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I / .~ cq/tal/o// r t 'h/ Im~ Ih(' I ruuho / /c  ra lc ~'oll,s'lall15' 
wll/I lIlt' t l/o/c('l//m' ~lllt/ Io111(' o x I'gt'n dl~lt,_~'lLlll 

~./i. './,~ lhc t' ~t,s'h'//('t' ol l . ' o  paral l ( ' I  proc'e,s,s'c,s ~hu'/.,t~ 
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( ' " (  ),,,'' "(_). ) ( '~pe/'////e//t,~ I / t . ,e h~','// l , t ' / / i ,/ 'm('d It, 
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:/l,val:ll('h~' hl/ iW/I/al/ol/m/ //h('r d . '  [~/fll/,WOl/,~' 
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() tHIs,s't' l ( ' l l l l l l " rU l l l r t '  t ' l  / l l l l l l t '  pI'USSIOtl, ~'("lap(' 
/n l l lhu lh '  ('.s'l / ' l l lh l l r<l l lol l  de I'o~ I'gOIIc . . d b c . h m e  
~hllls' /(' ~7hll th' SI( ) :, l) ~111,~" hdll l( '  lt'lllPl"t'tlllll'P t'l P/ .s 
Imtqe Prc,~',v.m, la thl l . ,s ' .m de I'o~ vg~;m' mm,lue 
tlCl l t ' l l l  I(' IIIf"~'tll l lSIIl£' d¢ l l t l l l l t l l l l  L, ' t "ql l t l l lOII  dt',~' /h I  
I t ' h t l l l l  I(',s (Oll,~'ltllllc',s' tit ' It l  t'l'Ol,.~',vuIIt'C paruhohque 

IOII Iql /( '  t ' o l l h t l l l ( '  I '('~ 
Itur,l//t"/(',_s ' ~hu'<llll /'o~ 

tl~' I'o~ r,~4("m' moh"t 'u/atre cl 
I,~'l£'llt'i' tit' tl~.'ll k III£"I'I.IIII,~'III('S 
l ' thmt. /  dc It .%.'/C p/o<h/l l  lml  

C' l  ' D  (_)11 ~1 fll  Ot't;dt" t/ tlt',s t' kP(;l'l~'lll'~',s' d ' o k  l ' d a l l o l l  <i 
ttt ' l l~ P,VPt"~'U,s' ( t r'(.) 2 ,,,t n ( )  2 ) (I/711 d 'ob le l l l l '  dt'S I l l / I l l ' I l l  
alm.,s ~.pPh"me.l,m'c,s ,s'm'/c,s' ctr ' f f /c 'w./s'  ~h' d/ l- l .smn 
tie I'o~ l,gOIt' tl~lll,s' SIO 2 t'l /t t'rl,sh~bUhh' 

I Inlroduclion 

,hmr.a l  o1 Ihe Euvt~pea. C'ertm/.' ,5"oc.,Ir ()~-J.~ 221~,/~4/$7 (M),~" 1~4 Elsevter Sc.em.'e L, trntled, England 
Cireal Brttatn 

In a corrl[~:tru~m paper tl has been shown thai 
the o x l d a l l o n  ~l' C V D  [ I -S IC Ill dry oxygen (3 ~ 
I I ) -~ ' -xOal rn)  al high temperatures (12()()- 
I sn() C)fol lowed a IInear-parab~flle law simIlar I~ 
thai used by Deal & Grove I to characterize Lhe 
O,~ldall~m behavl~r of single cryslal silicon 

T'he liuear parl, with actiVall~m energies ch~se to 
~eV/at, <;..In be related h~ the SI-C bond energy 
( teV/a l )  'The parab~fllC regime is ass~wlated with a 
dlffLiSl~mal pr~;ce.ss T'he parabolic rate om,~lanl is 
slrongly dependenl ~n the oxygen partial pressure, 
stlggestlng thai ~xVL.,,en difl'uston ts Ihe rale 
¢~mlr(dling process tn tilts stage of (~xtdaltOrl. 'The 
exp~ment ol the oxygen parllal pressure dependence 

177 
Prlnled Irl 
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changed from n "- I at '/'. 1360"C" and Po,, ' I alm 
t,) n -~ () 7 at T .. I ~60' ( '  and Po, '- I alto. Besides 
that, two sets nf apparent acl ivalkm energy values 
were fi,und (1) lhe acl ival ion energy values around 
l eV/at h,w lempelalures and h~gh pressures are 
similar h> lhe actlvahon energy values reported for 
the ,,xldatton ~,I' s~Iicon," which c,,rresponds to 
permeali,,n lhrough vitreous sil,.'a inv,,Ivlng activ- 
ation enetl..,,tes around l eV/at wlth a molecular 
,,xygen diffusion c,,el'fietenl ,fl' 2'S . l l ) -~cm: /s  at 
12()(tC," (II) at higher temperatures apparent 
aclwatton energy values are in the range 2-~eV/at ,  
sh,)wlrlL.,, tile ]aigest conl r lbut l (m ,,1" IOnic oxygen 
dtffUSl(m Io the ~,xtdallon pnwess. 

For i(mlC ,)xygen dlfl'USlOn Ihrough vitreous silica 
the dlsagreemenl between the dtflL~renl aulh(~rs is 
I.'lrger, wl lh acl~vallon energies ranging from I hJ 
4.5 eV/'at depending ~m the aulh,,rs, ~ - " alth,~ugh lhe 
values for Ihe dtfl'nslon coefficients at lemperalures 
near I "~()()- 140(YC agree within an ~,rder ,fl" magni- 
tude The dlfl'usum coeflh.'lenl determtned I'n,m 
permeati(m studies is r~,tlghly I() ~' limes larger than 
that determined by tile tracer uptake and SIMS 
Sltldies. As polriled ,.,tit by Meek, e' this difference IS 
ch,se I(~ tile ratio In the oxygen c~mcentrallon (', 
(c(,rlcenlrallOll ,,I" d~ss,,Ived interstitial ,,xyL2en)- 

~ '.. I() I*' m,~lecules/cm ~ and C n (concenlral lon ,fl' 
nelw~,tk oxygen) "- 2 2 , I()": molecules/era ~. wlth a 
l a t l o  C I / C  n -~ 2 5 ,. I()- ~' 

In thls case, the details of  the ,,xldatt,,n kinetics 
are rn,,re c,unpl lcaled because (,1' tile part ial  
crvslall lzall(m o f l h e  oxide layer Recent measure 
merits 7 (fl',,xygen dlfl"usion thn ,ugh ]licrlstobahle In 
bulk samples have shown lower dil-TuslvIlies than in 
vilre,,us silica. This fact has been taken into acct, unt 
to ~nterprel acltvalton energy values, sh,,wtng, thai 
the apparent acl ival ion energy corresponds t~, tw,, 
pr,,cesses with acl~vatlon energies ch.,se h., t and 
4 eV,/at, which are s~m~l:lr 
(,xygen diffusion thn ,ugh 
crlstobal~te, respecl~vely 

'T'he main oblectlves 

It, acllVall¢~n energies for 
,'lrn(,rph,,us SIO, and [I 

of this w,,rk were 1o 
determine  the oxygen dtfl'USltm coefficients ~n 
thermally pn,duced oxide (f l icr lsh,bahte and amor- 
photlS SiO:) by means of I~(~) isot(~pe exchange 
experiments and Io establish whzch oxygen diffusion 
pr,wess is the rate-limiting step of the (,xldali,,n 
d u n n g  tile parabolic growth by a direct c, ,mparlson 
between the diffus..m coefficients and the parabolic 
constant IL, r the sihc.'~ growth 

2 Experimental Procedure 

2.1 Materials and IHO isotope exchange experiments 
The material used in this study was cubic (z, tncblende 
structure) It SIC made by CVD. The details o1" this 

procedure have been explained elsewhere. H 'The 
resultant CVD IISIC" layers are polycrvstalhne 
(prel'erentplllv oriented over the (I I I) axis), highly 
pure and dense. 

Double oxidat ion experiments were carried out in 
a omtro l led-a lmosphere furnace thai al lows heating 
up t,~ IX()()' C. 'T'he first oxidation was performed tn 
dry oxygen at temperatures ranging I'r,,m 1240 'C to 
I~()()'C for -- 15 h The see,rod oxidal i , )n was 
perl'~,tnled in the same furnace: after the evacua- 
[I,,n ~,,l' lhe oxlda[iOll chamber, ,~xyl:-'en IX enriched 
gas is introduced wlth~,tit mod~l'ylng the tempera 
lure Samples were oxidized in the enriched gas for 
IX() or ~16()rnin 

2.2 SIMS measurements 
All samples were analyzed by sec,,ndary I~,n mass 
spectnmwtry  (SIMS), measurements  being, perfor- 
med ~m a ( 'AME,  CA IMS 31' spectrometer,  using a 
(.'s ~ prlmaly i,m beam current of 2i)()nA, ,)r on a 
At,ml lka A - D I D A  ~,()()()-?,1)i~,n mien,probe, using 
an Ar ~ pr imary ion beam current of 5(X)nA. All 
samples were Au coaled 1o impnwe the leakage (fl' 
accumulated surface charges. Moreover. a focused 
eleclnm gun pn,vlded charge neutral lzal ion ~fl" the 
spul tered surface dur ing profiltng. F~ur masses were 
sllnultane(~uslv rec(~rded'. I 'C,  I,,(), I H O and 2H'2"181. 
The depth ,fl ' lhe sputtered crater was measured with 
a prof i lomeler having a depth uncerlainty estimated 
I,~ be appr(~xlmalelv I()'!,,. Sputter time was convet 
ted by assuming a constanl sputter rate thnmgh the 
silica layer T'he I'ractJ,mal c~mcentratlon of oxygen- 
I X was obtained by dividing, tile ,,xygen- IX signal by 
tile sum of the tw,~ ,~xVi-'.en signals 

3 Results 

3.1 Dil]'usion in thermal oxide 
Frye ~HO exchange experiment,,, ,,n oxtdlzed StC 
samples ,,ver tile temperature range of 124()"C to 
I~01) C were analyzed 

As has been shown previously. '~ at temperatures 
below 1450'C the thermal oxide is partial ly cry. 
stalllzed with a crystalhz.atlon degree that depends 
mainly on the lemperalure and on the surface state 
(~I' SIC. 

F'igtlres I and 2 show characteristic SI MS profiles 
c,,rresponding to samples oxidized tn the oxygen-IX 
gas enriched alm(,sphere al 13"~0"C for lh()min and 
al 15()()'C" l'~,r I80mln,  respectively. The first purl 
c~,rresDmds hJ lhe sdlca layer (silicon and oxygen-16 
signals constant) Upon reaching the oxide/sil icon 
carbide Jnterl'ace, a steep drop in [he oxygen signal 
and an increase In the carbon slgnal occurs. ']"he last 
regi~m belongs to SIC-', where Si and C signals are 
conslanl The differences In the SI sig.nal variations 
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F'il~. Z. E)itlu,,nm pr~,lil~.' ~blamed h'~ SIMS (Al,,nika A E)lda) 
h~r dn o~,tdtzed St(.' ',.'u'nl.'~le suble~.'led I~ ddTu,mm armeahnl: m 

~"(_i, I'~r f = IN()mm dl r =  1%()()C(Rel SBCIh(X)) 

between F I~s and 2 come I'r~ml tIle use (fl 'dll] 'erenl 
i~tl sl~urce,,, C s '  and A r ,  re.specllvelY 'T'tle 
inlerl'ace w id lh  Is much widen lhan nn sillc~m and tl 
nm.'rea.;e.; wnlh teunperalt ire, show ing  It lal lhln 
in let lace is generaled b~. ~uiLward dlffLl~l~m (fl" Ihe 
leacll()n pr~)du~.'t,~ i,~ 

' the c()ncel] l ral lOi l-pel lelrat l~Ul curve (~hlalned 
l l ~ l t l t i l e S I M S P r , , h l e , , l ' F I g  I . w h l c h c ~ r l e s D m d s  
l¢~ a par l ta l ly  crystal l ized Sl(.),, la'¢¢r, is ,.;ll(w,,r1113 FIB. 
'~ (~.'~,~lltlllU(~Lt~ lille). 

BV arl arlah)gv wl lh  the re'.,,tiJts u(mcerl l l r lg hulk 
saltlple'~ ~l' crlnl,~b;ll l le and l~all lal ly Cly~tal]lzed 
S=(.),.' Ihe I_mflile.s cortespondtn~..., t~ lemperature.s 
h~wvr than 1,4S() C ~.'an be fi l led [mitlL.,. a c(~mplcx 
S~)ILILV~m wt lh tile ,~l.lllg ~1' tw~ c~nlp len len larv  erl(~r 
I'uncli(m'.,, lHle v~,'vlll a large D (l'()r the arnc~rpll~ti,,,, 
pa l l )  and ()ne wi th a snlaller ~me (l'~u the ur~,,,,,L:=l), 
I(~gelller wi th all ¢xponentta l  teum vvhnch n',, a I'acl~u 
allov,,tn.# i'~u ,'.,(.he nnter,'.,liLial-nelw~>rk exctlarlge ill 
the oxnde (/1 n',, a rlclw~)rk inlcr,,Ltl~al u'oet]k'nentt, an 
has been defined hv Kalen ~'/,ft. 

2 

, = 1  (I) 

wlle le tile paranle ler  .4, ~ive.,, tIle c~mtrnbuli(m ()1 tile 
dlPTerent dlfl'tlslem c{>el~clents t,.~ lhe lrat'er pr,~file 
and, HI' hl~'al dtffu.sr(m helween am(~rPh,~us and 
crvstal l tne Sn(): can be av~uded, if l~lves a L2.~(~d 
al~proximaLl(m ~1' lhe cry'~lal l izatl(m pereenla~.e 

Figure '~ t.,, arl e~ample ~1' Illi.,. ktnd ol titl~nL:, 
E.quali~m ( I ) filn ttlin p~(~file well. The ~.'ontribult~m ()1' 
netw, , rk- in ter~ l t t ta l  exchange I~ very I,,w, ii1 c()ll- 
lra.,,t wJtll the results o1' Kalen ,'/ ~/.,~ w l lwh  
attutbuLe t i l t  unt l 'orm tracer COrleetl lration tn their 
,,ample,~ I~ film pt len~merlon. 

F',~r temperature,,;  T _ '  14~( )C '  tile ',;nlnca layel 
~.'~n'~n'~ts ~1' polycry~lal l i r le I.t cri~lubalnte and tile 
pl~fi le~ can be fitted usnng the Whnpple soltnt~m 

A - ~  

v,,tlel e 

w'hwh lake'.; ac'c~,uriL o1' a bulk dti]'ttst,,rl c,~e~clenl 
and a ,,.,tl,~rl c i rcui t  (gratrl b~undarv)¢~rl~' 

(.(,,,)=C(,[o.l,(,I), + 2,1_ ( 'exp(-~' l "  ) 
- I I  \ ,  17 . I  I 

r t ~  (21 

A -  I ) '  : ~7 -  I i t _ lA - I )a  
,v= ,, b,1 

D,. 
/~= D, q . . . . .  " = L , (D , / ) I  ; \ D,I 

where n is the tn tegra lum ,,,ariable, alld D,, and D, ;.=re 
the bulk and grain b~)ulldarv dll-T'tml~m coeh~clenl,.; 
=e,'.,peet=velv C.  t,'., Ihe C~llSlaIll ~url'ace C()llcelll 
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PENETRATION ~ m )  

F'i~..~. ( , ) l r l p u r l , . , , ) l l  h ¢ l w c c r l  [ t | ( . '  i~ (_)  e x p r r l r | l e l t l d l  profile 
( ) ,,I a purlidll',,, *.'l~,,,,Idlhzed ~p~ide la~,er annealed al 
T= I~1'~()(' hu r= 16()man and Ihal cah'ulaled (c,) u!,~m R Iwo 

e L ) t l l r ~ h . ' l n e r l l ; . I r v  ~. 'rr(~r [ un l . ' f l ~ )n ' ,~  
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PENETRATION (/am) 

Fig. 4. ("ompallSOl] helween IhL' IN(.)e~perlmCnlal prohlc 
( ) ~1 a ttp>h~hahle la~,er annealed al F=  I'~OOC h~r 
t = INl)mm and one calcLIlalcd U";llig. lilt' Whipph.' ,.,~dl.llltm A .  
B u l k  d l l ] l J M O n  ( [ ) , ) ,  + 12 , rd l l l  I ' ~ m n d a r ~  d l t ] ' u , ; i o l l  { [ ) , ) ,  ~, 

D,. + r), 

smaller we should expect an accumulation of 
oxygen 18 motope at the oxide-sthcun carbide 
tnterl'ace, resulting from the h~gh diffusw~ty value of 
oxygen through grain b~mndanes 

Table I c~llects t~gether Ihe crvstalhne and 
am(~rptums dtffusum c(wt-~c]ents. 'T'he similarity/ 
between d~fl'ustwties determined tn this work for 
thermal oxtde and the ones obtained in bulk sdica ~ 
alh~ws an ~dentu.'al t~ansp~rl prowess t(~ be consi- 
dered for the two matermls Consequently, an 
acltvatum energy value has been determined ustng 
data from b~th bulk and thermal oxtdes (Fig ~), 
which is a c~mlp~s~te ~1' these data. 

345eV/'at 
[).m(Cm'/"S) = I'1 :, I ( )  :exp / 

k ' r  l 

(4 .~5eV/'at)  
"/s) = 5 6exp /~'r D, , (cnl  ' ' 

Diffusn(m through cnst~balnte ns shower than 
throup.h vitreous SlO, by a factor of 2 ~; at l~i(X)' C 
and II) a[ 12(X)' C. 

rail,m, a. tile grain b, mnd,'lrv width and 2L, the ~raln 
SIZe 

F'tg, Lite ,I shrews t i le c ~ m c e n t r u l u m - p e n e t r u t u m  

profile for a polycrystalllne cristobaltle layer with 
tile filtlnb, ~blatned uMng eqn (2). Crmt(~bal]te 
invariably cryslallizes wtlh .'~ spherulit~c mor 
ptu~h~gy, '<~: and the spheruhtes are disks which a~e 
qutle (h]n compared t~ lhet~ dmmelet,~. F'~gure 5 
sh,~ws a scunn=ng nuc~ograph o~rrespond~ng to 
spherul=les grown al 15()()'C w=th a dmmeler  
• - 3()pm 'T'hm ~mpl~es thai tile Iotal grain t~oundary 

surface is t,u.~small with regard to the grains to have 
a s~gn~fican! eft'eel on lhe profile. If the grains were 

3.2 Comparison belween parabolic conslanls ob- 
lained from kinelic experimenls and diffusion 
coetlicicnls 
I I'it is accepted t hu I tile ca rbonaceous species do not 
play a significant role dunng SiC oxidation in the 
lemperature range (12()()-I'q)()"C) used tn this 
,',,ILIdy, t l) ' i  ~ tile process must lhen be controlled in the 
parab~lw regime by oxygen dlffusu-m. 

As has been experimemally sh~wn in Purl I oflhts 
study '~ and in tile work of Zheng e/ a/. ~ the 
,~xldutlon mechanism is a parallel transport through 
lhe ~xide via m~lecular ~xygerl and KmlC oxygen. 

A good way to c~mtirm thin parallel trunsp~rt 
mechanlsnl is to establish a relutum between tile K~, 

Fig. 5. Scanning mlcrograph ol a SIC' sample oxidized at 
T = ISl)()'(." Ior I = I Xl)mm, ,~howmg Ihe ,,pheruhltc gr=~wlh ~fl' 

Ihe crtsl~phal,le 

r~ 

& 
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- 2 7 -  
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- 3 5  
0.55 
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I I l i i I I I I ! ! i | I 

0.60 0.65 0.70 

lO'/1- (K") 
Fig. O. Arrhenlus plol c~l ~,~,j.;,erl dllluSlVllle'., Ihrough v SlO: 

and l~ cnslohul l le /_X, D umorphou,,, +, F~ crv,dallized 



Hq.~h lt'mlmrtlt.rt, ~,~.t~llm/I ~/ ('1 ' [ )  /l ,~#(~ P a d  II I gl  

'Table I. SIMS dlt]U,illlrl ~.'l~ePh~.'lenls I'llr crv,>lalllne arid ami~rphl,us ._~1(_), irl liXldlzed SI(.' 

1 2 4 ( I  7'~ 2h l .  I l l  i , ,  , 4 .  I I )  1,1 

I l i f t  X i )  2 ( I  I ( )  , I l l  1,1 I 2 h  , I ( )  i t  _ _  1 ' I ( )  

I t 9  ~, g'~ I '~ ,4 I I  , I ( I  ~ ~ d '~ , I ( I  I 
I I ~ ( I  ~ ~ )( ) () ~ () I I ( I  i i  ' ) ()  , I ( I - I "  I 

I '~q)(i I ( l t l  () , - I l l  . I I )  - i l  - -  l j l ) ,  I f )  I ' _ _  

vultle',,, i ) b l a l t l e d  I ' ronl  [hlckne.~.',; vel,~i.ls t ime  me;i  

~,Llrelrlenl.~ a n d  ~ h i l w n  in 'Tahle 2," a n d  Ihe itx.v.~ell 
dll-] l. l~li) l l  t.'(lel-i-il.'lelll~ I'(ir b i i l h  Il l lqr~,tl l l , ' i ].~ a n d  
net,. l ink. 

The ~xvL.,.en flUUX lllrl~ugh a ltm'klle.~ .V~. can be 
l e l ) r ese l l t ed  LI ~, 14 

j (-'4) j'"[" 
- [ ) ,~d  I n . < ,  ( t )  

Here ('i~ I',, [he ~),~v~en o, fllCenlrLlllOn In the o x i d e ,  a~ 

is I ] le ( )xv~e l l  LICIIVlIV LINd [ ) l l  I,~ t i le o x v y e n  l lm. 'er 

d l I ] ' LNv l IV  'The ~d.ll'~erscrlpls I;IHd I] rel'et s hi the Inner 
(sIlIcon t'arhlde vxlde) and lhe ~luller (~m~>'~xlde) 
Inlet lace T'he (~xvt-'ell dltl'ul'~l~.llv Is a luncl l lm ~1' Ihe 
lIXV[..~,ell LII.'IIVILV LIIId L'LIII he eXp lehked  ;I,~ 

[)~ I f) i'/.t, = ~-,, . , , ,  (,4) 

whele D, +, i'., tile llx~.'L, ell dlll'u'.mm c'(leflk'lenl al I a im 
rilehhlJle ~llld Ihe value ill // depends l)ll llle del'ecl 

1 %  ~11 LIL'I III e 
r ] l t r , , ,  Ihe t]l.lx q.'an he Wl l lh . ' l l  aS 

,j (,,[~:, [(f';',,)" - ( ; "  )"] - i , ,  ('~) 
2.,V~, 

When Ihe i~xnde growth is dllTLusnon conln l l led the 
equi l tbrnum part ia l  i)ressure ~)l' ~)xygen at tile 
S O 2 , ' S I ( [  l i l lerface is very hiw ,t' ' (/:'~'~, " Pl'~,), and 
thus the transl'~l~ri rale can be expressed as 

' (-'~'bi~i P '  )" (t~) J -  ( c , ,  
2. ),'. 

F~>u I l l le r .s l l l la l  dlll'l.nsl~,)ll bV m o l e c u l a r  ~x~,'z2ell the 
e x D i l l e l l l l a l  I';Ic'll ir H Is I : a l l d  [)~+I = ~/)1t1,, I/' nil 

,Jc,,(ln,.,lec ) = - - '  P~,, (7) 
2 ,'f. 

For I()IllC ox.V[2,ell dllTtlM~fl'| 11 ~- () h I ~ I~ 

(" i ' [ ) i~ ' ;  , )I ~ ] ,J,,(~m ) - m [(/:?i (X) 
A'i i 

'The., ~,xvgen l]u,x inin'.;l be equal t~ tlle gn~wini~ flux oI' 
si l ica,  w l l h  a prl iD~rlucmalltv c~m,.;tanl m which i~ lhe 
nLllnber ~1' imdes ~l'l>,~v~en required to Rum I mol 
i~l '.dllea' 

m J s , , , .  : J, , , ,  : ,J , , , (m~l lec . )  + J i , ( i (~n ) (U) 

T']le L_.,nw~lh rale ~ll ~lllea carl be represenled as 

d,V. J"~"" ~ ' Js , , i  ( ' , ,k ' .  
d ~ - =  ( ' ,~- '- 2,v,, (1()) 

wheue A' F, i!, lhe parah~dic' ccmstanl 
Sub~.l t l  L l l in# eq m. ('7), (~)and (1())in (~)the relaium 

belween A' F, amJ Ihe dl f f t lS l ( ) l l  clleh~q.'lelll',, C~.lll he 
(d'~taliled lhrc~Lngh a pre'~ure dependence 

I I I  

T A~ : b;'; ~' , ~,, + /),+i(/:',,,) ~ -' (I 1) 

where lhe efl'eclnve dnffnnsnon ~.'~leM~.'ienl is calculated 
ii~4n/., lhe ,.(ilubtlil~,, and dnlTtr.;a~,,tlv (il dnv.;iflved 
~xvt:,en 'These dala have been laken Ir~m the work 
i~l Z, hen~ ,'t a / I I  and the ~,alues I'l~r . i nk '  {~x~,'~erl 
I' lonl Ihe expel umenl,, perl' ltrmed irl lhi,, w~rk and Ill 

'T-ble 2. Af, ~alm.',, ~d'ilanr,.'d lt~nrI llm:kne,,~,, vrr,,Ln,~ l lmr Im.'a'.aJrmtlc'nl', [ - ] 

/ ( ( ) (At,) . IlJ it fl,,,., ~,1 

['11. (l i lml 

(HI() A' F, = 14 A' F, = ,,.I () - -  

3 ) (1  A ' .  = I ~(i A'F, = 7 '~ A' F, = (),,.I,. ") 

? ~ ( I  - -  A't, = () (-~X - - -  

~1(I - - -  h ' r , =  I I hF, = ( I , 4 ( )  A'p = q ) ( ) %  
tf~(I h i ,  = ' ~ ( I  h'l, = 2X g' n, = I ,.IS A'p = q ) X 7  A'l, = () 19 

d 3 )  - -  A' i , =  ? g  g' F , =  I 7 A' r , = f 1 2 2  

,-I 7", - -  A'n, = ,4 41 A' F, = t (-~ A' r, = (I  t 7  

",,-I ~, - -  - -  A' r, = ( 1 7 2  
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rel'erence." 'The IOnic oxygen concen t ra t ion  at the 
outer  interface was taken as equal il, the oxygen 
c~mceiltrallon in the oxide. In the present case Ihe 
prliblein is slighlly niore c o m p h c a l e d  owing to the 
plesence ~ll' IW'~, dlfftlSlVity paths In the samples 
aln,lrphilus silica and c'rishlbalite Sc,, in Ihct. if the 
deg ree  l t l ' c ' l yS i l . i l l l za i l l l i l  ill" the i_)l lde laver  is k n o w n  

eqn  (I I) Call be t r a n s f i l r n l e d  i n h ,  

i / i  
T Kp = ( ~,/);°l,(a I n t .  + (I - ~)D{J. :(cri)P,l,. 

+ (~D , * , i a l n )+ ( I -  ~)Di~(cr))( [ ' , , , )  i ;  (12) 

whel e t is the a inorpti, iLlS percentage a nd m has been 
laken equal t,., I'~, aSsulning that the l l x l da l l i . l n  

real . ' t l l ln  p rodL ic l  IS ('(-')l~;l 
Because  o f  lhe  lack ~l l 'd l t l 'L iSlVl ly da ta  r e l a l i n g  Ihe 

m o l e c u l a r  o x y g e n  l h r i l u g h / I - c r l s t o b a l l t e ,  ii has been 

a s s u m e d  tha i  the dl l ] ' t lSlVl lV Ihrc iL igh th is  phase  is lhe  
same  as in a l l l l l rphc lL iS s i l ica T 'h is  as.,.;Llnipll i in is nl.ll 
sL i rp r ls l r ig  s ince the six It~ld r ings  respc lns lbJe J'ol lhe  

hlgJl d l f fUMVl t y  o f  (.), In a l n l t r phoL iS  Si(.), ; i re ; l lso 
p r e s e n l  in /.I ¢ r i s l , l b a l i t e .  T h e  m~isi  i i 11p i l r l an l  

dlll'ererice belween a l n l l r p l l l i u s  s i l ica a n d  fi 
cr l .Sl~lbal i te cor i l vs  f r t lm  Ihe ¢,,~lsience o f  Five Ol 

seven - f t t l d  linl..,.s in s i l ica w h i c h  deMrc i v  the h u l g  
rl. lng¢ o r d e r  i,~ 

Wilh Ihls asstlml.~ihln, cqn  (I 2)can he rewrillen as 

I/I 
T Kp = /Ji ' l , [ ' ,~: + ( ~ Dl't'l(am) -t- (I  - ~)/) ,+i lcr l l lP, i,) i e 

(13) 

Fig. 7. Sl.'anninl7 nucro!Tr;Jph l l l ' a  SiC ,,,.inlpl¢ llxidlzcd l.il 
F=  Ilillll'(.'. ['~ = 2(I;Jlrrl and t : ]61)iTIIn 

In 'Tables 3 and 4 the results Ibr pressures of I and 
Xlialm, respectively are .',;hown In gene ra l ,  Ihere is a 
{ . , l , id  a g r e e n l e n l  b e t w e e n  the  difl'uslvilv va lues  

o b l a l n e d  I r i l n i  S I M S  n lea,s t l re l l le l l lS  a n d  k i n e t i c  

va lue~ l l b l a l n e d  via Ih l l . 'kness d e l e r m i n a l l c l n ,  i1" Ihe  

u n c e r l a l n i y  w h i c h  ex is ts  c o n c e l n l n g  Ihe e,%perl- 

I nen la l  da ta  a n d  Ihe pres,sLir¢ d e p e n d e n c e  i l l  l l l n l c  
l I x v g e n  Ih c i i n s l d e r e d .  

|'able ?,. (.'l,lnparl,.,(in hel~eerl Ihe h'p and Ili¢ dill'lJ,,l~ilV va111¢!, h,r P = I;.ilm I I ,  

rerlrt%¢ill Ihc in~flerl.ilar and i,~ril~. ~,~v1..'vn i '~lnll lbull l ln, r'e,,p¢Cllw:lv 
.q arid /f 

/ I ' C t  ,#mmpImu,~ / i ,a ' lmn ,4 B ,,I + B ", A e 

I 7l)1) 01411 I I , I l l - i 4  

(hIP',l 
I 2'~() t i  '~1) 4 . I l l -  ~'~ 

i'~ t " . )  
I t i l l  li t'~ '~ ,-I'~ , I l l - i , ~  

(.4 t " . t  
I i f , l )  l)  2'~ 7 I , I l l -  i,~ 

( t t "  o) 
1420 () I'~ q '~ , I l l -  ~'~ 

174",,) 
I,-17'~ lil)'~ I 2 . I l l -  ~ 

t l 7°,1 

7 I I ( ) "  I.l 
(,4i)" ,, ) 

t t, I ( ) -  i i 
I.-I 7", t  

fiX lit i.~ 
( ~, 7 "  o) 

I ,4 I l l -  i~ 

(hP".) 
2 q I()- I 

( 'If,".) 
7 I I ) - i l  

(X t " . I  

4 h . I I ) -  i,l t I '~ . I ( 1 -  i.l 

7 h ,  II) i.l '~1 ,  Ill i.~ 

I 7 , l i t  i~ 1,l t . I l i - i ' ~  

21 , I ( I  - i ~  I I  , Ill - i l  

11,l . I I ) - i~ 2 I . Ill i 

f , 9  , I I ) - i ~  t i t  , I ( I - I t  

'Table 4. C'clnlpari~,l.m ht'lwecri Ihe h'p and Ihe diffl.l,,;l~,ilV value,, h,r f',,. = ~l lalm ..l and B 
repr¢~,unl Ihe nlolecl.ilar and i~mu.' ~ylp, erl v,mlribUlluri, r¢'~pl.'clivclv 

F (' ~.'1 .4mm'ptm,.v l ra rmm ~ B .q + B ~A'  t, 

I ( ) l ) i t  I '~,4 . I ( )  - I ~  ' ~ ( ) ,  I ( )  - I ' '  ' ~ , - I~ , ,  I ( )  - I ~  I ( 1 ' ~ .  I ( )  - I '  

(L~ I ".) III c;,..) 

1 2(I() (I Ill ? s . I(I- ~ " 1 2 . III- i ~ 2 h . II) i ,, I I • II)- ~ 

(q~,.4",,,) (4 h",,) 
I thil (I '~.7 , I l l -  i ,  7 7 , I ( I -  i ~ h"~ , I I ) -  i , '  t i l  , II)- II 

(XI4 2'%) i i  I't1%) 
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Fig. 8. ScanrHnp mnu'r~,!.,raph ~1 a Nn(' ,,,.mlple ~o~ndn/t'd dl 
[ = I till) ( ['~,. = N();IIIII arid t = INiillllll 

T'he pa~abullc c~m,',,la ill c~rresD)nds t~ Ihe SLIm ~fl 
Ihxee pruccsses (I)nnlenstntial difl'tnsn~ul of m~flet'ular 
~xvg, en, (~l)i{ul..' ~*xvL-'en d l f l ' us l ( )n  thr~uJgh anuu ph 
()ins snlnca and (nun) n(mlc dll]tlSl()tl llll(_H.llJh 
crn',t~balnte. 

Am~tl le t  lacl  is t f i a t ,  as e x p e c t e d  a p r . m .  lhe  

i l l lciSll[ lal  k'(Hllrlbtltl(H1 int. 'reases ;.is terlli~eralLile 

decreases Lind pressure i l lcreaseh al ld vice VelSa I(Hl lC 

c(mlrubull(m bec~unes d~ml~rlanl al hugh lempela 
[L lres LII ld I ( )w pres,Mlre~; 

The nl~deculal ~)xvgen cunlrlbul.l lm IS e,specnallv 
clear in Ihe experlmenlls al I()1)1) C and 8()aim ('T'able 
,4) where Ihe (~x~de laver us c~unplelely am~rph~uus 
and there n~, no presence ul'shl~rl circuits( Fig. 7) If ~n 
this case ~mly i~mnc dnfl'usnun fiad been omsndered 
lhele w(~uld have been a dmcrepancy wllh the h'p 
valuc of the ~uder ul' 'q)() 

At h i g h e r  t e m p e r a t u r e s  a l ld  P =  N();.IIIII l he l e  IS a 

lart.}e dlfl'erence(/%, . d~ffus~v~l y values) wfi~ch can be 
easily explained in lelms ~)1" the high p~)r()slly ul lhe 
(~xide (Fit: 8), T'~ acc~unt I'~r lhm ract a I'aclur h~ 
repnesenl sh~)tl c t r c t t t l  dtfl'usl~m should be tncltnded 
nn eqn (I I) 

4 Conclusions 

T'he oxndali~m knnetws of C V D  / I S i C  has been 
described using a flux balance e q u a l . m  which 
c~m~panes (~xvgen dnfl'Lnsnon cuetticlenls and parable. 
lic rule Lq)llslall ls ltll(~tlgh a presstnre dependence 

'This eqtlatl~m takes acc(~unl t~l' parallel transD~rl 
~l'()x~dants via m(flecular ~xvgen and .rune oxygen 

and the presence ,~1' tw(~ d~fl'erent Si(.), phases 
(amorph(~us and /I cnnsh~balnle)nn the oxnde layer. 
The m~deculau (~xygen dnfl'usi~m coelficnents have 
been laken i'nml Ihe artwle ~1' Zheng ct ,d. ~ 

D~mhle-~,xldalion experiments ()1' C'VD It ,.Sit." 
u,,ene caurled ()Lit first in ~"O., and Ihen nn ~H(_):- 
enr..'fied envlr~mmenls (.)~Vgen is~m)pe profiles 
Wele nwa~tlred bv secondary I(H1 mass specll~)rnelrv 
The omcenlral l(m-penetral l(m pr~fliles ~btalned 
I'r~ur~ SIMS dula were used I~ delermluw Ihe lallK'e 
,~xygen difl'usl(Ul L'~eh~(. ' lel l lS lhr(~tlgh am()rptl()US 
SI(.): and [)' crlsh)ballle 

The comparison belweel} lhese d l f f u s l v l l v  dala 
and Ihe h' F, ~altles Ihrough lhe flux equalllm (eqn 
( I t)1 c~mlit mcd rile extslent'e o1' parallel l r a r l s p ~ l  I e ta 

n lo iO. 'L I lOI  a n d  I(HIIC (),'(V~2ell. 

T i l e  i n l l uenc ( . '  ~)1' m ~ d e c u l a r  (~xvgen  p e r l n e a l l ~ m  is 

c lear  Ir~)ltl tile re!,ullls :11 Pu,, = 8 ( ) a l m  a n d  

'F = I()()11 C When temperaltnre ~ncreases and pres 
sure decneases lhe I()IllL' ~,~xV~-J,en c(mlr ibut lO~l  rise I() 
.~ q7",, ;~1 T=  I h,4ll C' amJ f'~, = ()'()talnl 
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