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A bstract

The ovidation kmeties of 8 SiC prepared by clhienncal
vapor deposttion ( CUDY) e dry oxvgen (3= 1077 -
SOatm ) was meestigated over the temperatin e 1ange
L1200 10 1550 ¢

In situ X ray diffraction was used 1o measure the
sthica laver thickness ar Py, Latm. At higher
pressues, profilometry, miterferomets v and scanning
clectron microscopy were ciiployved

The sthea groweh was parabolie after an minal
huear step The parabohic oxwdanion rate constants
(Kp) varied with the oxvgen partial pressune
mdicatigy that ovygen diffusion contiolled  the
ovidation process Two different apparent actication
cnergres were found at low temperatures (T 2
IISOC)oand lugh pressimes (P, Latnn) close
to lel” at, avalue winelt corresponds to the molecular
aovveen permeation through amorphous SiQ . at ugh
temperatures (T 2 1350 C) and  low  pressires
( Py, = Latm) the partial crystallizanon of the silica
Laver nust be tak en mto account to mterpret correctl
the  value of the  apparent  actication energy
(-3¢l ar)

Die Ovidationsh etk von [ SiC, hergestelle durch
chennscehen Dampfriedersehlag ¢ CVD) mtrockenem
Scauerstoff (3 1077 =80 ann), wurde fur emen
Tewmperaturbererch con 1200 by 1550 C untersucht
I sitw Uheer suchumgen derv Stlizimo adscluclitdieke
her Py, L erfolgte nut Hilfe von Rinigenbeugung.
Bt hoheren Diucken wurden Profilometric, Inter
ferometiie und  Rasterelek tronenmikhroskopie
CRIgeset

Das Sihiziwnovad ceigte nach ement anfanghch
Imearen em parabolisches WWachstumsverhalien Die
parabohsche O xidationsiatenkonstante  (Kp)
varnert mit dent Sauerstoffpartialdruck, was bedeutet,
dafy dhe Sauerstoffdiffusion der prozeflbestunmende
Parameter ast. Ex ergaben sich cwer verschiedene
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schewmbare Ak tcerungsenergien bet medriven Tem-
peratimen (T ISP C) und - hohen  Drucken
(P, — Latme) ungefalr Lelat, em Wert der dem-
jengen bemn D chedr mgen von molekularent Saner
stoff durch amorphes Sth:zuanovid entspriche: bei
holen Temperaturen (T 2 1350°C) und medrigen
Dritcken (P < Latmr) muf die teidwerse Kristalh
sation der Sthiznmno vy dselucht beruck siehtier werden,
un den Wert fin die schembare Ak ticierungsenergie
(2-3elat) nchug zu mterpretieren

On a etidie la cmétique d'oxydation du Sic' f} prépard
par déposttion en phase gazeuse sois ovygene sec
(3« 107 = 8O atm ), duns la ganume de temperatures
12001550 C' Pour P,y Latm, nous avons mesurd
Féparssenr de la conche de silice par diffraction de
ravons XN an situ Pour des pressions superieures, nos
avens wtthse la proflomeétrie, Finter féromémne et la
microscopie d balayage

La crowsance de la sihce est parabolique aprés un
depart lmearre  Les constantes de la cmétique
parabolque d'oxvdation ( K p ) varient avee la pression
particlle  d'oxveéne  mdiquant  que  le processus
d'oxvdation est contiolé par la diffusion de Foxygéne.
Nows avons troure deus dnergies d'actication dif
ferentes  a basse  température (T 135077 of
pression clevée ( Py 2 Lamn), elle approche el'jat,
valewur quir convespond a infiltratton d'oxygéne
moléculare dans S10, amorphe, a haute température
((T 2135 C) et pression fable (P, — Tat), 1l
faut tenir compte de la castallisation parnelle de la
conche de sthee powr poucorr niterpréter la valewr de
l'energie d'actication apparente (2-3el’ at)

| Introduction
Like most ol silicon-conlaining ceramic materials,
SIC has o good oxidation resistance at high

temperatures due to the formation of a coherent
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laver ol sihicon dioxide which protects SiC against
(urther oxidation. Applications involving the use of
SiIC as a high temperature structural material, for
instance 1n the space industry as reentry protective
shields, have induced many studies in this area over
the last two decades

Moreover, SIC 1s also an attractive material for
electronic devices because of 1ts large band gap (23
for B-SIC) and high electric breakdown held
(5« 10°°Vem ™) In this area, the thermally
formed S10, lavers on the Si1C surface during
oxidation are used as masks during the doping
process, as passivation layers [or p-n junctions or
as gate dielectries for metal oxide semiconductor
(MOS) devices.

Oxidation kineties can generally be described
using the hnear-parabohe model of Deal & Grove.'
This model was developed for St oxidation (o
explumn the hinear and parabolic dependencies ol the
oxide layer growth with time. This model implies
that the mitial stage ol oxidation 1s reachion-rate
Iimited and linear. but becomes parabolic as the
diffusion of oxidants through the oxide becomes the
rate-limitmg lactor In the case ol St the reported
activation energies [or the linear regime correspond
to the Si-Si bond energy (I'9eV/at), in the putabolic
regime activation energies” ' are in agreement with
the energy required for molecular oxygen permea
tton m fused sthica ?

The oxidation of silicon carbide, despite  the
numerous studies teported on it 1s not as well
understood, probably because ol the use of many
different forms ol SiC: powder,” sintered or hot-
pressed.” 7% single crystal'™ 'Y polyerystalline
CVD f S1C ™ Another complexity with regard to
Si1C anses from the presence of carbon.

Some authors'"'? have found a linear-parabolic
law, whilst others® ' only a simple parabolic one In
the parabolic regime many authors, in analogy with
St oxidation, suggest that the rate-controlling
process 15 the molecular oxygen diffusion, whereas
others assume that the scale growth 1s due to the
diffuston ol oxygen or sithicon 1ons, others suggest
that the outward diffusion ol CO or Si10) could
influence the layer growth.

Costello & Tressler'? and Zheng er o/ ' who
studied the oxidation ol SiC single c¢rystals, have
proposed that the mechamsms responsible for SiC
oxtdation were parallel transport of oxidants
through the growing oxide via molecular and ionic
oxygen Molecular oxygen 1s the dommant permeat
ing species at low lemperatures and 1onic oxygen
becomes more important at high temperatures.

A scatter of papers on the nature of the silica layer
also exists in the Iiterature data and the crystalline
ratio was not generally taken into account, although
the oxygen diffusion coeftficients through amorph-

O, 14N

ous stlica and through crnistobalite are different at
high temperatures.'®

This paper presents results of a study of the
oxidation behavior of CVD f-SiC layers n dry
oxygen at 1200-1500 C under different oxygen
partial pressures (P,,, = 0:03,0 22,1, 20 and KO atm.).
Kineties ol silicon dioxide growth was determined in
sitn from quantitative high-temperature X ray
diffractometry. The purpose of the study was to
determine which processes define the rate-hmiting
step ol oxidation and to study the influence of partial
crystalhzation during the oxidation process

2 Experimental Procedure

2.1 Materials

The SIC sumples were obtained by LPCVD (low
pressure chemical vapor deposition) on Lo ceramic
resistors made ol conventional crustlire (90 % 8 =
2mm?') m order (o avod cracking produced by
thermal expunsion

The CVD depositions were performed inside a
cold wall reactor where the substrate was electrically
heated The reactive gases were supphed per
pendicular (o the substrate surlace.

The reactor is associated with an X-ray diffracto-
meter including a position sensitive detector allow-
ing detection over a 12 degrees range '’

The CVD layer thickness was about 40 yim, which
was large enough to prevent any impunity diffusion
from the substrate to the SiC surlauce during the
oxidation runs.

S1C was deposited using o nuxture ol tetrumeth-
ylstlane and H, as gas source. The substrate was
heated by transmitting an electric current. The
detatled procedures of the sample preparation are
explained elsewhere '8

The obtained CVD SiC was crystalline with the
zinchlende structure (8 type), oriented over the (111)
diffraction plane

Before oxidation all samples were polished with
diamond paste to | pm and ultrasonically cleaned in
acelone

2.2 Oxidation experiments

The oxidations at P, < latm were performed
instde the X ray diffraction chamber mentioned in
Section 21 Three series ol oxidations were perfor
med varymg the oxygen partial pressure: | atm,
[50 Torr (air)and 20 Tort (O, mixed with He), in the
temperature range 12001550 C The oxidizing gas
was previously dried by passing through MgCl, and
P,O, absorbers. Temperature was measured by
optical pyrometry, taking into account the emissiv-
ity corrections'? and the absorption through a glass
window The oxidation times were approximately
1400 min



Hielt temperature oxwdation of VD S1C Part 1 169

Kinetics were deduced [rom m-situ thickness
versus Ume measurements ol the stheon dioxide
layver growing over SiIC by mean of quantitative X-
ray  difftactometty  In ositu X ray  analysis was
performed either in the Bragg-Brentano geometry
for P, =1atm or at low madence (0, =4 ) lor
lower P, because ol the slow oxidation rate in these
conditions

When a laver grows on a crvstalline substrate the
dilfraction hine mtensity of the substiate decreases
due 1o absorption according to an exponential
law **

I=1,expl— Ke) (n

where 7 1v the X rav beam intensity absorbed
through a layer of thickness ¢, 7,18 the intensity of
non absorbed X 1av beam and K 15 o coethicient
inclunding the mass absorption factor (grp) and the
specthic mass, p

It the substrate 15 large enough, the thichness e(r)
¢ be simply expressed as !

sin () 1n
=, -~ In

i, Litr=0)

where 15 the Brapg angle of the analvzed (hkl)
reflections, 7, (1 = O) the mtensity of the SiC reflection
belore oxidation and /(1) the mtensity of the Si€C
reflection at time ¢ So knowing Je(r=0) and I(n)
the thichness of the growing layer can be determined
as a lunction tine

Nevertheless, this expression does not work
satistactonly i case ol thin layvers (¢ - 5 pm) because
ol the too smiall difference between I and /it = ()
leading to poor accuracy. Consequently the increas
mg (LD reflection imtensity ol the growimg, silica ()
cristobalite) laver was used, leading to the following
relation <¢

o(r)

o= = (h

S =
=Ho M

smNIH( IB(I))

where fg(01s the diffracted intensity ol the silica layer
(111 f enistobalite at ligh temperature) at time 7/,
and 1y 1s the threshold mtensity corresponding to a
thickness which s larger than the total X ray
absorption init

Iy, could not be calculated here because the Si10),
thickness never reached the total absorption limit,
then anindirect procedure was applied At the end ol
oxidation the final thickness ¢, was estimated from
eqn (2) and vahdated with other methods, such as
prohlometry or scanning microscopy, and as
sociated with the corresponding fnal value ol
Ial1) = 1, Replacimg et and 1u(1) by known values ¢,
and /,, Iy, can be determined. leading to the followiny
expression lor ¢(/)

sin f/ ‘
oty = - :ILIH';I —[I —exp( -

‘Z:Hlllt‘l ) IB“”
ot ) [ By
smf /| 1| )

For low P, oxidations, S10, thicknesses of less
than about 500 A have to be determined, so that a low
angle X ray incidence configuration is required to
mcrease the X-ray path length into sihca and so
mereasing, X ray absorption Then e(r) can be
caleulated from the Tollowing expression using the
merease ol the (L) # enistobalite line,??
sind) s (200 —0)) { I

o N Indl -
(s + s (20 — 0nu,,, |

| - t'xp( s+ (26, - ”'”U"—‘v. ) M'
sinfl sin (20 - 1)) I |
(5

o= -

Inaddition, X ray diffruction was used to estimate
the crystal,amorphous ratio as a function of ume
and temperature, either ftom known standard
nuxtures or by sepuration ol the amorphous and
crvstal contributions to the diffraction pattern **

Oxidations were also perlformed at high oxvgen
pressures ina specially designed furnace working up
to 1400 Cand 200 atm Tt consists essentially of two
parts (1) a stamless steel water cooled vessel, high
pressute tesistant, contaims the heating element
made of molybdenum coil on o a T0em diameter
alumma evlinder This part works i an nert pas
atmosphere The temperature 15 controlled by the
means ol a Pt 10%s RhPt thermocouple set at the
middle of the resistor (n) Inside this alumima
cylmder, an alumma tube closed at one end contains
the sample A different pas tnert, oxidizing or
reducingjcan be introduced into this volume at equi-
pressute with the outside A 64 RhPU 400 RhPt
thermocouple s set close to the sample for tempera
fute measurements

Expernments were performed at 1000, 1200 und
1360 C Tor two different oxygen pressures 20 and
BOatm Asatis not possible to use the in situ X ray
difltaction techmique i these expeniments. the
thick ness was determined at room lemperature after
the oxidation tun by etching a step in the oxide and
measuting 1s height with a stylus profilometer and
scannimyg nmicroscopy Oxidation times were 90, 180,
270 and Y60 min

3} Experimental Results

3.1 Growth kinetics

Kmetic curves obtained by in-situ X ray diffraction
are shown m Fig. | They exhibit a parabohe
oxidation process after an il hnear growth, and
therelore the data have been analyzed using the Deal
& Grove model,' where the oxide thickness, . 1s
expressed as a function of time 1. by the equation

AN |

= =y 6
I\‘FI + h‘l + r ( '
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Fig. 1. Oxide thickness versus omidation nime plot for (he
oxidation of CVD {8 Si1C at different oxypen purtial pressures (a)
Fo, =003%ann, T=1H0C (A) D60 C (+) [420°C (),
475 C (#), 1545 € (), (b) Py = Latin, T = 1200°C (O,
1250 C(fe), T30 C(A), 1360 C 4, 1420 C (o), 1475 C (%)

where A} and K, are the hnear and parabolic rate
constants, and 115 a time constant which accounts
for an mitially rapid oxidation period that 1s not
expressed by linear or parabolic kinetics

For small times a simplified linear equatton can be
used

N=K(r+1) (7)

while the second stage hus been unulyzed using egn
(6).

The curves corresponding to the high pressure
expeniments have been analyzed with a simple
parabolic law, because nol enough points were
oblained 1o deduce a hinear constant during the first
minutes (Fig 2).
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Table 1. Lincar and parabolic rate constants for the osidation ol €YD g SiC at several dry
OXYREN Pressures

T

S Y

Ap =40
hp=75

[0 K =14
1200 K, =150
[ 250

310 -

[ 360 Kp = 520 Ky = 2%

1420
(475 -

[ 9™ -

Table 2. Activation enerpies for the oxidation ol CVD /2 SiCal
several dry oxypen pressures
Py ) AE(el)
(e 1eguone)

AL D) (parabolic vegune)

003 A 20
o) (N3] bl
| [ Lo (T < 1350 ¢,

22T 2 130 L)
) ()95
KO | 8

Table [ shows the values ol the linear and
parabolic rate constants lor the different tempera
tures and pressures

The apparent activation energies lor oxidation in
the linear and parabolic regime were determimed
from the In (A, K) versus | T relation, Figure 3
shows this plot and the values are hsted in Table 2
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Fig. 4. Ovypen partial pressure (P, ) dependence ol the
patabolie rate constant (Ky)

(K K)o« 100 et i)

l 02 A
Ky = 042 -
hp =068 -
Ap=11 hp = 040 Kp = 0096
K =11 K, =060 K, =040
Ap = 148 Ap=0K7 Kp=019
Ky =21 Ay = 165 Ay =
K, =% hp=17 Kp =022
K =t7 K, =24 Ay =18
Kp =40 Kp =36 Kp =017
Ay =11 K, = 89S Ky =2
- : Ky =072
- I\I =4

Figure 4 shows the relationship between the
oxvgen partial pressure (P, ) and the parabolic rate
constant Ky at the different temperatures. Despite
the poor acenracy o general trend can be determined
showing that tor Py, - Tatm Kp s proportional to
the st power ol the oxygen partial pressute (1~ 1),
wlulst at Py Tatm this dependence 1s lowered Lo
n=>=07

3.2 Morphology of the oxidation layers

The oxide scale generally consisted of o mixture of
amaorphonsand crvstalline sthea. As shownan Fig S,
the small radrally crystallized disks, consisting ol
cristobalite as characterized Irom X ray diffraction
piatlerns, are dispersed moan amorphous phase

Fig. 5. Scanming clectron micrograph ol spherulites on SicC for
1420 min at 1250 €
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Fig. 6. Scanning eleciron micrograph ol spherulitie leatures in
the oxide Alm on CVD S oxidized al 1540 ¢

When the temperature increases, the crystatline phase
increases also, leading to a higher density At high
temperatures the radn are limited by impingement.
Figure 6 shows the formation ol a continuous layer
ol spherulites at 7 = 1540 € Delmeation of the
spherulitic crystals 1s achieved by the preferential

©

L, L L L L A e o
50 45 40 35 30 25 20 16
20 ik QX

Fig. 7. X ray diffraction pattern showing the evolution ol

crstobulite at the  different  temperatures  alter  cooling,

Py, = Lutm Alloxidation limes were approximately 1400 min
@, Cristobalite; W, § SiC

Table 3. Crystulyamorphous ratio in the oxide scale for

specimens oxidized ar different lemperatures and oxygen

pressures
P, tatn) T(¢) Yo crestallonty
[ 310 65 + 10
| 360 75+ 10
0031 (420 8 1 10
1475 95 + 10
| 445 100 + 10
1310 15+ 10
(TR | 360 20+ 10
1420 W0+ 10
1 d75 100 + 10
| 206 154+ 10
1 250 S0+ 1S
| | 310 65 + 15
| 360) AR R
1420 85 + {0
147 95 + 10

removal of the amorphous phase resulting from
diffierences in the etching rate ol the oxide phases in
the HF etch.

Figure 7 shows the evolution of the x-cristobalite
(101) Iime with oxidation temperature due to cither
the greater oxide thickness and the superior degree
of crystalhzation

The crystal/amorphous ratio determined rom the
scanning micrographsisin good agreement with the
results obtained from X-ray diffraction analysis
Tuble 3 shows the crystal;famorphous ratios [or the
different experimental conditions

For high pressure oxidations (20-80 atm) X-ray
difftaction patterns showed the presence ol small
amounts ol trydimite’besides eristobalite

4 Discussion

The X ray diffraction technique used here allowed
m-situ determmations of the amorphous and
crystallime contribution to the X ray signal In
fact, alter an miual transient peniod, the crystal;
amorphous 1atio did not show any sigmficant
varition within the accuracy of this kind of
measurement, which s close (o 159,

The reason why a steady crystalline/amorphous
ratioas attamed in the first stage of oxidation can be
understood by considering the crystallization kinetic
data of bulk sihica matertals. Verduch?® suggested
that the formation ol cristobahte mvolves three
processes as a function of ime- firstly the nucleation,
which depends strongly on temperature; secondly,
the growth of a cristobalite like type ol structure
mvolving short range movements of particles, and
thirdly, a much slower process which corresponds to
a state ol apparent equilibrium in which the
mmperlcet nature of the enistobalite inttially formed
transforms into a cristobahte with a higher degree
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ol order Ramachandran eral * also found a similas
behavior for samples heated to 1600 €

It seems reasonable to think that delects present
on the polyerystalline fI-S1C surlace. such as
multigrain junctions, lower the energy necessary to
overcome the nucleation batrier and therefore
produce Tuster nucleation and an enhancement of
crystalhzation

Changes nosurlace defect concentrations may
explain the diffierences between polycrystalline SiC
which mduces crystallization of the oxide scale” "7
and SIC single crystals over which amorphous sihea
can be thermally grown up to = 1400 €'

The dependence ol the degree ol crystallizanion on
the sutlace defect concentration s evident Irom
Table ¥ Sumples oxidized in an have a significant
lower crvstallimity induced by the better surface
quality Later on the influence ol crystallimity on the
oxidation process will be discussed

The spherulites shown o Fig S have approxi-
mately the same diameter, suggesting a cristobahte
stowth process mvolving only pre existing nucler.

The kinetic cinves ol diy oxidation at didTerent P,y
and temperatures are shown i Figs | and 2 The
Imear tate constants (K ) are plotted as a function of
the reciprocal ol the absolute temperatire in Fig 3
The activarion enetgies of the Timear rate constants
ot euch pressure were determined [tom the slope of
cach line It can be seen that the temperature
dependence 15 quite similar for each pressure, with
the activation energies ol the linear rate constants
for £y, =003.022and Fatm having values ol 2 6.
Ve oand 3 2eVoal aespectively  These activation
energies are related 1o the mitial reaction rate
[muted regune of oxidation and correspond to the
YeVoat requuied to break o Si-C bond '

The activation energy of the parabohic regime has
to he related to a diffusional process Some recent
axpernmental data about the parabolic rate con
stants of SIC osidation tor different types ol the
malenial are summarized i Table 4 Surprisingly,
there e no significant differences belween  the
polvervstalline samplest stoichiometiie CVD fESiC
smitered ¥ SiC ot hot pressed SiCowlich means that
the presence ol additives. such as %0 B i the
sintered > S1C does not sigmificantly aflect the
growth ol the oxide layer The major difference
between sintered ¥ SiC and CVD fi-Si1€C 18 that gas
bubbles form m the sitlica scales on sintered 7 S1C at
much lower temperatures owing to the foimation of
boron hvdroxide.” ™ Single crystals (0001 Si face)
exhtbit lower parabolic rate constants

More specitic comments are not possible because
there are ansufficient data about mmportant para-
meters like the erystallinity degree of the oxide scale,
the presence of impurities or the surface state.

The dependence of the oxidation rate on the

Table 4. C'omparnson belween parabolic rale constanis ob
lamed lor different types of Si¢C

Vatenal Kp o 107" em ' s)

1200 ¢ 10 ¢ o0 ¢ Do ¢

Sintered « SicC? 017 098 AN -

Smygle crystal SiC! 024 050 09h 20
(O0T) € faee

Sinple eryetal Sict 006 04K 0RO A
{001y St lace

Simtered ¢ S 04 065 120

Single crvaal ¢ Sic ! 047 | I 70 3RS
{O00T) € ace

Single crvatal o Sic ! 00v 0y I 4 oA
(O001) 81 face

CNTD poly SiC? 057 2% AR! 75

Hot pressed Sict! 07 2 Vi —

Hot preswed Sict (49 Il n —

CVD psie 042 09K A Y

“Thry wink

oxveen pattial pressure (P, ) shown m Fig 4aimplies
that the rate controlling process ol the oxidation 1s
due to the diffusion ol oxygen in the oxide Alm. 1
oxveen diffuses in molecular form, the patabolic rate
constant (Ap) varies directly with the oxygen partial
pressute (£, whereas i 10 diffuses moonie form,
Kpwill vary as the square root of the oxygen partial
pressure (PLY)

Jorgensen of al ** reported the (P, 7) dependence
m the oxidation rate of SIC powder at 1573K (o
(820K and mdicated that the rate controlling
process was the diffusion ol oxyvgen 1ons Costello &
Tresslet'! reported that the oxidation mechanism
would chunge above 1673K For lower tempera
tutes they showed that the oxidation iscontrolled by
molecular oxygen diffusion thiough the 510, Alin
and predicted the diffusion ol oxygen 1ons as the
rate controlling tactor and the (P!7) dependence
above 167VK Zheng eral ' contirmed the existence
ol parallel transport via molecular and 1onic oxygen
during the oxidation of Si€C single crystals They
observed o decrease i the oxygen pressure de
pendence (K« P4 of the patabolic rate constant
from =06 at 12000 C ton=0-3 a0 1500 ¢

In this work, Kp was proportional to P, at low
lemperatures (7 1360 C) and high pressutes and
to (Py,) lor lugher lemperatures and lower pres-
sutes  This change in the pressure dependence,
despite the uncertainty introduced by the use ol only
thiee points i some cases, suggests the presence ol
two different mechanisms

Table 2 shows the apparent activation energy
values corresponding to the purabolic repgime At
temperatures lower than approximately 1350°C the
activation enerpy values (1.1 6, I'8eV/iat) are lowel
than the values obtained at high temperatures,
T 1350 €222, %1 eVt This difference is more
evident n the sumples oxidized at | atm O, where
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the temperature range was large ennugh Lo appreci-
ate the activation energy change

This change strongly suggests lhe presence ol two
oxidation mechanisms, but the activation energy
values are too scattered (o deduce which one is
taking place To solve this problem, the crystallinity
of the SiQ, film and the presence ol short cireunts
(cracks) is taken into account (n some cases

In an earlier paper'® it was shown thal oxygen
lattice diffusion through amorphous sihca was [aster
than through § cristobalite, with activation energies
ol d SeVyatund around 3-5eV/at, respectively. Thus,
i ome oxygen diffusion s the rate controlling
process. the parabolic rate constant must be
proportional to its diffusivity value through the
oxide layer, Kpio (Dy(S10,)). 1t has been shown
alteady that during CVD f# SiC oxidation silica
Erows more or less erystallized, mamly depending on
temperature. As the crystallimity percentage varies
with temperature, the apparent Kp value obtained
experimentally is in fact the average ol two
contributions with different weights (for the amorph-
ous or the crystal) as a function of temperature Ay
can be expressed as

Kp = vKplam) + (1 = v)Kpler) (&)

where s the amorphous [raction
Il Kp [ollows an Arrhemus relationship

AL
I\‘;: ,\'(": g ( - )
p = VAplamjexp iT

+(I - \)I\'F‘.'(cr)eu_w( - AA—E;) (9)

where AE and AE’ are the activation energies
corresponding to diffusion through amorphous
S10, and f-cristobahte, respectively

I 1t is considered that AE’(¢r) ~ AE(am) + | eV/at
and that D{fcer) ~
Diam)/Dicr) from 10 at £200°C to 25 at 1500 C,'°
then taking into account these duta, the experi
mental Kp value can be expressed 1n function of the
amorphous or crystalline Ky as

AE(am)
Ky = K| (um)e\p( T )
[\ + 500 - \)exp(AE'u'"’k_TAE(”))] (10)

AE'(cr))
k

Kp = Kpl(c riexp(

T
[“ \)+—ex (AE(Lr) AE(am))] (an
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Fig. 8. Influence ol partial erystalhization over the apparent
activation energy oblamed (rom the Kp values, v, experimental,
A crystal, + amorphous

Figure 8 shows the plot obtained using eqns (10) and
(11) for P, =003atm

So, il the apparent activation energy values of 2
and 2:2eV/at oblammed at P, =003 and I atm are
corrected from the crystalhinity variation, values
close to YeVyat are obtamed for Kglam), and close
to deViat for Keler), which agree better with the
activation energy values lound by tracer diffusion
experiments, 34 and 4 5, respectively '® The higher
activation energy value (3 1 eV/a() found for samples
oxtdized m wir s n agreement with the lower
crystallinity percentage ol this samples.

Now let the appatent activation energy values
obtatned at low temperatures be considered Values
close to T eVyat agree well with the activation energy
for the permeation of molecular oxygen through
sthica glass (1 2eV/al).* The value of | 8eV/at
corresponding to samples oxidized at 80 atm should
be explained by the existence of pores and cracks in
the crystallized samples. These short circuits induce
a laster oxidation rate which cause an increase in the
apparent activation energy value. As no data is
available about the molecular oxygen permeation
through f-cristobalite and as the six-fold rings
responsible for this type of diffusion are present in
both amorphous sihica and f-cristobalite,”” 1t 18
considered that molecular diffusion is not influenced
by crystallization

Thus, the low temperature activation energies lor
the parabolic regime are close to [ eV/at, indicating
that the rate-controlling process 1s the molecular
oxygen permeation through the sihica layer At high
temperatures, the apparent acltivation energies
correspond Lo processes with higher activation
energies ( = 34 eV/al), suggesting the existence of a
process limited by ionic oxygen diffusion.
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S Conclusions

Oxidation ol CVD ff SiC followed parabolic kineties
after an mitial linear growth.

The parabolic rate constant, K. increased strong-
lv with increasimg partial pressure. indicating that
the rate controlling process for oxidation s the
diffusion of oxygen through the 810, flm Two
values ol the oxygen partial pressure exponent, u,
were found.at T 1350 Cou = Landat T 2 13607°C,
n =07, suggesting the presence of two mechanisms
lor oxygen diffusion

The acovation energy values of around eV at al
low temperatures are about the same as that of
oxvgen permeation through lused silica.* The
activation energy values at high temperatures are
somewhat higher, indicating an important contri
bution of 1onie oxygen to the silica growth, In this
case, the analysis of the apparent activation energy

value 1s complex. due to the partial crystalhization ol

the oxide laver, because lattice oxvgen difTusion in
amotphous $10, s Taster than i fi-cristobalite '

With the aid ol the crystal;amorphous ratio
determmation m the sthea layer, it has been shown
that the appatrent activation eneirgy value can be
interpreted as the mixture of two contributions with
activation encrgres close 1o that ol oxygen diffusion
through amorphous SO, (3deV at) and fi eristo
balite (4 SeV at)

A detatled kmetie analysis ol the presence ol

molecular und onic oxygen diffusion, also includimg
the effect ol partal erystallization, 1s given i a
companion paper "
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