and the second reactant on the substrate surface to form the film.
3 The method of claim 1, further comprising introducing the second reactant i; introduced
into the reaction chamber while the silicon-containing reactant is adsorbed on the substrate

surface and without first sweeping the silicon-containing reactant out of the reaction chamber.

4, The method of claim 1, further comprising flowing the second reactant to the substrate

surface at one of a constant flow rate, a non-constant flow rate and an intermittent flow rate.
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deposition of the filmis perforned at a tenperature |less than or equal
400C. .

5.  The method of claim 1, wherein:
the film comprises SiN;
the film forms a conformal structure; and

deposition of the film is performed at a temperature less than or equal to 400°C.

6. A method of depositing a film on a substrate surface, comprising:

(a) providing a substrate in a reaction chamber;

®) scleéting a silicon-containing reactant from a precursor group consisting of di-tert-
butyl diazidosilane, bis(ethylmethylamido)silane, bis(diisopropylamino)silane, bis(tert-
butylhydrazido)diethylsilane, —tris(dimethylamido)silylazide, tris(dimethylamido)silylamide,
ethylsilicon triazide, diisopropylaminosilane, and héxalds(dmleﬂlylanﬁdo)disﬂazane;

(c) introducing the silicon-containing reactant in vapor phase into the reaction chamber
under conditions allowing the silicon-containing reactant to adsorb onto the substrate surface;

(d) introducing a second reactant in vapor phase into the reaction chamber while the
silicon-containing reactant is adsorbed on the substrate surface, wherein the second reactant is
introduced without first sweeping the silicon-containing reactant out of the reaction chamber;
and

(e) exposing the substrate surface to plasma to drive a reaction between the silicon-

containing reactant and the second reactant on the substrate surface to form the film.

7. The method of claim 6, wherein the plasma is ignited while at least one of the
silicon-containing reactant and the second reactant is in a gas phase while being exposed to the

substrate.
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8. The method of claim 6, wherein the silicon-containing reactant and the second reactant

do not react with one another in the vapor phase.
5. The method of claim 6, wherein:
the film comprises SiN film; and

deposition of the film is performed at a temperature less than or equal to 400°C.

10.  The method of claim 6, further comprising flowing the second reactant to the substrate

surface at a non-constant flow rate during (d).

11.  The method of claim 6, further comprising sweeping out the second reactant in vapor

phase prior to (e).

12.  The method of claim 6, further comprising exposing the substrate surface to the second

reactant after the sweep phase but prior to (e).
13. The method of claim 6, wherein the silicon-containing reactant and the second reactant
co-exist in vapor phase, and wherein the silicon-containing reactant and the second reactant do

not appreciably react with one another until exposure to plasma in ().

14. The method of claim 6, wherein the film formed in (e) forms a conformal structure.
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15.  The method of claim 6, further comprising, after (¢), depositing additional film directly

on a portion of the film by chemical vapor deposition.
16.  The method of claim 6, further comprising flowing the second reactant flows to the

substrate surface at one of a constant flow rate, a non-constant flow rate and an intermittent flow

rate.
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17.  An apparatus for depositing a film on a substrate, comprising:
a reaction chamber;
an inlet port that delivers gas phase reactants to the reaction chamber;
a plasma generator that provides plasma to the reaction chamber; and
a controller that initiates:
ﬂowing a silicon-containing reactant in vapor phase into the reaction chamber
under conditions allowing the silicon-containing reactant to adsorb onto a substrate surface,
wherein the silicon containing reactant is selected from a precursor group
consisting of di-tert-butyl diazidosilane, . bis(ethylmethylamido)silane,
bis(diisopropylamino)silane, bis(tcrt-butylhydrazido)diethylsilahe, tris(dimethylamido)silylazide,
tris(dimethylamjdo)silylanﬁde, ethylsilicon triazide, diisopropylaminosilane, and
hexakis(dimethylamido)disilazane;
flowing a second reactant in vapor phase into the reaction chamber while the
silicon-containing reactant is adsorbed on the substrate surface, wherein the second reactant is
introduced withoﬁt first sweeping the silicon-containing reactant out of the reaction chamber;
and
providing the plasma in the reaction chamber to drive a reaction between the

silicon-containing reactant and the second reactant to form the film.

18.  The apparatus of claim 17, wherein the controller initiates chemical vapor deposition

directly on a portion of the film.
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19.

20.

The apparatus of claim 17, wherein the controller initates:
etching the film; and

depositing additional film on the etched film.

The apparatus of claim 17, wherein:
the film comprises SiN film;
the film forms a conformal structure; and

dcpositio_n of the film is performed at a temperature less than or equal to 400°C.
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