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APPLI CATI ONS FI ELD OF THE | NVENTI ON The present invention rel ates

gener al | ywoos@srbectric materials for use in 5 sem conductrem/useyiwes, and,
nore specifically to dielectric materials, prepared from coll oida

di spersions, that i § M t i e and
conpletely fill %ﬁ%ﬁé%gﬂlﬁgmémé%i%ﬁ%#ﬁéf}Wt egr at ed

circuits (ICs) with increased perfornmance, the 10 characteristic di nensions
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15  features, so-called gap filling, places stringent requirements on materials used, for

example, for pre-metal dielectric (PMD) or shallow trench isolation (STI) applications.
The pre-metal dielectric layer on an integrated circuit isolates structures electrically from
metal interconnect layers and isolates them electrically from contaminant mobile ions
that degrade electrical performance. PMD layers may require filling narrow gaps having

20  aspect ratios, that is the ratio of depth to width, of five or greater. After deposition, the
dielectric materials need to be able to withstand processing steps, such as high

temperature anneal, etch, and cleaning steps.

Dielectric materials are commonly deposited by chemical vapor deposition
(CVD) or by spin-on processes. Each of these approacheé has some limitations for filling
25  very narrow gaps. Plasma enhanced chemical vapor deposition (PECVD) processes
provide high deposition rates at comparatively low temperatures (about 400 °C). The
main drawback is that PECVD processes have a lower deposition rate inside a gap than
at other locations on a surface. The differential deposition rates can create structures

overhanging a gap opening, leading to voids within the gap. Typically, for spacings less
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usi ng standard PECVD approaches. Phosphosilicate glass (PSG and

bor ophosphosilicate glass (BPSG are commonly used for prenetal dielectric
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of narrow openings, thereby compensating for a lower deposition rate inside the gap.

20 HDP CVD deposition does not require high temperature processing, although an anneal
step can be used if a denser film is desired. The HDP CVD process has the drawback
that for narrower structures, lower deposition to etch ratios have to be used resulting in a
relatively slow overall filling rate. Improved gap-fill may also require modifications in
the design of device features, such as rounded corners and sloped sidewalls. Finally,

25  there is also a concern about plasma damage to the device during HDP CVD processing.

Spin-on glasses and spin-on polymers such as silicates, siloxanes, silazanes or
silisequioxanes generally have good gap-fill properties. The films of these materials are
typically formed by applying a coating solution containing the polymer followed by a
bake and thermal cure process. The utility of these spin-on materials may be limited,

30  however, by material shrinkage during thermal processing. Thermal shrinkage is a key

consideration for materials which have to withstand high process temperatures, such as
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materials used for pre-netal dielectric and/or shallow trench isolation
applications, which may invol ve process tenperatures exceeding 800 C. High
shri nkagewoan/ob®2atl to unacceptable film cracking and/ or fPernsnr/ors2of a
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for pre-neta dle ow trenc ation applications. Oxides
and nitri desrenfly. The galmlﬁllmgxmateﬁalamdedqnothavdhghciheraiahstablhm argindasoxaldes and
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phosphgy ousynvaviARgr on. According to the nmethods of formng a dielectric
material, the colloidal dispersion is deposited on a substrate and the
deposi ted filmis dried forming a porous internediate |ayer. The
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nanoparticle materials. Colloidal silica is particularly useful as the colloidal dispersion.
The dielectric material optionally includes dopant species such as arsenic, antimony,

20  phosphorous, or boron.

According to the methods of forming a dielectric material, the colloidal
dispersion is deposited on a substrate and the deposited film is dried forming a porous
intermediate layer. The intermediate layer is modified by infiltration with a liquid phase
matrix material, followed by curing, where, in all cases, curing includes optionally

25  annealing, by infiltration with a gas phase matrix material, followed by curing, or by

curing alone, to provide a gap-filling, thermally stable, etch resistant dielectric material.

Infiltrating matrix materials applied in the liquid phase are spin-on polymers,
including oligomers and monomers, that can be converted to silica or similar ceramic
materials on high temperature cure, optionally in the presence of oxygen or steam. The

30  matrix materials include, but are not limited to, silicates, hydrogen silsesquioxanes,

-3-



or ganosi | sesqui oxanes, organosil oxanes, silsesqui oxane-silicate copolyners,
sil azane- based materials, polycarbosil anes, and acetoxysilanes. The liquid
mat ri x mewermsabyx2s opti onal |y include dopant species such RETAISSH6LS
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gap bef or ephotdtiypncladd dopaaf spetiee sichtasranedicat®inhenye phosphomus,edorophdnCvD
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temperature annealing step. Curing, and optionally annealing, induces sintering of the

nanoparticles and reflow of the infiltrated matrix material. Inclusion of dopant species in

the nanoparticles or in the matrix materials lowers the reflow temperature.

20 Films prepapred according to the present invention fill narrow gaps, less than 100
nm and as small as 50-60 nm in width, without voids or cracks. They do not show
delamination of cracking even after heat treatment at 900 °C. The cured films have
minimized open porosity as evidenced by their resistance to etchant solutions in filled
gaps. Further, the average etch rate of cured films on blanket wafers is on the same order

25  as the average etch rate of silicon dioxide films produced by chemical vapor deposition.
Thus, films prepared according to the present processes are advantageously used as pre-

metal dielectric and shallow trench isolation materials.
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1-3 are flow diagrams of processes of forming a dielectric material according

30  to embodiments of the present invention.



Fig. 4 is a pre-netal layer filled with a dielectric material forned
according to an enbodi nent of the present invention. Fig. 5 is a shallow
trench iswbagioed2structure filled with a dielectric nateripall/ushovoreesl
according to enbodi nents of the present invention. 5 DETAILED DESCRI PTI ON
Met hods of formng a gap-filling dielectric material with | ow thernal
shrinkage nmake use of a colloidal dispersion of dense particles. A coating
sol uti on of t heFigo#liod pretmetd] lopenfdiedrwitlsa disfrstria mategnl farmebatcpedieg toaf or m a
film and the f.ilmis,intentional.l nodi fied by one or nore approaches.
The di el ec?mﬁ%&w&?te?iﬁg? prlegergé'hveefl{l 1?('al ly used for pre 10 metal dielectric
and shallow trench isolation applications. Key to the present invention is
the nature of thig 6 4 shatlaly teinshévosdtion. strGotuteofiltls] witle a dpdeveri@bateridef i ned as
systens in_suspension in whith there are two or nore phases. In the

col | oi dal BumeeAiosHNS b embedimgats of icduresenbinygfiahe di spersed phase, is

distributed in the other phase, terned the continuous phase. A famliar

type ofs copkqixgr epSESERI®PFION di spersions of small particles in a liquid.
According to one aspect of the present invention, a colloidal dispersion of

nanoneter scale particles, termed nanoparticles, conposed of a dense
materi al di sper odss of forevhgy e geap-filingshelectiip enatiesind withdowrthermal shrstkeger a

dielectric teri or. a, et erj.al onvertible to iel [ rial by
eact on wieRe Sieda Rl Bregufh of AOREGReRs” 4 frfal FhiGh bheTBIGHT 1
nanopar t i Cigperfies dsddposibl GLpsiibaftitead Formunaha ngiddhdiin kdnt@tionabiyocessi ng.

The size of the nanoparticles should not be reduced bg mopre_than 10 % when

exposed t omPdHisebateds nisHe aprsaechee 0Tl dieleciisenagusds beneliciiy pasd fePes are
corrposrqii Ofefhl %ﬁe%ﬁ ; n}giséi’lﬁﬁ‘ox@?reﬁ&ﬂ 1581%801?5?@05!{%&% convertible to a

di el ec c materia oxidation or nitridation, the particle size my
i ncrease somewhat during curing in the 25 presence of an oxygen- or

ni t rogen- bear i neyp pethegsesefi invemionanthealature nfitheantoidelf disper ooty Cnlladsarand
nitrides of siljc and al umi num are useful nanoparticle materials.

Addi t | onal SeeeldeBeL A SYSLEmSiE SRRENHPY 1 WBS TAHE R0 GaPaR PRFER] Hoth8nd
gal l'i um ni E&liigal s@pen@bs DridQF e fhabeietcned RRIPperl PhakR, isAutfimib@in @ENSe,
silicon-containing materials for use as nanoparticles include silica,
silicon, sptherphs@aemadrtheleontgiupbieplmsexhrinmiliadéypeafdoleidisionsists ofs and

m xt ur F§ tggrr)gr%%hs OFPSrma%&%ngé ina{l?qu\{\(? 03/ 063225 PCT/ US02/ 01628

According to one aspect of the present invention, a colloidal dispersion of
nanometer scale particles, termed nanoparticles, composed of a dense material dispersed
in a solvent is used. The dense material is either a dielectric material or a material
convertible to a dielectric material by reaction with oxygen or nitrogen. In addition, the

20  physical size of the nanoparticles needs to be substantially unchanged by thermal
processing. The size of the nanoparticles should not be reduced by more than 10 %
when exposed to temperatures of about 700 °C. In the event the nanoparticles are
composed of a material such as silicon or aluminum, convertible to a dielectric material
by oxidation or nitridation, the particle size may increase somewhat during curing in the

25  presence of an oxygen- or nitrogen-bearing species.

Silicon and aluminum and refractory oxides and nitrides of silicon and aluminum
are useful nanoparticle materials. Additional useful materials include nitrides, such as
boron nitride and gallium nitride, and also boron oxide and boron carbide. Suitable
dense, silicon-containing materials for use as nanoparticles include silica, silicon, silicon

30  nitride, silicon oxynitride, and combinations and mixtures thereof. For example,
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colloidal silica is advantageously used as the colloidal dispersion.

Met hods for formng <colloidal silica are known in the art as descri bed,
for exanpwe,03iosB225 S. Patent No. 3,634,558 and in Van Hel e#em/uso2/ed62s (J.
Colloid Interface Sci. 81, 354 (1981)), both of which are incorporated
herein by reference. In additi

[ 1 d |
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m xtur'e, or a supercritical fluid. Suitable organic solvents include
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met hanol , eth nol , isopro hyl L sq
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cont ent Ofth@%&m{ftth&é idegtottegiieal ok diak dmxﬂﬂ%ﬁlo«ﬁmetnambpahﬂys mames from
as little as 0.5 weight %to as much as 20 % her or

Ner
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di sper provﬁﬁqs}}lgl?ftrlp&%qﬂ%fl?qsgy O¥P glgoﬁ’a 1sc e ﬁ@gl-édﬁ gleﬁf} \?vﬁgdrmés ﬂl}sgbul as 25
bi nder s V\h%ldﬁgéﬁﬁatéd)bi pckétigseraiglenparticies Mk Inanoymnticles ars dispersedieampl € in a
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col | oi dal géhti SPRKISHOGE spheon ulgMers sua:lmsa:mharwﬂ eethanbl, dsbpoeny! elgohalcr ease
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h

is used) amsthylisetriylketonssyslo ?’@nﬁ?%&fi‘?,t & andy PRIPQUEL TOINRME AL § X§TY
increased &g, [£&nSdnRBERanoparticles in the colloidal dispersion typically ranges from as

fittle as 0.5 weight % to as much as 20 %. Higher or lower concentrations may be used to

adjust the coating thickness. Additional additives such as surfactants or binders may also

be present in the dispersion. Infiltration matrix materials described below are useful as
25  binders when added to the dispersion in small quantities, for example in a ratio of

nanoparticle to binder greater than about 10:1.

According to another aspect of the present invention, the nanoparticles include
dopant species such as arsenic, antimony, phosphorous, or boron. Including such
dopants may enhance material properties of the film formed from the colloidal

30  dispersion. For example, dopants are introduced to increase mobile ion gettering and to
lower the glass transition temperature. Boron is used, among other reasons, to produce a

dielectric material with increased etch resistance.
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-6 WD 03/063225 PCT/ US02/ 01628 A filmof the colloidal dispersionis
typically formed on a substrate by spin coating. Oher nethods known in the
art for awplogioeay2xoati ng sol utions such as dip coating ofPCIarsayoweati ng
may alternatively be used. The coated filmis dried evaporating the

solvent in the dispersion, The coated.film be dried, during the

spi n-coating 5 A.pmﬁ}é’gé}}e %Pldéﬁ‘élﬁﬁﬂr%‘o‘&f té{plf’ﬁli)’fayogﬁ‘leﬁ Pn&rsubgf"‘ée ?ngqln peri od
fol | owi ng cfoaﬁn%gl éf?l%f‘ﬁl%ﬁl%ﬁ?linowﬂrﬁtﬁé ARt MBIpWing bSating 3bReloAd dueh ERMipbe heat
treated by nethods such as lanmp heatin baki ng on a hot plate, at one or

) a )
mor e t enpeoating essphat ating amyutterﬂatimiyigaum, The dogted filmas dried evsperakiAgwWN i n
the art. In addition to evaporgting, t sol vent . e. h g nt may
serve to I@E%b‘ﬂf"ﬂ’él g'ﬁetcﬁs(?leégé&nat cc‘l‘?g@d R @%‘%@?&ré;utnen,ge@%%{%g? ﬁér{%y are not
10 remgvedirhidis a6 SumplEby b Rt bR, srwysaeasetiol iilidvingtheatispefitesteat
treatment may also have the effect of reacting the optional binder
mat eri al . Altesndtively, theuepatasfitmdmanbe heat trspied by aethqds spghhisdamppea#itous in

nature w th. an open pore structure. F i O STI
aver s, " OBk RO TRARRE, 4 o it 0 GurenBialPR PPt BRpP 4 nd 300 C B

minim ze tHREMRhSRIINANRAAR ta . R RIUH0R t6 eRgiokdtistille soldert Ghedtm ze t her mal
stability 15 and etch resistance. It is also desirable to change the open

pore st r udreatsentanay ssrestedkeppihe pagiclesettaghed tethesuhgiatngosh sheysreark v

i nproves the chemcal resis e r egl terial
durin %subrfg]é’ﬁ%‘ﬁfm?)e e, Sdlu?llég g eesﬁggemgﬁﬁnnﬁlﬁtﬁhn% gg%ﬁéa%%%?ﬁg% }cn% %}!3?3 il m
formed frogavelie aRict of @attimpuip epdimhbindernmatiefiale Thefilmribusoformed en the
approaches. The processes include infiltration with a matrix.materi ai{l

appl i ed i reubpEato 6 tYPIGRIPYRES B, nafe WithaRqnsh PR Hrugte FHePRESEPSFIHpp) i ed
in the gasas%eorqﬁ? a%ﬁ%%i?ﬂ%%ﬁle.t@%ﬁﬁﬁﬁﬁf orobifyf Jl:}i}htgté flhMYofREtd x materials

applied inthe li1qu se are spin-on polyners _ can be converted to
silica or miniinizrtheeanhsirnkapt and mbstute sénsiivity @od ¢o pexicessthemnalsiediipie is a

Ferm S b 28 S sorhis LU HF & THHEF (HGBoOPP GO e St HOIOAErS, | as
wel | as poétﬁfyﬁﬁ{r@.'Eli-gi'i?laﬁiﬁ?éﬁén?i)o?@sti@rﬁﬁdr&és@ﬁé Sienicd) vésiRiReRAEH 4d dTEl ed to,

silicates, ogen silsesquioxanés, = organosil sesqui oxanes,
or ganosi | osesistasce afthantayaial dasig obserpsnt prpéeseing sicok ahe MmpnzseRen

copol ynmers, si.|l azane-based.materials ol ycar bosi | d oxysi | anes.
Suitabl e RYRHER 8%(1;11?1 fﬁﬁ??‘?ﬁ"%ﬁ%ﬁ“ﬁgﬁl@l ?W@%W&%n ?i‘??“?ﬁ?“ﬁ%yg © ?lﬂgg 11 and T14
series, thgyseide RO BEASS iAGUSRERTMonavith 4 hatry garahlyppliedm thexane
HOSPTM al | ‘provi ded by Honeywel | | , L

20  liquid phase, infiltration with a matrix material applied in the gas phase, and cure/anneal

processes.

Infiltrating matrix materials applied in the liquid phase are spin-on polymers that
can be converted to silica or similar ceramic materials during a cure process. An example
is a high temperature cure, optionally in the presence of oxygen or steam. The term spin-

25  on polymer, as used here, includes oligomers and monomers, as well as polymers. The
matrix materials include, but are not limited to, silicates, hydrogen silsesquioxanes,
organosilsesquioxanes, organosiloxanes, organhydridosiloxanes, silsesquioxane-silicate
copolymers, silazane-based materials, polycarbosilanes, and acetoxysilanes. Suitable
commercial matrix materials include silicates of the T11 and T14 series, the spin-on-

30  glass Accuspin™, and the organohydridosiloxane HOSP™, all provided by Honeywell

International, Inc. (Morristown, NJ).



International, Inc. (Mrristown, NJ). -7 WO 03/063225 PCT/US02/01628 In
liquid phase infiltration, a coating solution of the matrix material is
appl i ed owotoheexesd | oi dal film typically by spin coating, pairtusoxgts2s
alternative application nmethods may be used. Low nol ecul ar wei ght matri x

materi als have the benefit of nore easily  penetrating narrow spaces
bet ween t he nahopguitipbpeesinfifestionya ¢astiag Fé}l%gw fhe mt@gmaéﬁﬂa IS\BQBGW&H
rangi ng from sev P i units
o g R T Pl WBRARE By bt e ey O et er s
| ess t han playdheni¥ed.al.ewandlantl agesipis: airik midtérialahaveghabénefibpEmoreSakily cont ent

of the infiltrant solution m range from ne .100 % sal.i.d t s_|low a
2 % sol i d.PerHEtngPRIEVSPAIE bﬁéﬁﬁﬂ%l%%ﬁl@??f&?m%& @&teé% c"é‘!*b%‘f’ﬁ%‘é "t he >

nanopaF“ %e%‘gm fgng;ﬂa@'t%drﬂge%@mﬁg{eeﬁotmulﬁ 1t B8HahiOE atdificdans ndita gnar) t he

nol ecular ‘wet ght e matrix polyner, the matrix material may also form
an over | ayety mrndesogblef Ihfikrating iolecates avithdiyidsodyapmicdiametesslessdbet {- B f or

exanple, in anple 5 below. In.sone di t S d ey such as
arsenic, &fR¥ H{;,ge‘_ﬂﬁég HﬁjﬂV%§fnallé’Prel§o‘r§§ﬁ& C?argg%&eogé}rl? %@g[pée{%g@gﬁ&g?%yi ncl uded
in the matkioe fHhabAd $00 WRORANLS adlo® D $dHoliad Ube thfitfratingemaniil reatetial
increase nobile ion dgettering and to lower the glass transition

t ﬁnper at urceo;c?]ﬂle& wﬁc@b@wrem the mgnepagticles; piiRinyigng open Porppity. i Waddiiot i on of
phosphar ou a een observed . Vi de- S ATk j es and
bor anlﬁs Lf%gg}d?%?‘l e&P%qg?UIarSg%é%nogtﬁ ‘lé’g@r"gﬁtl crgérag‘%f}g%tglétnlrl#%m?rat (r%lﬂgé): W th
i ncreased Bt Bn be&ISeRBE opadTdhd Mmfifeasd cteloidad dtyier) gs Sedcaibedyrfer $ampdpph yi ng
the dielectric material with |Ionger shelf life. Dopants nay 20 be provided
for other Bxeapmsbelaw.wel | . In particular, boron and phosphorous doped

Slh| i Cﬁt es andd5| | sesqui oxanes are useful doped matrix materials. Suitable
phosphor ous ehitdiSntd Aehatdspddie fIrasRARSh] SRinfomT PEYPhSORYE2A,
PO82A, P 112A, q@%@ﬁ%e b%g84A,t§’an éAlfglpmA’, al | provli ded byr@ negwelol ’

| nt er nat i osrdloror, Re deschibed atstveyare indiyded An theanasrix daperirls | PepasitiAt®xane i s
prepared, for ex | e, by adding a solution of. bor 25 i L0l opyl
Bl conai> t MO Aot GHERAmdo duTdhs amous CerrBea bR Bef ek Brh S4Bt R
bor on and/ @p,,BhARE LIRS SIRGHdSicbirkahfelifl. AheR@FRIcion dfsHosplidigushasor on
and/ or phothor ous precursor in the synthesis of the silicate polyner.

Sui t abl e pheesphsaroessto preddebeitar gap-Adlingdaropertiensns hsen isuspd.nang obys,

'I[-Ir3 :D 2? h y ?B%&é{ﬁq&it& %)lr(%&%g §[)a?eg§ ric ﬁl'ﬂ{:egiafa@ith fdd ORED quf? P&%Eéh% Gnd movide

of on precursors I nclude but are not
coating solutions for applying the dielectric material with longer shelf life. Dopants may

20  be provided for other reasons, as well. In particular, boron and phosphorous doped
silicates and silsesquioxanes are useful doped matrix materials. Suitable phosphorous
doped silicates include the phosphosilicate products PO62A, P082A, P112A, PO64A,
P084A, and P114A, all provided by Honeywell International, Inc. (Morristown, NJ). A
boron doped silsesquioxane is prepared, for example, by adding a solution of boron

25  oxide in isopropyl alcohol to a silsesquioxane solution as described below in Example 3.
A boron and/or phosphorous doped silicate is prepared by including a boron and/or
phosphorous precursor in the synthesis of the silicate polymer. Suitable phosphorous
precursors include but are not limited to P,0s, HzPOs, and trialkylphosphates, such as
trimethylphosphate, and triethylphosphate. Suitable boron precursors include but are not

30  limited to B,Os, HsBOs, and trialkylborates, such as trimethylborate, and triethylborate.
The synthesis of boron and phosphorous doped silicate using P,Os and B,0s as reactants
is described below in Example 7. Alternatively, the matrix material may comprise a

mixture of the undoped spin-on polymer and the boron and/or phosphorous precursors
-8-



30 limted to B203, H3B03, and trial kyl borates, such as trinethyl borate,
and triethylborate. The synthesis of boron and phosphorous doped silicate
usi ng P2080andedB2D3 as reactants is described bel ow i n Eramalise2/628
Alternatively, the matrix material may conprise a mxture of the undoped

spi n-on pol ymer and the boron and/or phosphoroys precursors -8 WO 03/ 063225
PCT/ US02/ de¢spiged aleayer Mé&lca@b@@anma}t%m@&épolaﬁgﬁ%fs?g@Ht PRAHBEHE ecul es

useful in d(B&%gb{eiga}ﬁrsii&mm%#ﬂzeﬁgsﬁ eb Nl YeeopRBGRRAZENes, borazenes,

and boropﬂid‘lsp n an a native enmbodi'nent, the matrix material is
included as a conponent of the colloidal dispersion. Pre-mxing the
col | oi dal di spén an alteramiiet dvebadirherntxthranagrix slatdiakis igcludes ashcompagentort

elimnating the. cess, st of .appl yi ng. oat i.n t] trix
R i Tt e s e L S
i's such thad,dARtactBf Qirhindtifd thepodesd HePof dpplyie gapating solitiopiof cheyatrive
nanoparticles in order to mninize thermal shrinkage of ,tr,e di el ect%l c
mat eri al . nideriabx bl sase ofpre-mikingothe fasdomet added snatdx material 18 sHeh et the i s
greater than or out 1:1. te that e L I LS d 10 as
a bi nder  iMAHPHY EEHS YIHLP “bl%%&gpésl %ﬁ?ﬂ{éﬁgy&a i) E?ﬂnﬁgg‘%g{d‘f ﬂglﬂle%ll?%%rrat rix
materi al itfermAV G inkth€abthe ditistirih@ntetible Fortekimpleptherratid of mnppatitlesth i n t he
col | oi dal suspension, Gas phase infiltration with matri.x nateri al Sd

provi des anajeis ovederioh et than geshavt i datiess thagsben Hiedgatyixangterial iy 15
processes inckude. chenial, vapar ki QR b RMiclANE nA @R irterRAVRY

deposiﬁ i off? @ (ljrkﬂgénemgs%gﬁd?ln ﬁ%’?srl%??@%]fagP%?gés, C{?D conditions are 15

adj ust ed tudv@bstesthah ivign hetrogiris mdftertd ibptobedsiothe @dloski suspessioreduced.
The CVD process is perforned, therefore, in a reaction rate limted

process regine, achieved, for .exanple by .conditions.i ' L rpi ngi ng
mol ecul es have Gay @W%@@WW& V%‘ﬁbwn&% @ﬁfﬁalaﬁmvgies'%%#@ ua\rgf]go%ghltl ffusi on.
The sti cki %ﬂsiﬁe&wnl TR PhabSintieatidh Pesdeidek inchafe chBmadal vationdepositiceo( @Y o
react on the surface. sticking coefficient of 1 neans that, every nol ecul e
20 will remdiapomic lasee depositione . Fetorse g e E¥BEaion NPquﬁar(éYPcﬁQnﬁ‘%‘P%a@VD, t he

sticking coefficient.. has to, be |4l : t CvD

pr oceslg tl‘ﬁdéusi oﬁgﬁlglsF@H}?ea I%?@P?P@\;/%&) egélretb(t:lﬁg%ogf)%é’ lglr: élﬁg%i ’tbl?e(r)(gv%)enper ature
| over t hanyrbhgs & perfdaned RhEeREE i & TRetion titelimited prdopp regimeCuthiekedoRirt i on of
material layers on flat surfaces, such condiu'tli q{gs uld.result .i.n

unaccept abixpmpbawby speditienson whiskbEnpipgne malecules H%%"éé%ﬂ?n%ﬁ&fﬁ%ﬁﬁti on to

depcst oy aPhEL i L e i sbnoge roamirpcr ey |
deposi t i onmpRE@e tOrdates thealrfhcey Al stickiAp coafficjehtiofyl means that every molecule
20  will remain on the surface. For successful infiltration using CVD, the sticking coefficient
has to be smaller than 0.01. For a thermal CVD process this can usually be achieved by
choosing a deposition temperature lower than the standard process temperature. For
typical CVD deposition of material layers on flat surfaces, such conditions would result
in unacceptably low deposition rates. However, in the present application to deposition
25  on a highly porous film, the surface area can be many times larger than the flat surface
substrate area, enhancing the effective deposition rate to practical levels. An exemplary
gas phase densification process is CVD deposition of tetraethoxysilane (TEOS) and
oxygén at a temperature between about 400 and 600 °C. Infiltration deposition
temperatures are significantly lower than the about 600 to 700 °C process conventionally
30  used for CVD of the TEOS/oxygen system. Dopants, as listed above, can be included in
the CVD infiltration process by including dopant precursor gases along with the CVD

reactant gases. Examples of dopant precursors may include boron oxides, triethylborate,
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gas phase densification process is CVD deposition of tetraethoxysilane
(TECS) and oxygen at a tenperature between about 400 and 600 C
Infiltratwor3gey2esition tenperatures are significantly | eegrusohens2s he
about 600 to 700 C process conventionally 30 used for CVD of the

TECS/ oxygen system Dopants, as |isted above, c be included, in .the CVD
i nfiltrat iabwylisrensssandeiberane foabarpnaiaping apt wicthy: S@%?é%éf"alrﬂﬁwb’}\ﬂfﬂh% he CVD

react ant gases. a . precursors may include boron oxides,
triethyl b%ngg?Sp%e{%%sggggggWU%Z/ 01628 al kyl boranes, and di bor ane
for boron doping, and triethyl phosphate, trinethyl phosphate, and phosphi ne
f or phosphor ousAtdai hger diposition [ALB) preples it kerngtiiayasphass igékragian

alternative gas phase infiltration. process. Ln ALD,. eac ic.layer is
deposi t ed %Weﬁ't@‘r“ﬁapi RS W%ﬁé%}g?ﬂ? eQ"?‘@iiVi%tt‘?m V@ﬁ“@ﬁ?ﬁlﬁg%pmﬁ%&oﬁg gas.
Thus, ALDJ % t TRRPT A0 hs 4Pedcen St AGpRaEIPRS fof ik a denfdrerin coat i ng
of theg\ent a?éﬁd;% e&?{ﬁ%ce st’ruct lﬂsre of the gI())I | oi dal dispersion |ayer. An

exanpl e f amifarmAb@ig qfitbe exive pore wridepsnicturp gf fezoiodalaisnryieBy s a4d wat er
vapor as precursors. LCVD coati,n onsiShi f S < atom c
| ayers is XB‘%‘HE?@EF% P Fl%dﬁgoésgfg%t‘&l?&r%?/g%ts%géﬁisé?%@&ﬁﬁg@?s of
atoni ¢ | aygnhsedipioral £ AME VI QostsitbonSiting6f Ipdsab@s3®S30 atdniic bayersyis i ncl ude

t hermal processing or annealing nethods, such_as el ect,r(fn beam a]gngal i ng

or ion bedrmenaficidly vsed,in e rresent maentims Liangsr aymbers ol pioreic layeryinayalsp BF oach
to rmgifi cation of the open pore structure. The curing process may be
appl i (9 tous%‘e as-deposited colloidal dispersion, or to the filmafter a
l'i qui d phase or gas 15 phase infiltration process has been perfornmed. All
nmet hods of for nimgngprgagssés, Whichgnaydinelude thermahgroegssial oa@mmagilgl gethpds.he

resent invention include a curing step. ti.onal | .one on
g teps at t®bar geeFasbeyat Hmsalingeuen S?gfraﬁ% Bg’@rr?é?bﬁ}agl%sdt&eﬁg%rgﬁg?eng
process. Tg'ﬁlirhia.:p??cjagh FHMB i flc R MHAGUHEL SN e 8ifuckirdD IBB eliing®procesanmdy e used

gases such as nitrogen, oxygen, ozone, steam ammpnia, argon, carbon
nonoxi de, applibdiv e astidexdsited colldidal déspessiate or toi the film gitPirelidHe Phase oTI8ddr ogen,

formng gas, or mxtures thereof. For n rid : erjal, such as
silico, c@ﬁ@%ﬁ{fgﬁ%@qqfoﬁesﬁ ﬁ%glel?se@fl PFE?S%GQ%X@Q%}#H@%L g? foq};?frfgr 2E%EE’;P'[ fi%i%% a curing
at mospher eqigRBk BRIt 85l ABcRIMIEH tHY prideht Dgertidadaclidga spény step.i Optiamy, An
exenpl ary curing process is curing in a furnace at tenperatures be}lween

one or more bake steps at temperatures between about 75 and 300 °C may precede the

curing process. The film is cured in vacuum or in an atmosphere of commonly used

gases such as nitrogen, oxygen, ozone, steam, ammonia, argon, carbon monoxide, carbon

20  dioxide, nitrous oxide, nitric oxide, helium, hydrogen, forming gas, or mixtures thereof.
For nanoparticles of a material, such as silicon, convertible to a dielectric by oxidation or

nitridation, a curing atmosphere containing an oxygen or nitrogen bearing species is

used.

An exemplary curing process is curing in a furnace at temperatures between
25 about 600 and 800 °C in a nitrogen/oxygen atmosphere for a time period less than about
2 hours. Alternatively, the film is cured by rapid thermal processing (RTP) at a
temperature between about 700 and 900 °C for a period of about 10 seconds to 5
minutes. Optionally, particularly for processes in which neither the nanoparticles nor the
matrix material are doped materials, curing may be followed by a higher temperature
30  thermal annealing step. An exemplary annealing process uses temperatures between

about 800 and 1000 °C in a nitrogen atmosphere. In the present processes, curing
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25 about 600 and 800 C in a nitrogen/oxygen atnosphere for a tinme period
| ess than about 2 hours. Alternatively, the filmis cured by rapid thernal
processi 'goO(0RDE32Ht a tenperature between about 700 and ®00/USot/ere2& peri od
of about 10 seconds to 5 mnutes. Optionally, particularly for processes
in which neither the nanoparticles nor the matrix nmaterial are doped
materials, curing my be followed by a higher tenperature 30 thernsl
anneal i ng nBidﬁTDaS thedieleetrisl fdnyevenyveere Ay a pulstiatesineludiag iryidreRBiQYY 83PS58fween
about 800.and 1000 Cin a nitrogen atnosphere. In the present processes,
curing - 16" MS10SP9BB225 PCT/ USO2/ 01628 rmodifies the dielectric film
everywhere on a substrate including inside narrow gaps and in open
regions. The prggeiseh 6EEsR%r@lidus debdsh dikkamdé mathrielsent subgratetiothal s on
substrates in the fabrication of |nteq%rate circuit deVIthfiD Integrated
W

circuit dé&hrtﬁéﬁoﬁl atintrgeated; eirqutedeises. sITGHER GIrgust d5VIGeE G AN ces,
galli “5“ a peddts SRS Gaﬁ%ﬁ\@egl%és ngl%Hl eﬁ%e‘?ﬁ'&er IRRLE dE5Ys Cfto- eleﬁ:ﬁ@ﬁb delee

arrays; farc ce tical devices. As 1s well known,
i nt egr at eq‘ocact WEGE latrayheph@tesolgemaﬂaj dnd optm:alutbelcas sAbiswell ko iefagtafese

ot Chat op. g dveaneamat ety Tupete soeihEEe oy e b Shisb B 3 o

i ncl uded i, glhﬁ PEYALESh, bzhﬁer HgYely %Hﬂ@ﬁIa%'rscé.r{dcdd:lnﬁuétirigﬁg&td‘sumhla@n 10 to
distribute electrical si'gnals i'n the device and to provide power input to

and si gnalpolysilicoutgafes.care m«:@d@éwm the. devisee gFhe intereannesied cigay lies f%qtllon

7t or dBnndeaeye DErEER e g1 Akl W ployid IR MR PR o

Sui tabl e sygsik FheheldeGlct dntedtbied ireninddvidds Will @endrally Biclude omltijsle Ilayceosn
di oxi de, glass, silicon nitride, ceramcs, and g al | i.um ar,seni ag?ﬂ used

herein, suffsirceit geswhich graipteseapnactedby yertcal ayeipllic siyds,dagtiiy wgtalfillgd i ng
t h t
R L

in integrated
circuit degﬂli@asmnﬁhecewmmnanalgannhhmmﬁ. Aousadigrein, gapstfatdsirefors iiaayect ri ¢
mat eri al according to the present mve@}éi.o(ﬁwﬁre summrléted | t he process

f1 ow diSagrefithe yerr panariped or ]::g\gng topogigp ag sgmgondudtng pa 8rls formng a
filmw tho Ele&tplfc'lé efsgghtggy%ﬁé? lﬂrelf%%fchﬁog%@fs' fd métalRhdsabei@l indhepaitad on of

nanopartlc es 1s de on a ‘substrat t step 12, followed by an

opti onal baicaltsieemes’m The nanoparticles my be doped or undoped. The final

step of process 10 is a cure process 16 as described above. Process step

16 in Figs. 1- 3The principal methods of forming a gap-filling dielectric material according to
the present invention are summarized in the process flow diagrams of Figs. 1-3. Fig. 1

20  describes a process 10 of forming a film without infiltration with a matrix material. A
colloidal dispersion of nanoparticles is deposited on a substrate, at step 12, followed by
an optional bake step 14. The nanoparticles may be doped or undoped. The final step of
process 10 is a cure process 16 as described above. Process step 16 in Figs. 1-3
implicitly includes an optional higher temperature anneal. Fig. 1 also describes the

25  alternative process of forming a dielectric material in which matrix material is premixed
into the colloidal dispersion at step 12. When depositing a premixed dispersion, bake

step 14 is included in the process.

Figs. 2 and 3 describe processes 20 and 30 including infiltration with a liquid
matrix material and by a gas phase process, respectively. In processes 20 and 30,
30  deposition of the colloidal dispersion, step 12, is followed by an optional bake process,

14. For liquid phase infiltration, process 20, at step 26, a coating solution of the matrix
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inplicitly includes an optional higher tenperature anneal. Fig. 1 also
describes the 25 alternative process of formng a dielectric material in
whi ch natwox3med2es i al is premixed into the colloidal di spergisonomes st ep
12. When depositing a prem xed di spersion, bake step 14 is included in the
process. Figs. 2 and 3 describe processes 20 and 30 including infiltration
with aliquid mtrix material and by a gas phase process, respectively. In

processes 20 and 30,. 30 deposjti.on af. the colloidal di.spersi . step 12, is
fol | oned Batefpl éﬁﬁﬁpbﬁ‘ip"?ﬁﬁ%ﬁb’? &, ,froniﬁl.e h)lf’%laf‘giﬁ?edmﬁﬁ'a@% ?ﬁ Bt rati on,
process 2 6R@tn dipasRlintibdfg Bt AddEndiRE id Boronkhdd® 03/ 063225
PCT/ US02/ gglgggnﬁa’ﬁ?pe%gllﬁics app(lniﬂ)gd 5ver !t;l%]e filmformed fromthe coll oidal

di sper si ophofheranaiStap6 wey optianallnindudepnoigpleaprbenitons Al 8sppmesoluoNudi ng

but not limted to, boron and/ or hosphor pb I

i ncl ude nﬁTﬁaﬁql’ém&Eﬁﬁa[‘ CQ?%%gﬁ%pa Xc%’%tel %@yg%}ou%eﬁgo r}/za 6%%%@3?)1’ ?%(Oér?rlgtcgyei al .
Coat i ng t hgped rir?‘thﬁrghﬁjfﬂia@é iifBtritedn sroess (B0, afidralepositigpthe28lloidald cure 5 step
16. In the gas phase infiltration process, 30, after de ositi.nlg t he
col | oi dal digpeespar afistap 12 angtaapplional bgkeprogpssiad pap 16&@%&0‘8@&@ § step 14, a
matrix matgrial .is. deposi AP i yeg,hggn' SWRpor
depositio ,epg?tegtogﬁh%?no%{t@%fgps&lg@bcﬁt al n?ﬁ%ﬂog%%gh?sﬁ uch Iggtlegg]r@on and
phosphor ougn@iindenehtciuah by borsadndphsdpbprods aredenefiviallsued at gepShpllet es

process 30. Processes 20 and 30_ provide (0] site gap-fill.in .
i ol oot i courmien 16 PoRBlets P19osE 1. THESSTE 34 SO P 4P 2 CaPPoTifceRg e
nanopglt | Cdgiae&hlc kr?aﬁeriaggeﬁéttﬁg -ofT&%n%&sﬁﬁérimﬁﬁaﬁﬁiling SarRphiticluiier! y usef ul

for fi'lling narrow ga a dielectric material 1n a pre-netal |ayer

and for firhhterig. trenches in shallow trench isolation structures, as
illustrated schematically in Figs. 4 and 5, respectively. Pre-netal |ayer

40 15 in Fig. %1{%%2”d?ﬁggoﬂagig%igbiéc‘rfﬁa%gﬁﬁéﬁf AN AR BRE Gmlaayer 44, on

a substrate 45. ower t I mum f eat ure

size," as GORHFR ateel ifggrdMetabRiyed andl foafiili@gsrenthgshin sldliowhogrcapsolation
met hods. The particul ar enbodinent illustrated in Fig. 4 sho di el(gct ric
| ayer 46, strichuet agillvatiepdpehematigallyzin Figs fead ByrespectVely) Ayesmeias layer 4 yr ed

infiltrating.mf.rix . matearial. tr] . 2] I ' R

bet vied 1 O 148 HaRSRRTA Tk Blcop haEs FEes A uftr 48 500 SRANRLES, P2
provi de t hgnnanepRhiireveshanthe “bonianmd fqaade sizé,3 as qunowalysdefimed hg the
infiltrating matrix material, gaps_ spaller tha s 50-60

om i n w dt Bm{gias o6 pbeofifperkipansiaat. oAl sibofieyAiiERe in B

4 shows dielectric layer 46, including nanoparticles 47, topped by an overlayer 48 of
cured infiltrating matrix material. The matrix material also occupies space between the

20  nanoparticles (not depicted). Using a colloidal silica to provide the nanoparticles and
boron-doped silsesquioxane as the infiltrating matrix material, gaps smaller than 100 nm,
as small as 50-60 nm in width (0.05-0.06 um), have been completely filled without

delamination, as described in Example 5 below.

An exemplary shallow trench isolation structure 50 depicted in Fig. 5 includes
25  substrate 52, pad oxide layer 53, hard mask 54, liner oxide 55, and trench 56 filled with
the present dielectric material. A characteristic dimension 57 of the shallow trench is
typically 1-2 times the “minimum feature size.” Thus, STT applications also require a
material that fills narrow openings. For STT use, nanoparticles are typically composed of
silica, silicon, or mixtures thereof. Infiltration is performed in the liquid phase or in the
30  gas phase, preferably with an oxide or with matrix material that can form an oxide, such
as SiO,, or Al,0s. For gas phase infiltration, silicon oxide may be deposited using

standard CVD precursors, which include but are not limited to tetraethoxysilane (TEOS)
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del am nation, as described in Exanple 5 below. An exenplary shallow trench
isolation structure 50 depicted in Fig. 5 includes 25 substrate 52, pad
oxi de | aywp 038¢32kmr d nask 54, |iner oxide 55, and trench PETUShY/@d28u t h
the present dielectric material. A characteristic dinension 57 of the
shallow trench is typically 1-2 times the "m ninumfeature size." Thus,
STl appl i gad befienalr 9ok atisiticormayrat depaited hsitg piechsorsaviiominglydai ngs. For
STI use, nanoparticles are typically conposed of silica, silicon, or

mi xt ur es tdkfélké@ffﬂanﬁﬁfFfICth}OéPﬁlt;ﬁel s performed in the |iquid phase or in the
30 gas phase, preferably with an oxide or with matrix material that can

form an oxi de, I%E‘B'énef? 0PI %reRht SbA0BN Ei%'[ecﬂi’@m@ﬂéﬁﬁlemailf)b Uhdeadtbodin sil i con
oxi de may be deposited using standard D precursors, which include but

are not | iterintsed thmtw@scapmhmyf@rmms (ortheyaterigl tying laos S9tE BT AEBAS/ 01628

and oxygen or or sili.con o] ch

i ncl udé d’irlélﬁllpﬁﬁ%ﬂ]elpéﬂ%es%qs Qlflsﬁn(t,efﬂng g %ffgoﬁ’g §1Ftrt]e? g%% tegﬁgr?‘“? Eig‘ﬁg?dé%ent
gap-fillinge fio8bBGF héfinghing colpadtils Dgovidal shiedal atra temgera'mrenbeloWets

m croscopic transformations to the material f{aki n ace .durin cur% step

16, 5 primdiip@poigt ohelagy BersdtuccEperafyie.dh 0 r&h}ff ?BW@SF Fﬂ h§*? s
conventi onalrll:é{ dleqc ? as the process of heating and conpacting a povvdered
mat eri al ?Eﬁpera ure belowits nelting point, or glass transition
tenperature, in order to weld the particles together into a singlerigid
shape. Refl ow ®eflowsoadurs z&nuepaamlmsaba'tmﬁle glase trghsitgen temﬁ@itltl’ﬁ@hd tnslpRsr at ur e

and |nduces 10 physical copfor cha e ef for
PSG arld Brebusigalicon OéF’émP%a HEEP | deﬁ?/w R glggforhﬁsé \ttyr ocﬁzﬂt%%%rng

Yol 183, MscribedBy R AlLAve §9ﬁ@ctrbche3¢f§oewOn $3sirNo/anplby14aur(im)t1eefmon
forces. The I orce are proportional /R2, where 6 is the surface

t ensi on arig dRvésby fefacadénssondbreesrBhatforces are@ropnsionshtq o) whbers@ iség ow t he
radi us of curvature is _on the

of 100_to 500 A f t
of narrow SyEgce tesighapdRds fh?efa&aap %ur&?tu@uff}‘g‘f%rvgntboé’taa%gﬁg rﬁ@&ggll‘et icg?els nign
the porousfik %khﬁ«z&pré lﬁ%n%ésfde%f 1dia thB0b QR for copPansli d@»@n@glowﬁdvﬁg@ si ze.

The surface tension forces inside the porous film can therefore be several
or der sl5of whareastthel eadivr afenrtaten bﬁmeenﬁmmmmlmlth%wpuﬁélmﬂmt he jop(fi €f ng

reflow at even, B Qher L G085 T SRSy S I RSP s B

initially resructure
t enper at ur &,(RrefRObE §vetdl BRI ofiagintide la@gﬂ?&hﬁi fiok ec)nvteh’amalvoudtdlgbﬁlus equi red
for conventional reflow.

inducing reflow at even higher viscosities. Therefore, reflow can convert an initially

open pore structure to a closed pore structure at a lower temperature (or shorter time at

20  same temperature) than would be required for conventional reflow.

For process 10, that does not include infiltration with a matrix material, the
deposited colloidal dispersion, after removal of the solvent, consists essentially of the
nanoparticles. In these cases, curing may induce sintering of the nanoparticles. Using
nanoparticles containing phosphorous or boron dopants lowers the minimum temperature

25  needed for sintering. Using doped nanoparticles also lowers the glass transition
temperature such that reflow of doped nanoparticles can occur at the furnace cure and

RTP temperatures described above.

For processes 20 and 30, which include infiltration with matrix materials, the
curing process can induce chemical changes in the matrix material. For example, using
30 the silicon-containing spin-on polymers listed above for liquid phase infiltration, curing
in an atmosphere containing oxygen converts the matrix material to silica or silicon
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For process 10, that does not include infiltration with a matrix materi al,
the deposited colloidal dispersion, after renoval of the solvent, consists
essent i alwg oefoe2k® nanoparticles. In these cases, curi ngPaaysonohses
sintering of the nanoparticles. Using nanoparticles containing phosphorous
or boron dopants |lowers the m ni rrumte_nﬁerature 25 needed .flor Si niﬁygri ng.
Usi ng dopesymtaidepan edditiens valieadhe eaneparticles agp couposedipict MASHA! OUNRE re
such that refl ow of .dop a 1i.cl SR8 RESsn Ahotdterd iManRee cure and
RTP terrpeflélfedﬁc réc’ﬁlé%hcé)sl ?%éﬂlag%\eglh gro g‘% ocessesé%lo a(r)! 30, which include

i nfiltrat cRemishltdhan@dsiih hevainepirtitlss, at hell. dlneirellpvprut gsteriogprapsetics@fcheni cal
changes in the matrix material . For ex | e,. usin 30 the . .

si | i con- c et Tpatel ﬁn@rpedHPW@gﬁidg’gg@' %ro%“%l)erusllrf%ﬁl ?talxprﬂ%{tgléals

| nfi 1 Eg at i BhainfH! SRGpAdoR{lo HFRPRARHANE ATIGH Rhi}érdie 0 That oNey indubdse mal (i X
mater i 2l £ o o T R s oot coT ] US05/ 01638 oxyni tri de.

I n addi ti both ckesical hed playsophehange.ebn the presentroste defloiv acqwrt deBPCTRHFer ti bl e

to a dielectrjc, ,such as silicon,. .curi i n -
at o pher S HdNELEoSHaRT eI crmmgaei FPRC SR DSl ind b oy
refl ow andgy JtRE indentBfCRIbhicasic Riwer kéfowiEdniperatimite tiesfactrthyt thedtivingd

t hrough doping. For exanple using matrix materials 5 f:ont i ni Pgﬁ_ghosephorous
or boron Ifowefer reflewriefuréase eeerpiratioh i 18versdhn Prapering! forfatiues ftHre-

chem cal d_ physi chan oS , f aitof
Cenperdt et i eiilai ASRANAR of PubifB e pERe pEASR AL P RIBGAVERIASL,
W t hout  bei,Ratdre WilingsBroatsywhilteieRmyndiedie of Augsitomssfontemviehbtivral BREG reflew

reflow tenperature to the fact that, the dri Vi‘ﬁ'ﬁ Iﬁ)rcg. {?or reflowis
surface erpspepyseswin additien, jimthernseseyt igstantsy thedpairedlqmadistaace p r%(tf;\\%aln e. 10
For the caql ioq%aig%é&esrﬁélgp’s of nanoparticles of the present films, the

or . o
rel evant radius o curvature is Angstrons while it is hundreds of

Angstrons for conventional BPSG reflow processes. In addition, in the
present i nst ancBhustitheay beundeestodd tat tiernead peecepsingrpodifien e gan-Tllipger of

o1 185 RBCHp AT g PR P el T RRS S gh SEEESHET iy,
reduci ng ijh&ePGROR! §ohsitRN siﬁternsg)ﬂalofaﬁi@&s todefiRr @ad/onty indacidgnafidwin by
sintering nanoparticles together and/or by inducing reflowin the
nanopar t i chesampdrtistesiandfonén fhgtmatsx nﬁt@@i-aﬂ}e lfiiﬂbelﬁgij RESCessHampgTauLe dhe
Reduci ng- (8reetern uFRepgd iR I Ll P, SRRk Relitind fheichn BBMGRLE, 17781
materi al tiQcGomaRRY sivanee Sruhé elcR@trivxngterial to commonly used buffered oxide
20  etchant (BOE) solution, for example a solution containing ammonium fluoride and/or
hydrogen fluoride. As reported in the examples below, dielectric material formed from a
colloidal dispersion of silica nanoparticles by thermal processing alone, process 10, and
also formed from silica nanoparticles by infiltration with boron doped hydrogen
silsesquioxane, process 20, was used to fill gaps in a patterned wafer. Both the
25  infiltrated and non-infiltrated material in the gaps were resistant to a standard 500:1 BOE
solution. High process temperatures are associated, however, with material shrinkage
which can lead to cracking or delamination of materials in narrow gaps. Use of the
dense nanoparticles in the present methods minimizes thermal shrinkage. For colloidal
silica without infiltration for example (see Example 2 below), after annealing at 900 °C,
30 total thickness shrinkage of only 4.5% with respect to the baked film has been observed.
Therefore, thermal processing temperatures can be selected according to the present

methods to provide gap-filling dielectric materials that are both crack free and resistant

to etchants,
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20 etchant (BOE) solution, for exanple a solution containing anmoni um
fluoride and/or hydrogen fluoride. As reported in the exanpl es bel ow,
di el ectriwomaweneal forned froma colloidal dispersion offCIiUSOTeu1628
nanoparticles by thermal processing alone, process 10, and also forned

fromsilica nangparticles by infiltration wth borop doped hyd en

si | sesqui oxane, Tliéﬁ'%é‘é%"ss azﬂéf%em%fgs aﬁ@a PEet IPYe‘E;‘QB&r‘? ﬂ‘r’g‘e‘g’iflfté%ﬁ‘{ag er.
Both the Zembd by tedbAdvARd paindMildbipld material in the gaps were
resistant to a standard 500:1 BOE solution. H gh process tenperatures are
associ ated, however, with material shrinkage which can |ead to cracking or

del ani nat i ANAGfY TigiAdr TESS METHOD W gaps. Use of the dense nanoparticles
in the present nmethods mnimzes thermal shrinkage. For colloidal silica

without infiltration for.exanple a 2 ing at
900 C, 30 total ﬁ]t%alé%geégglgs%g? rﬁrfggrggle%?u Oh{%ﬂaﬁg@%ﬁ%&%ﬁ%%@%@?{knﬁ% n‘tg e baked
filmhas bgessuekisginedWoollharedriabi, AhdleSpadtrascarieBlipsomeendodet MIMA. can be
sel ected according to the present methods to provide gap-fi I{i ng

S

di el ect ri cFilmtthickagss samples wew mepsured Pstikbake cRoskRErer @ RSyARNe2t o et chant s.
-14 WO 03/ PCT, | f:Ss sent

i nvention gggéﬁ%ﬁet Sr%l/rnyié%ﬁﬁ%# ?gct% gaégdgﬁstthﬁglﬁéﬁ%??nmﬁ?ggg @gﬁﬁ]%%%dg? Ibg\?mﬁe nlg&%

exper i ment edkeakiakinses CosdhpXidriAl wileSTafleEbikeDgerevlaahed wokeeeal féange sizes.
experinmental results, refracgtive .index and filmthickne S measur ed
usi ng a WoN§ eiessasehighpas &%&S@@ﬁé’&l{q} i geld layer gﬁ?ﬂ?é‘% le\ﬁ\%%‘b]l\ﬁm"peﬁ I m
thi cknggs LEmRBARMRHs PRASHIRE 400080 $00,600 FBEE dMRsh :
Percenfbglge S r?ﬁ%a%ﬁ vvagggal cul %t e nags t he ’?gange i'n filmthi ciness di vi ded
by the posiGEbd&M mhideloddsls SENbappathtpsat t er ned wafers after bake were

cl eaved to reveal feature sizes. The cross section was gold stained with a

thin gold Vi, agni ng..El ectr I . (SEM i nages at
magni fi cat #gﬁz‘ﬂ?%% Ebep 1%ann3@?8@%‘1%{‘0]91%%%888&%@}% obtained using a JCEL
JSM nodel 6330F SEM apparatus. EXAMPLE 1: Preparation of Coll oidal
Di spersion of SAll.g&tAs tollitk] sPteca didpedsibal in siy¢lbbexaddspeasprepared by
cycl ohexanone was prepared by confining.50.3 gmof a 10 % col | oi dal
silica stoermiiging %glinrpféﬁ@%t}%ﬂgﬁ%‘gél s%ﬂsa(sé%‘fl%ﬂ tondp gy Y | ndustries
Co, Japan) : e gﬁp%ﬁ 025 BRI dychBx HoATEAGErQE t he
col | oi dal g(?\gft%lg%%\?\lgs .%a?%r%ﬁ%gl yélJa ¢ f tﬁe ngt a‘%ylcconc%ir?t rati orrallg

particle diameter of the colloidal silica was 10.5 nm. Analysis of the metal concentration

of the solution gave: Ca: 4.8 ppb; Cr: <1 ppb; Cu:4.2 ppb; Fe:<5 ppb; Mg: 0.7 ppb; Mn:

<1 ppb; Ni: <0.5 ppb; K:<5 ppb; and Na:16 ppb.

A 3.5 wt % colloidal silica dispersion in cyclohexanone was prepared by mixing
20 90.6 gm of the 10% colloidal silica stock solution with 170 gm cyclohexanone. The
solutions were homogenized by ultrasonic agitation for 30 minutes and then filtered
through a 0.1 micron filter before being used in spin coating onto blanket or patterned

wafers.
EXAMPLE 2: Coating of the Colloidal Silica Solution

25 The 1.8 wt % colloidal silica solution of Example 1 was spincoated onto an 8
inch silicon blanket wafer, hereafter termed a blanket wafer, and onto a patterned wafer
with feature sizes ranging from 50 nm to several microns with step heights of 0.2 to 0.4
um. The spin conditions included a dynamic dispense for 3 seconds at 300 rpm with

dispense volume of 2 ml, followed by final spin at 2000 rpm for 20 seconds with

-15-



of the solution gave: Ca: 4.8 ppb; C: <1 ppb; Cu:4.2 ppb; Fe:<5 ppb; M:
0.7 ppb; M <1 ppb; N: <0.5 ppb; K <5 ppb; and Na: 16 ppb. A 3.5 w %
col | oi dalweioBioex23li spersi on in cycl ohexanone was prepar edPof/usoxdrwgs 20
90.6 gmof the 10%colloidal silica stock solution with 170 gm

30" i nut oA R AL B AT THERPURUR A ONE < EPUAT 1] |G b bl @ Reng used
in spin c }oH%m?rﬂ&Qe&UhaE\h@& 42 aﬁﬁéafl&f rlﬁl%ng/ﬂfe R, theXéhdrhiuds whioainipeg of

t he CoIIO| a Solution 25 The % col [oidal silica solution of
Exanple 1 ﬁ\as45p|°ﬁ‘,ctoﬂt)édCcamamatanf8°C{mrand|th¢rdmlﬂM”éﬁ@l(’élfovxéf)@nnum@r eaf ter

termed a bl anket waf d d
angi ng 1 rOWESMATANER et af L ergHe 205 w?ﬂsf T X

The spin cgngiytiq %"*“%hﬁgf%%f@ff%% di spense for 3 seconds at 300 rpm
W th i spense vo by final spin at 2000 rpmfor 20

seconds with -15 WO 03/063225 PCT/ US02/ 01628 accel eration of 50 rpni sec.
The coated waf eFdmukickndsakedstaink8ge ¢ tha 5licCfibmdn2Boblankdt sraferageneanlit e each,

o e 00 cprapesaine e 15 ol ey Crptste o s et B b BRI AueE Gure
at mospher e M@ﬁe heﬁﬁeﬂcﬁnbd b8 blafkét vlTeks O 2l thitikchéds QFdsthdasurbhevitked ers were

anneal ed 5 at 9 | owm ng nitrogen for 20 m nutes. Filmthickness and
shri nkage mecum@opmeﬂlmometen(bm Wieolam AASE. ) vEilre noadundpraiic as lspvidessi ng
step # ted in Table 1. Crack-free clear filnms with no visible defects
wer e ed when deposited on bl anket wafers. Filmthickness was

rreasur_ed with a spectroscopic ellipsometer (J. A. WolamVASE.) Film
non-unifornity was |ess thak 1. 10l %hickabdseind ShfinkapeWfiSilicaddbn and Shri nkage
of Silica FilmFilm Thickness Refractive Index Shrinkage from Bake

Post - bake_ 491 A 1. 24 Pgst cure 485 A1 23 1 504 Pgst annreal 78 A1 244 5%
A refract Lve index f Fimilhigkness: el (Reirachng (nflex | ShrinkageromBake oo | 1 o
silica stPogtbeke. This réPldetive | ndex Ydfue may e conpared with a

refracti vePostebexe of | 1. 36 485X or a PO % pd23us silica fil d15é{/nd with a
refracti vePofid@xeadf | 1. 45 #88 Anon- por ous silkédca 4.5%

A refractive index of 1.24 indicated that the deposited film had a porous silica
structure. This refractive index value may be compared with a refractive index of 1.36
15  for a 20 % porous silica film and with a refractive index of 1.45 for non-porous silica

- films. The porous films showed very low shrinkage even after heat-treating to as high as

900 °C.

The gap-filling ability of the colloidal silica in narrow gaps of the pattern wafers
was determined from SEM pictures of the cleaved wafers. SEM pictures were taken for
20 (i) the p'ost-bake, (i) post-cure and (iii) post-anneal wafers. All three SEM images
showed that the silica nanoparticles uniformly fill gaps size ranging from 50 nm to
several microns in size. There were no delamination or cracking after cure and after

anneal and the nanoparticles also fill the corners around the bottom of the gaps.
EXAMPLE 3: Preparation of Boron-Doped Silsesquioxane Solution

25 8.2 gm of triethoxysilane, 0.60 gm of deionized water and 0.75 gm of 0.02 N

nitric acid were added to 41 gm of acetone in a plastic bottle. The mixture was allowed
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films. The porous filns showed very | ow shrinkage even after heat-treating
to as high as 900 C. The gap-filling ability of the colloidal silica in
narr ow gawe 0dbe2be pattern wafers was determ ned from SEWCprusoemwss of t he
cl eaved wafers. SEM pictures were taken for 20 (i) the post-bake, (ii)

t- d (iii t- | f . th SEM.I t hat
Phe o |1 cdo remopar il Buparroten b o ~idpen Sh9& PN BF AR im (o
several mcLong @aa%' of IBRkE HRTHEn A0 dehPabirtsilaRqeibxaieaokitiog. af ter cure

and after nnea t he nanoparticles also fill the corners around the
bottom of the gaps. EXAMPLE 3: Preparation of Boron-Doped Siﬁlﬁﬁesq i oxane
Sol ution 25 8.3 gmoboroniaxidedByi) wirsedissolved iy AP emdiisomronyd alrahedio o/ 0. 75

f 0.02 i tri id,. 4 : : i ti
Dot il e T vh irth bEGBSO AN, £ B G b3 EAp IR IRSERARR R SRELE® (i
at room t epeTsam bethk daseldlsbuidkannsblitian Thd mblechlwi wéighofhe béron- pr opoxy

propanol and 20 gm of denatured_ethano|l to form.,a base sil sesqui oxane

sol uti on. ®PeFFlESHEERe SHEas BXRIOREIBRSIOEE For &%) PYSFACR of i sopropyl
al cohol toufo % ' o4 tHofih byPwEEhY TR mblReuId: WeiBRy & oxi de
sol ution m%hgoré%%%pﬁ% ??e.i%gl%gg ‘{gagnf‘e(g1 't)ﬁe base}ﬁ‘gi sesqui oxane sol gti on. The
mol ecul ar theirght afed 16 aydaroom telopardtuse weeb i oxane resin was 1256 atomic
mass units fromgel perneation chromatography. The resin contained 2. 0%

Cempor af u ONBAR 10 FE ToRRE Ve @Rk oberdrBob el e RhiSlanc SHEYR 5 o0

Si | sesqui oxane Solution 10 The boron doped sil sesqui oxane sol uti on of

Exanplig 3 was cpglrfoR Bbsedasilbesquidkankelutival @Examplahivas eogred oon 6af er
usi ng the spin, bake, and cure cycles of Exapple 2. Film rogfgﬁgti es were
listed in btamies wafer pod puigaeatter WelehPHRE BsPEh bakep B1CHH CYHES £ wafer

was obt ai from.t [P i a coati ng
STSpo 8 hoE IR TR B AT & LR

spect rum 1§ amifet iWacer eutsebtdinddnrah owe dodtingtstaph evith 4 bake cySie Mptveagndleiced in t he
post - bake filmby peaks at 2000-2250 cm 1 and, 800-90Q cm.- d _been
converted $Qstiag Fiepn Aggodquality %g‘?}l‘”(a,s obtai Qiha%%%eﬁ V@?‘Tri ?&eﬁﬁ%sggcg en
producged. " ' 1A SHlYY Evilarsd of thBpbavaRemed by peaks
Si seﬁi oggtﬂégﬁgi%fi%ﬂllgm)%&rﬁ{lﬁgﬁﬁglss Re?i?;cti ve | nde_x?Shri nkage ?]rpom Bake

at 2000-2250 cm™ and 800-900 cm™ had been converted to silica and as a result, a

boron-doped silica film had been produced.

Table 2. Film Thickness and Shrinkage of Boron-Doped Silsesquioxane Film

Film Thickness Refractive Index | Shrinkage from Bake
Post-bake 1110 A 1.410
Post-cure 868 A 1.438 21.8%
Post-anneal 800 A - 28 %
20 The gap filling behavior of the material was observed from SEM pictures taken

after each processing step. The boron-doped silsesquioxane filled gaps in the patterned

wafer without void or delamination down to the narrowest size of about 50-60 nm after

the post-bake. After a 700 °C cure in nitrogen/oxygen, the silica formed showed no

delamination, but a lower density material was identified around the lower corners of the
25 | gap, based on SEM brightness of that region. After a 900 °C anneal in nitrogen,

delamination and cracking occurred due to further shrinkage induced in the annealing.
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Post - bake 1110 A 1.410 Post-cure 868 A 1.438 21.8% Post-anneal 800 A -- 28
% 20 The gap filling behavior of the material was observed from SEM

pi ct ures walkane32ast er each processing step. The boron- dop@dTdishyesegii oxane
filled gaps in the patterned wafer wi thout void or delam nation down to

t he narrowest _si 0 bout 50-60 .n fter.. th ost -bake.,After a 700 C
cure in niE%B@ﬁﬁyé)’é@-',‘ra’il%og@&?%ggfsglf%&éh% Wé@ﬁorﬂ%' Oé’gggﬁf?‘?g?lloé?ﬁr}e but a
| ower density material was identified around the | ower corners of the 25

gap, based on SEM bRivahk REBsidA silidaablutieaifiem EAfhge 1avaAReCiagvacal in
nitrogen, delam nation and cracking occurred due to further shrinkage

i nduced i npatieenedrweder, follpwing e spip ow/beke coslifas/afSeampie? sAltenbaipy the s
Infiltration of, Coll.oidal Siliga.Fi i P j j e The
18wt o6 carpraar SR Blodhy i +Ptalhe Rt 0R; RS- beeaR LAl
patterred pafegled Watbl Mg e khie/taRe seqavtteb @k Exmopldi4t i Tirsnbfirafedamypfbewds Af t er
bake, the boron-doped sil sesqui oxane solutjon from a%BI e 3 was spin

coat ed ont er pered gad apnealydyisingdhe greRad apnegseqngitions OEE?‘ Bl%i%e sequences of
Exanple 4. The infiltrated wafer was then cured and anneal ed using the
cure and anneal Lt @i X B e et&nifaPs blalifigeithe t he
patterned waf erTﬁggg%fgtog:éﬁn? ﬂ%‘%@qgiganﬁ%ﬁ?eﬁgﬁ? he SEeM pilct urS{as aof1 tﬁe gaps
of vari ousSEMzgsturdsaf tizd gaps o€ vpimis-sirak eForrdisthe posteakieposboeure anthpesit

sanples, there were ng del am natjon insi.de.the gap.of all .sizes.down to the
10 nar r owe&neg} sa@plgs, %We%d‘-"é%iaﬁm’at}&’ﬁ‘ igde p‘ﬁép ngﬂfl B%Fso%q%goetggsi lica was
formedi@n pdRRv&t sibdier dodhut 5o6othad ARbl &8 ofidrbedopdd dilicahhe folthekagss of
t he overlayer was about 200 nm EXAMPLE 6: Etchi ng Resi stance Silica

e

coat ed bl atvpet theain&htemtet catloidnpsidica fir dhe thigkagssofitBeavmilaysiaties dhout 20 15
waf ers of Exanple 4 were dipped into 500:1 BOE (buffered oxide etchant)
solution ®¥ntaini ng amoni um fluoride for 180 seconds at an etch
tenperature of 21 C. After etching, the treated wafers were rinsed with
dei oni zed WXVIPERG: Ehvhidg Resistdricekness was neasured. The etch rate of
silicon oxide produced by CVD deposition of TECS was used as a reference

f i son. _Ftch | culat ed th f film20
{hi cknobe. i vi dSECByOHALCISHER itFs Of BREHPE ST AL P eh e et ch
rate w4h ﬁ%&gﬁgﬁ%%?p%% %g&eré)ﬁipﬁé@nw%;m@@ (HusteRd dxideT@bhamt)dolutide aver age

etch rate o
containing ammonium fluoride for 180 seconds at an etch temperature of 21 °C. After

etching, the treated wafers were rinsed with deionized water and the film thickness was
measured. The etch rate of silicon oxide produced by CVD deposition of TEOS was
used as a reference for comparison. Etch rate was calculated as the decrease of film

20  thickness divided by the etch time. Etch rate in A/sec and relative etch rate with respect
to that of CVD TEOS were listed in Table 3. The average etch rate of the CVD TEOS
was about 0.45 A/sec.

Table 3. Etch Rate of Colloidal Silica and Boron-Doped Silsesquioxane Films

Etch Rate Etch Rate relative to
(A/sec) CVD oxide
Post-cure Colloidal Silica 7.0 15
Post-anneal Colloidal Silica 1.7 3.8
Post-cure B-silsesquioxane 0.66 1.5
25 Coated patterned wafers of Examples 2, 4, and 5 were dipped in 500:1 BOE

solution for 20 seconds, followed by a deionized water rinse. SEM pictures of the etched
-18-



was about O.

45 A sec.

Table 3. Etch Rate of Coll oi dal

Silica and

Bor on- Doped Sil sesqui oxane Filns Etch Rate Etch Rate relative to

CVD oxi dewBaswex2es e Col | oi dal

Silica

7.0 15 Post-anneal
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1.7 3.8 Post-cure B-silses uioxane 0.66 1.5 25 Coated patterned wafers of

Exanpl es 2
fol | owed

0106332 Tl

4

STCEm B P RNG TS SRt g eGPl B

mpleg ayesntaken towgaang

In the narrow gaps.

Table 4. Etching of Patterned Wafers Heat Treatnent Etching of Gap

Dielectric
no cr ack,

Ex digbleed. 2ErRbg1e-af Patiemed dYafers,
no etchi ng Exanpl e 4 Post-cure severely etched Exanpl e 4

anle

Post - anneal

ack—before
mla B Po4

X
SD T

P HRhE [ehhen

et TC

"cﬁ)"i,'ii‘éle('c‘tr

0 seconds,
GV
maxPRepwer e taken to examne the etch resistance
Results are summarized bel ow.

no etching Exanple 2 Post-anneal

D crack,

no etching B
silica nano

:—‘:E)qun\{%jl n_t

T J.I IIJ

EQEE{;EE@?_QM i

o
O
G

T t
Eﬂﬁﬁ%"‘o’f HAg—o The T nctust
RaStagk IREPhBE vt or  benefits

hr\nr\'F -t <

bn of

elimnation

oExammeRi ng

Bestrpameali nat

HRO pwak.rrmtmngnn 900 _C_heat

(1)

treat nent an

dExadpls#qni 1

Postrduré¢ npr ove

esveralyietched et ch resistance of

t he gap

dielectric t

OExdBige ¢t chi

Pgst-aiinede ben

b tiiatls befoee etaleng,etehied oubw shri nkage and

hi gh density

By sd by

Poktsdung the i

A6 trakk | dosgtcldngposi t e appr oach.

10

EXAMPLE 7:

J

L5 of

PoREHnGI | Cat

P80 LAackhdkteih@f a 5% sol ution

of P205

in 2- propano
TECS in
HNO3 and 0 5

gm wat er .

0738 gmB2C8 was di S50
.5 gn1acetone was added fol |l owed by the

ved with strrring 1or 1 hour.

around 66

9 gm

addition of 1.38 gm 1N
The m xture was heated to boiling

C and

mai nt aisned for Bhdiadiusion Hisilive hempadiclevm thh diekatriclipe shoRoogo smpr 15 The
to, have 8% b

silicate res
wei ght

benletolts\:,\?l% eﬁ?ntlrllartrl%gleo cracking or delamn}/atl\ggll%]uceg IP) %88 94 SC%régt 4%b

treatment and (2) significant improvement in the etch resistance of the gap dielectric to

BOE etching. These benefits are due to the low shrinkage and high density achieved by

using the inert filler composite approach.

10

EXAMPLE 7: Synthesis of Doped Silicates

To 10.0 gm of a 5% solution of P,Os in 2-propanol, 0.38 gm B,03 was dissolved

with stirring for 1 hour. 9 gm TEOS in 9.5 gm acetone was added followed by the

addition of 1.38 gm IN HNO; and 0.5 gm water. The mixture was heated to boiling

around 66 °C and maintained for 3 hours. The molecular weight was about 2000 amu.

15

The silicate resin was estimated to have 8% by weight phosphorus and 4% by weight

boron. The solid content of the solution was 8 wt %.

EXAMPLE 8: Infiltration of Colloidal Silica Film with Doped Silicate

A colloidal silica film was deposited onto a blanket wafer using the 1.8 wt %

colloidal silica solution from Example 1. The spin recipe was 5 seconds at 300 rpm for

20

dynamic dispense of 2 ml of solution followed by a 20 second spin at 2000 rpm. The

wafer was baked at 80 °C, 150 °C and 250 °C for one minute each. The film thickness

was 520 A with a refractive index of 1.23.

The porous silica film was infiltrated with the doped silicate solution from

Example 7. A rinsing solution consisting of 50 wt% 2-propanol and S0wt% acetone was

-19-



boron. The solid content of the solution was 8 wt % EXAMPLE 8:
Infiltration of Colloidal Silica Filmwth Doped Silicate A coll oi dal
silica fiwmmaesdeposited onto a bl anket wafer using the PCEUSM2/01628
colloidal silica solution from Exanple 1. The spin reci pe was 5 seconds at
300 rpmfor 20 dgnam’ c dispense of 2 nl of solution ffgls(ld?éed bg a 20
second sppmpaed.28befallowingnéiliftngrandainsipgsacedpregfasiiseq: YRMY© 250 C for
one mnute each. .The f.i.l i : j ot 8Gédouas: imdex of
123, Thetigerangt 4o doped i GEOSHTon o B et D0 AL St (e

sol ution §redm offii@RIALE1 000 rpmIfbns sevgnd (B tdsbfor Sorsimsis] (Hy dpfarBo ripgeysing

2- propanol and 50w % acet one was ., -19 WO 03/ 5, PCT/

pr epar ed. 4 THeT tigping\wpiygnt 19F P seqongs afg> Qg™ Pﬁ@@?‘z“ﬁﬁ%a e %ﬁég%% (1)
dynarrig: QQC%HEJ‘SG of 4 m of doped silicate solution onto the wafer at 300
rpmfor 5°Seconds; (2) spread of liquid at 1000 rpmfor 1 second; (3) rest
for 5 seconds; (4) dynamc rinse using 4 m of rinsing solvent for 5
seconds at 300Thpinfilangd fifh wasrakedsiso °4, 15000 ang @56 5¢ Tonons migptsfish. The

infiltrated fil baked at . .150. C and 250 .C f ' h.
Fi 1 m & cRBsbicRe A RER S 17 K oRes B e o o P e 702

I ncrease i i t 43t AB WY@ tHAE 2 QblidlndiBpSdayEtn tWagbeen sol i d
non- porouggfalcflﬁﬁE \{/r\l/glg;%ae/glﬁvgglr%?guced. V1VO EXA%PLIIE ?9: ani ltration of Coll oi dal

Silica Filprdecédr Doped Silicate The 1.8 wt % col | oidal silica solution of
Exanple 1 was used to coat a patterned wafer using a dynam c di spense of 3

Cecondd. " EGRPRE TapePOl ot GOl R BB DO SSe 00 ST cate

solution from Exanple 7 was di spensed onto the wafer in 3 seconds while 15
spi nni ng at 30@heAns wi o4 balloidhl bijich solatiorspf Beanple 1200 Msedbin doot 2 poteskadonds.

The infiltrated filmwas then baked, cured ,and neal acgar dj t he
reci pe deymferoising ndymruppisaense o ﬁl@i‘ﬁéé@%‘”@? at %@]?thgl?oev&e yIar’rf{sﬁﬁ()s&gld no
cracking of i ki g a0d aRr s wWidBul Bikeg, 9fmitdTaloped i | trate
mat eri al . #%é&?‘fﬁ“:‘k rjegkggaf/\é}asﬁ ?r?év\r/%lsﬁ‘%c?akreaﬂ]i nlBO% 5.0(% 1 sol ut |p_on for 20
seconds. Niticatecdlnipnviam Basepleddway disprbsechente theeafer o3 sasends Wil and

o Collfo, R s oRbawe BDpEaY &Y FreLEra apidiyt Tor 536k 4 Prem i ng
infiltrated film was then baked, cured and annealed according to the recipe described in
Example 2. SEM images of the annealed film showed no cracking of the film in the gaps
and in the top layer of the infiltrate material. The infiltrated wafer was soaked in BOE
5001 solution for 20 seconds. No etching was observed around the corners of the wide

20  and narrow gaps in SEM pictures at 80000 magnification.
EXAMPLE 10: Premixing of Colloidal Silica and Doped Silicate Solutions

A 4 wt % solution of colloidal silica was prepared by adding 23 grams of
cyclohexanone to 15 grams of 10% colloidal silica stock solution. 9 grams of TEOS was
mixed with 9.5 grams of acetone, followed by the addition of 1.38 g IN nitric acid and

25  0.58 grams of deionized water. 10 grams of 5 wt % P20s solution in isopropyl alcohol
(IPA) was added and mixed well. The mixture was stirred for 72 hours at room
temperature. The solution was then diluted with 15.23 gm of acetone and 15.23 gm of

IPA to give a final solid content of 4 weight percent P-doped silicate.

The following three solutions were prepared and spin-coated onto blanket wafers,

30 followed by bake, cure and anneal as Example 2:
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A4 w %solution of colloidal silica was prepared by adding 23 grans of
cycl ohexanone to 15 grans of 10%colloidal silica stock solution. 9 grans
of TECS va® 03#0632exl with 9.5 granms of acetone, followed byPChasadaices on of
1.3 8 g INnitric acid and 25 0.58 granms of deionized water. 10 grams of 5
wt % P205 solution in isopr al cohol  (IP S and m.xed wel .
The ni xt uBeluties 194 rlﬁ@affl%f)f% SHGﬂraﬁldéng Ai)‘yy\%p P&gaﬂléatefﬂ 1QBI ution was
then dilu 1 0 4308 d of A3 PIER Hsﬂic&t‘é s'bﬁltﬁ;hve a final
solid con%@ﬁ"f }16‘% %2% rﬁ%@%égﬁﬁagﬁﬁogﬁnsﬁl cate. I%The | owi ng three
sol uti ons SWRKiBn POEPABGaANf 4pistiicaaad 8grams of %dh&medwslfcetessolut@@ f ol | owed
by bake, cure and anneal f@EEaIrrpl e 2. -20 WO 03/063225 PCT/ US02/ 01628
Sol uti on Remiltswge ghoafsingfableg 81PWea and 10 grams of 4% P-doped silicate
solution Solution |OB: 16 grans of 4% silica and 4 grans of 4% P-doped
silicate sol ut Qe SeLahikay KAGloldl SIRABNEP-Blpei dilicae Soldtigngr ams of 4%
P-dopeg sili catiglﬂseo lut i olng{gResu Its are shown in Table 5 below. 5 Table 5:
Premi xing of Colloidal Silica and P-Doped Silicate_Selutd nno Solttio o
Process $iSORitioRi | Mrtesss d¥i0ve SHiithkage RednstirecH Sainkageirop |dich Rafeln
Thi ckness | ndex bakeCp0q:SiliB@E | Thivknzoo | Index 798 |fbakes40 8.5 AW LEOK dec
10A 900 Tk 705 A 4441 19. 2%|ro8RA A/ séq .4400B 7008.8% 1 750 A 1L4680se6. 6%
0. 88 A/St.(.lrQ/Aluld 908 A [11:G99 A 7b5388 12.1244% 0. 61 A seg 10C [7008 K/set 805 A
1270 3 S~ PO 9 TTE R0 28019 Fhoo S o TP B dofa!
S—heehR—-aesecrtpea—tt Y 1 CTT1TC[]
condi ti ondOB ne fostdd pilid ﬁ?@/&gn e 7% % 81 Assec

;Jf' b|-S ah—exafple——of Hivent+pn—s
appl | Catl dIQC Va. | 07.1%0 a aQ)t]‘atl rwsﬁé d_nx AIA%PQ"‘I ‘i‘glr‘(p 1‘ hn nr Eésscs
di scl osed 1@Ce coht e9gf atled 110 withik t he 1s28pe of $8&i nvent i brras_def ined
by the following clainms. -21 WO 03/063225 PCT/ US02/ 01628 CLAIMB Ve clai m

Although the present invention has been described in terms of specific materials

and conditions, the description is only an example of the invention’s application.
Various adaptations and modifications of the processes disclosed are contemplated

10  within the scope of the invention as defined by the following claims.
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1. A process of formng a dielectric |ayer on a substrate, the process
conprising: 5 depositing a colloidal dispersion on a substrate, the

col | oi dalwaiogpex23i on conprising particles of a dense mat @ciraisodisper sed in
a solvent, wherein the dense material is a dielectric material or a
material convertible to a dielectric material by oxidation or nitridation;
drying t heCEBIMSi dal di spersion to forman internediate | ayer; 10
infiltrating the internediate layer with a matrix material to form an
infiltrated | aygicicl@gfd curing the infiltrated |ayer whereby the infiltrated
| ayer is nodified formng the dielectric |ayer. 2. The process of Claiml
wherein infiltrating the internediate layer with a 15 matrix material is
infiltrating thb intAmiessekformipgra digleeirig laysaon aguistiats; therpre¢esq spi n- on
polymer material. 3. The process of Claim2 wherein the spin-on polymer

mat eri al C%Wfsér& a material selected fromthe group consisting of
silicatses, hydrogen giposieiagdicolaidelsdispepsigraoms ishisaatuilexatieslal dispersion

or ganosi | oxanes, sil sesqui,oxane-gi licate, f&,pol yners, ﬁi I aﬁ%@e.&a@?ﬁsed
materials, pol yeRRIEYIS RATEEes effidense masysl faPREcd 11 2 SPHE D MBS thS1IcBs % m 2
wherein the spi Bﬁ%ﬁaﬂglaydfaéctﬂghﬁférﬁi ot PRterid &r@eﬁﬁ%&ﬁ%el%@cﬁ@%a%&ii}_ Lgm the

group consisting of arsenic, antinony, phosphorous, and boron.
process of O ai by dxiditdoredrmitridetigugrti cl es of the dense material are

particles conprising.,a.material. . selected fromthe gro consi sting of
silica, silicon, 2591 t&:‘Bﬁ"]?ﬁ‘f@idﬂ%’Frséqq todgin 8&%&?@%@6 B‘é{?rum' num
al um nygm ni tride, ang rkiH-NHNMRthBiate Byer Wigh PiREBSHaRtialGodb an Wher ei n

the dense nmaterial further "conprises a species selected fromthe group
consi sting of amdiémted lagett, andbny, phosphorous, and boron. 7. The process of

Claim5 wherein the particles..of e dense terkal I S liica. -22
WO 03/ 063225 PCT/ usog‘v‘rt%% ol t.ratﬁtﬂgayﬁrr @%rSESI’TﬁF’ ‘Ef‘lgﬁa%dggﬁégr %?%lﬂehe
particles of thﬁ)rﬁlﬁ[%smelapgl@lfﬂiajayelconpri se silicon. 9. The process of Caim
1 wherein the particles have a characteristic

2. The process of Claim 1 wherein infiltrating the intermediate layer with a
15  matrix material is infiltrating the intermediate layer with a coating solution of a spin-on

polymer material.

3. The process of Claim 2 wherein the spin-on polymer material comprises a
material selected from the group consisting of silicates, hydrogen silsesquioxanes,
organosilsesquioxanes, organosiloxanes, silsesquioxane-silicate copolymers, silazane-

20  based materials, polycarbosilanes, and acetoxysilanes.

4. The process of Claim 2 wherein the spin-on polymer material comprises a

species selected from the group consisting of arsenic, antimony, phosphorous, and boron.

5. The process of Claim 1 wherein the particles of the dense material are
particles comprising a material selected from the group consisting of silica, silicon,

25  silicon nitride, silicon oxynitride, aluminum, aluminum nitride, and aluminum oxide.

6. The process of Claim 5 wherein the dense material further comprises a

species selected from the group consisting of arsenic, antimony, phosphorous, and boron.

7. The process of Claim 5 wherein the particles of the dense material

comprise silica.
22~



di mensi on between about 2 nanonmeters and about 50 nanoneters. 5 10. The
process of Caim1l wherein the dielectric layer is a pre-netal dielectric
| ayer on w0 on06xes ated circuit device. 11. The process of PCraisnv/diepher ei n
the dielectric layer fills a trench in a shallow trench isolation
structure. 12. The process of Claim1l wherein the dielectric layer fills
gaps of 10 di nensi ofhd prosessioffldnd wheremehe particles of thealepyeonaissialof O ai m 12
wherein the dielectric |layer is heated above 700 C wi thout cracking. 14.
The pr oces%on&fnse:lsﬁ’icmll wherein the dielectric layer is resistant to
standard buffered oxide etchant solutions. 15 15. The process of Caiml
wher ei n infiltrati ngThderocessf Okslinal wherairethe phitioled havend chaxaateiseici al i s
depositing a matrix material on the internmediate | ayer by chem cal vapor
deposi t i ondimegsiorhetwsenabay 2granemsters andaheriehnangpefers-at i ng t he
internediate layer with a matrix material is depositing a matrix materi al
on the 4 nternmedjgte ’fﬁefﬁfocps\é,o@t@mnq {Vﬁi&%fnmé’@i&&a@a 0B e pllmetdie process
e

of Claim 15 wherein t matrix nmaterial is selecte romthe group
consi st i ngdiefecipivdsyEnosiahiintagmteylcirssit dbde®si | i cat e gl ass, and
bor ophosphosilicate glass. 18. The process of Caim1l wherein curing the

infiltrated | ay whey eby t he S5 infiltrated. i i f] 1§ curin
the infiltrat edﬁ'ayeﬁ%\ﬂ%’%sﬁff e g%’b%rgﬁatbeg%ellﬁ@g la&%fl S?ar% ng:g l+ gyer i sg
m ni m zed. sipAdw\WReneBiLB63id3 JtrisihfeUS02/ 01628 19. A process of formng a

dielectric layer on a substrate, the process conprising: depositing a
col |l oi dal dispersion_on a substrate he. col | pi dal, dis sion _conpri sing
particles of a él%nseTh%\P@PPS&IOf@laslB’eIr‘é’éﬁeirhtgﬁd%?c\‘?é‘hg}’e’\?ﬁg%ipﬁofhe dense 5
mat er i i S; el BS L1 £lol r a material convertible to a dielectric
mat erigﬁ gly?eg%logat |§Son or%trolh%getr?on; drying the colloidal dispersion to
forman internedi ate | ayer;

13.  The process of Claim 12 wherein the dielectric layer is heated above

700 °C without cracking.

14.  The process of Claim 1 wherein the dielectric layer is resistant to standard

buffered oxide etchant solutions.

15 15.  The process of Claim 1 wherein infiltrating the intermediate layer with a
matrix material is depositing a matrix material on the intermediate layer by chemical

vapor deposition.

16.  The process of Claim 1 wherein infiltrating the intermediate layer with a
- matrix material is depositing a matrix material on the intermediate layer by atomic layer

20  deposition.

17.  The process of Claim 15 wherein the matrix material is selected from the
group consisting of phosphosilicate glass, borosilicate glass, and borophosphosilicate

glass.

18.  The process of Claim 1 wherein curing the infiltrated layer whereby the
25  infiltrated layer is modified is curing the infiltrated layer whereby open porosity of the

infiltrated layer is minimized.
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curing the internedi ate | ayer whereby the internediate |layer is nodified
everywhere on the substrate, formng the dielectric |layer. 10 20. The
process oWO@Bas3mi9 wherein the particles of the dense nafPemitEh2/ences
particles conmprising a material selected fromthe group consisting of
silica, silicon, silicon nitride, silicon oxynitride, alum num alum num
nitride, and al ufi nurh pooces.of Zdrmifigne dplatskyeafonCl aibstrdi®, thheraeess t he dense
material further. conprises a species selected fromthe group consisting of
arseni c, afPPROM)S phosphorous, and boron. 15 22. The process of Caim 19

wherein the particl egepbsididpes SRE1 ARpESIOR on LRABREALE RS Lol didal dhPersithe
process of Claim19 wherein the particles have a characteristic™ dinension

bet ween about 2 cpmpusteg eagictasdf aldense BYerna mdpersed & a sefverkhwhereinabe dese
Claim 19 wherein the.dielectric layer is re-metal. 20 dielectrjc ]ayer
onan i 2t ogr at el LS o EEeTrieama BN opdn e SolWblesdR ARl TitarisTial (e
di el ectric | ayewbyfoixidafio of hiéfddtionn a shallow trench isolation structure.

26. The process of C aim 19 wherein the dielectric layer further conprises
a spin-on pol yner. dpying the colloidal dispersion to form an intermediate layer;

curing the intermediate layer whereby the intermediate layer is modified

everywhere on the substrate, forming the dielectric layer.

10 20.  The process of Claim 19 wherein the particles of the dense material are
particles comprising a material selected from the group consisting of silica, silicon,

silicon nitride, silicon oxynitride, aluminum, aluminum nitride, and aluminum oxide.

21.  The process of Claim 19 wherein the dense material further comprises a

species selected from the group consisting of arsenic, antimony, phosphorous, and boron.

15 22.  The process of Claim 19 wherein the particles of the dense material

comprise silica.

23.  The process of Claim 19 wherein the particles have a characteristic

dimension between about 2 nanometers and about 50 nanometers.

24.  The process of Claim 19 wherein the dielectric layer is a pre-metal

20  dielectric layer on an integrated circuit device.

25.  The process of Claim 19 wherein the dielectric layer fills a trench in a

shallow trench isolation structure.

26.  The process of Claim 19 wherein the dielectric layer further comprises a

spin-on polymer.
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