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Abstract

The Iugh temperatire (1200-1550 C) ovidation
kmeties of SiC prepared by chenncal capor deposition
(CED) e dey ovyeen (3 1070 80 atm ) were
parabolic after an mitial lmear step. The parabolic
reenne s controlled by two processes  at low
temperdatures and high pressures the rate linnting step
v molecular oxyeen permeation through the $i10,
filn at lugher temperatures and lower pressures wome
ovvgen diffusion becomes the donunant procesy A
fuy cquation relating the parabolic rate constants
with the molecular and 1ome oxvegen diffusicity
confirms the exastence of tivo parallel processes durig
the ovidation of C1'D 8 S1C Double ovidation
('O, RO ) evpermments have been performed 1o
obtam additional  mformation  about the ovreen
diffusion coeffrcients trongl amorphons S10, and i
cristobalite

Die Oxidanionsk etk con Si1C, days dur el chennschen
Dampfmedersctizg (CUVD) i trockener Saunerstoff

atmosphare (3« 1077 = 80atm) hergestellt wurde,
sewgte berhohen Temperaturen (1200-1550 C ) nach
anfanghch lmearem, parabohsches Verhalten  Der
parabohische  Berereh wird durch wer Prozesse
hestimmit — ber medrigen Temperaturen und hohen
Drucken st der ratenbegrenzende Prozefd das Durch

dringen des Sanerstoffs durch den S10, Film, ber
hoheren Temperatinen und medrigen Drucken ist dey
prozefibestmmmende Faktor die Diffusion von 1oni

sohewr Saverstoff  Eme Flupielewhung,  die die
Beziehung der parabolischen Ratenk onstante mit de
Ditfusion con wonischem Sauerstoff beschreibt, besta

tet die Existen: cweer, paralleler Prozesse wahrend
der Ovidation von CDV {8 S1C Zwerfachovidations -
rersuche (00,0, ) warden durchgefuhrt, um
susatzhiche  Informanonen  uber  die Diffusions

177

koctazienten des amorphen S10, und f3-Cristobalits
s erhalten,

Apres un départ hméare, SiC prepard par deéposition
en phase gazeuse (CHD ) dans de Tovygene see
(3w 10" = 8S0ann ) sovyde a haute température
( 1200-1550 C) selon une cmétique parabolique. Ce
régmie parabolique st controleé par dews méeamsmes
a bhasse tempirature et haute pression, Uétape
Imutante est Fmpltration de Foxvgeéne moléculan e
dans le film de S10),, a plus haute température et plus
feble pression, la diffusion de Fovygene 1omque
devient le mécamsnie dommant  L'équation des flun
reliant les constantes de la croissance parabohque
atec les diffusicires de Fovygene molécularre et
tomgue confirme evistence de dens mécanisnies
paralléles durant Foxydanon de 8 S1C produt par
CUD Ona procedd d des expériences d'ovydation a
dewy espéces (1200 ) afin dobtenir des mform
attons supplémentaires sur les coefficients de diffusion
de Povygene dans S10, et f§ eristobalite

1 Introduction

In a compamion paper 1t has been shown that
the oxidation ol CVD f-SiC in dry oxygen (3 ~
(07 —80atm) at  ligh (emperatures (1200~
1550 C) followed a hinear-parabolic law similar to
that used by Deal & Grove' to charactenize the
oxidation behavior ol single crystal sthicon

The linear part, with activation energies close to
YeVyat, can be related to the Si-C bond energy
(3eV/at) The parabolic regime is associated with a
diffusional process The parabolic rate constant s
strongly dependent on the oxygen partial pressure,
suggesting  that oxygen diflusion s the rate
controlling process in this stage of oxidation. The
exponent ol the oxygen partial pressure dependence
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changed fromu > 1 at T+ 1360°Caund P, - latm
ton=07at T.. 1360 C and P,, — | atm. Besides
that, two sets ol apparent activation energy values
were found (1) the activation energy values around
[eV/at low temperatures and high pressures are
similar to the activation energy values reported lor
the oxidation of siheon,” which corresponds o
permeation through vitreous silica involving activ-
ation energies around |eViat with a molecular
oxygen diffusion coeffictent of 25 x 10" #em?/s at
12000 C,* () at higher temperatures apparent
achivation energy values ure in the range 2-3eV/at,
showing the largest contribution of 1onic oxygen
diffusion 1o the oxidation process.

For 1onic oxygen diffusion through vitreous silica
the disagreement between the different authors 1s
larger, with activation energies ranging [rom | (o
4-SeV/ut dependimg on the authors,* " although the
values for the diffusion coefficients at temperatures
near [300-1400°C agree within an order of magni-
tude The diffusion coeflicient determimed from
permeation studies 1s roughly 10° times lurger than
that determined by the tracer uplake and SIMS
studies. As pornted out by Meek,® this difference 1s
close to the ratio in the oxygen concentration €,
(concentration ol dissolved mterstitial oxypen) >

56« 10" moleculesicm® and C, (concentration of

network oxygen) = 22+ 1022 molecules;cm . with a
tatio C/C o225 - 107°

In this case, the details of the oxidation kinetics
are more comphcated because of the partal
crvstallizaton of the oxide layer Recentl measure
ments” ol oxygen diffusion through f-cristobalite in
bulk samples have shown lower diffusivities than in
vitreous silica. This fact has been taken into account
to nterpret activation enerpy values, showing that
the apparent activalion energy corresponds to two
processes with activation energies close (o 3 and
deV/at, which are similar 1o activation energies for
oxygen diffusion through amorphous 10, and f8
cristobalite, respectively

The main objectives ol this work were (o
determme the oxygen diffusion coefficients 1n
thermally produced oxide (f-cristobalite and amor-
phous Si0,) by means of '""O 1sotope exchange
experiments and to establish which oxygen diffusion
process 1s the rate-hmiting step ol the oxidation
during the parabolic growth by a direct comparison
between the diffusion coefficients and the parabolic
constant for the silica growth

2 Experimental Procedure
2.1 Materials and 'O isotope exchange experiments

The material used in this study was cubic (zincblende
structure) f SIC made by CVD. The details of this

procedure have been explained elsewhere.® The
resultunt CVD f# SIC layers are polycrystalline
(preferentially ortented over the (L11) axis), highly
pure and dense.

Double oxidation experiments were carried out in
a controlled-atmosphere furnace thut allows heating
up to 1800°C. The first oxidation was performed n
dry oxygen at temperatures ranging from 1240°C to
1500 C for >~15h The second oxidation was
performed 1n the same furnace: after the evacua-
tion ol the oxidation chamber, oxygen I8 enriched
gas 15 mtroduced without modilying the tempera
ture Samples were oxidized in the enriched gas for
180 or 360 min

2.2 SIMS measurements

All samples were unalyzed by secondary 1on mass
spectrometry (SIMS), measurements being perlor-
med on a CAMECA IMS 3 spectrometer, using a
Cs*' pnimary 1on beam current of 200nA, or on
Atomika A-DIDA 3000-30 1on microprobe, using
an Ar' primary 1on beam current of S00nA. All
samples were Au couted to improve the leakage of
accumulated surlace charges. Moreover, a locused
electron gun provided charge neutralization ol the
sputtered surlace during profiling. Four masses were
simultaneously recorded: "*C, '*0Q, 'O and *"*S1.
The depth of the sputtered crater was measured with
a profilometer having a depth uncertainty estimated
o be approximately 10%. Sputter tme was convel

ted by assuming a constant sputter rate through the
sthica layer The [ractuonal concentration of oxygen-
I8 was obtained by dividing the oxygen-18 signal by
the sum of the two oxygen signals

3 Results

3.1 Diflusion in thermal oxide

Five 'O exchange experiments on oxidized SiC
samples over the temperature range ol 1240°C to
1500 C were analyzed

As has been shown previously,” at temperatures
below 1450 C the thermal oxide is partially cry-
stallized with a crystalhizaton degree that depends
mainly on the temperature and on the surface state
ol SiC,

Figures | und 2 show charucteristic SIMS profiles
corresponding to samples oxidized in the oxygen- I8
gas enniched atmosphere at 1330°C for 160 min and
at 1500°C for 180 min, respectively. The first part
corresponds Lo the silica layer (silicon and oxygen- 16
signals constant) Upon reaching the oxide/silicon
carbide interface, a steep drop in the oxygen signal
and an increase in the carbon signal occurs. The last
region belongs to SiC, where St and C signals are
constant The differences 1n the Si signal variations
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Fig. 1. Diffusion prohle obramed by SIMS (Cameca Tims 310 lor
an oxidrzed SiC sample subected o diffusion annealing in "0,
forr=160mmat T = 1330 (Rel S1€'1330)

between Figs [ and 2 come Irom the use of different
ion sources, Cs' oand Ar 7, respectively The
interface width 1s much wider than in silicon and 1t
increases with temperature, showing that this
miterface 15 generated by outward diffusion of the
teaction products '

The concentration-penetration curve obtained
from the SIMS profile of Fig |, which corresponds
toa partially crystallized S10, layer, 1s shown in Fig,
3 (continuous line).

By an analogy with the results concerning bulk
samples of cnistobalite and partially crystallized
S10,.7 the proliles cortesponding to lemperatures
[ower than 1450 C can be fitted using a complex
solutton with the sum ol two complementary error
functions, one with a farge D (for the amorphous
patt) and one with a smaller one (tor the crystaly,
together with un exponential term which s a facton
allowig for some mterstitial-network exchange in
the oxide (ff 18 a network interstitial coetlicient), as
has been detined by Kalen er al. !

= (Y e =)= 1wt} 4
1=

W 2Dy

i (1
where the parameter A, gives the contribution of the
different diffusion coefficients to the tracer profile
and, 1l local diffuston between amorphous and
crystalline S10), can be avoided, 1t gives a good
approximation of the crystalhzation percentage

Figure 3 15 an example of this kind of fittng
Equation (1) firs this profile well, The contribution of
network-imterstitial exchange 18 very low, in ¢on-
trast with the results ol Kalen ¢ al,'" which
attnibute the uniform tracer concentration i their
samples to this phenomenon.

For temperatures T _ 1450 C the silica layer
consists of polycrystathne f cristobalite and the
profiles can be fitted using the Whipple solution
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Fig. 2. Diflusion profile obtamed by SIMS (Atormika A Dida)
for an oxidized SiC sample subjected 1o diffusion anncaling 1in
O, for = 180mm at T = 1500 C(Rel SiC 100

which takes account of a bulk diffusion coefficient
and u short crreuit (grain boundary) one

, T ap [ 0’
‘_(\..I)=(_“ (.,-/(‘(;)4- = t'Xp(——)
- N da

A-—a)'" | , da
o I _ ey "apdo V! - h)
x( I ) [ ,n_“p‘ N = Xerfe .\]ﬂ‘_,} (1)

\
where
\:(A—I)'-'a—l /;:(A—Jn
A-o 2fs D
\ v
)
A= D, )= L - Lpn'-
D \ Do

where a1s the integration vaniable, and D, and D, are
the bulk and grain boundary difiusion coefficients
tespectively €, 18 the constant surface concent
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Fig. 3. Comparson between the 'O experimental profile

( ) ol a partially crvstallized oxde layer annealed al

T=13WC lor e =160min and that caleulated (+v) using two
complementary error lunctions
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Fig. 4. Companson between the 'O experimental prohle

( ) ol a astobalie Taver annealed at 7= 1500 C lor

= 180 min and one caleulated using the Whipple solunon A

Bulk diffusion (D)), + prain boundary diffusion (D). +,
D, +D,

ration, o, the grain boundary width and 2L the grain
slze

Figute 4 shows the concentration-penetration
profile for a polycrystalling cristobalite layer with
the ftting obtamed using egn (2). Cristobalite
invariably crystallizes with o spherulitic mor
phology.”'? and the spherulites are disks which are
quite thin compared to then diameters. Figure §
shows a scanning micrograph corresponding Lo
spherulites grown ut 15000 C with o diameter
> ) pum This implies that the total gram boundary
surlace is too small with regard to the grains to have
a signthcant eflect on the profile. I the grains were

Fig. 5. Scanming micrograph ol a SiC sample oxidized al
T = 1500 C lor ¢ = IR0 min, showing the spherulitic growth of
the cristohalite

smaller we should expect an accumulation of
oxygen I8 1sotope at the oxide-sihcon carbide
interface, resulung from the high diffusivity value of
oxygen through gram boundaries

Table 1 collects together the crystalline and
amorphous diffuston coefficients. The similarity
between diffusivities determined n this work for
thermal oxide and the ones obtained 1n bulk silica’
allows an dentical transport process to be consi-
dered for the two matenals Consequently, an
activation energy value has been determined using
data from both bulk and thermal oxides (Fig 6),
which 1s a composite ol these data.

) . : 345eV/'al)

D, _(em/s)=11x= 107" -—
LmlCmo/s) t‘xp( T

) . - 4S55eViat

D (cm*/s) = H_)exp( - Ac—r’d)

Diffusion through c¢nistobalite 18 slower than
through vitreous S10Q, by a factor of 25 at 500 C
and 10 at 1200 C.

3.2 Comparison between parabolic conslants ob-
tained from Kkinetic experiments and diffusion
coefficients

If1t1s accepted that the carbonaceous species do not
play a significant role during SiC oxidation in the
temperature range (1200-1500"C) used 1n this
study, '™ 'Y the process must then be controlled in the
parabolic regime by oxygen diffusion.

As has been experimentally shown in Part 1 of this
study” and in the wotk ol Zheng er al'' the
oxidation mechamsm s a parallel transport through
the oxide via molecular oxygen and 1onic oxygen.

A good way to confirm this parallel transport
mechamism s to establish a relation between the Kp
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-284
-29+4

log D (cm?/s)

- 30+
=314
-32
-J3J3

_54_

065 070
10°/T (K™)

Fig. 6. Arrhenius plot ol oxygen diffusivities through v 510,
and g cnstobhalite A, D amorphous, +, D crystallized
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Table 1. SIMS diffusion coetheients Tor crystalline and amorphous $10, 10 osidized SicC

T(d¢) Ay (Vo) dyp (Y0) Dy jem' ) Dy (et sy I),n’(rm"sb fis 'y
I 240 75 s LRI (LA PR [T

[ 330 RO 20 TO« 10 "p2saq0 — 210
1 195 84 (IR JO 10 Y s a0 M

1 450 100 0 Y0« 10 M SO« 107! —
] 100 0 dJo .t — GO« v —

values, obtamed from thickness versus time mea
surements and shown in Table 2,” and the oxygen
diffusion coefficients for both interstitials and
network.

The oxvgen Aux through a thickness Y, can be
epresented as

'AI:JD
DydlInay,

'
)

j:

¢
- (}

Y,
Here €', 15 the oxygen concentration in the oxide, «,,
15 the oxygen activity and Dy, 1s the oxygen tracer
diffusivity The superscripts tand g refers to the inner
(sthicon carbide oxide) and the outer (gas-oxide)
mnterface The oxygen difusivity 1s a function of the
oxveen achivity and can be expressed as

D, = Dqﬂ"’:’;. (4)

where D& is the oxygen diffTusion coetficient at [ atm
pressute and the value ol n depends on the delecl
situcture '

Thus, the Aux can be wiitten as

0w
0,

CoDd
_ teto

J )" (5)

= ,(I»_.’"]

My,

When the oxide growth s diffusion controlled the
cquilibrium  partial pressure of oxygen at the
S10,:S1C mterface s very low' (P%, » P and
thus the transport rate can be expressed as

J =

W
(N

LIH“{‘)
_ oo ] (h)
my, (7))

Table 2. A, values obtiimed from thic

For mterstinal diffusion by molecular oxygen the
exponential factor wis 11 and DY = 2D .10 so

, Cobd, |

Jo(molec) = - N, 0o, (7)
For wonme oxygen diffuston n > 05! 18
] Col w12

Joon)y= — ——Z[(Py )] (%)

Xy

This oxvgen Aux must be equal to the growing Hux of
sthea, with a proportionality constantm which is the
number of moles of oxyeen required to form | mol
ol sthear

mjs,,,_ = .LH = j‘,_,(mult'c.) + j(,(|(>n ) (9)
The growth rate ol silica can be represented as
d¥y Jao. 7 _ Coky
— - = W ::'J ' = “’
d/ (-‘“ S0, 2.\'0 ( )

where Kp s the parabolic constant

Substituting eqns (7). (8) and (10) 1n (9) the relation
between Kp and the diffusion coeflicients can be
obtained through a pressure dependence

"o
TI\P: l,

‘
(

VP, + DNPL (1h
where the eflective diffusion coefficient 15 caleulated
using the solubihty and diffusivity ol dissolved
oxvgen These data have been taken from the work
ol Zheng er al "' and the values for 1onic oxygen

ltom the experiments performed in this work and in

kness versus time measurements [ -]

1) (hph « 10" (em' )
Py (aim)

80 2 / 0 0ol
I OO0 Kp=14 Ap=d0 — - —
[ 200 Kp=150 Kp=7» Kp =042
[ 25 - Kp =068 - —
310 - — Ko=11 hp =040 Kp = 0096
[ 360 hp =520 Kp=2% Kp= 145 Kp =087 Kp=01Y
td20 — Kp=28 Re=117 Ke=022
1475 — kp=40 Rp=16 hp=0137
[ 545 — — Kp=0T2
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relerence.” The 1onic oxygen concentration at the
outer nterface was taken as equal to the oxygen
concentration in the oxide. In the present case the
problem s slightly more complicated owing to the
presence ol two diffusivity paths in the samples
amorphous sihea and cristobalite So, m fact. il the
degree ol crystallization of the oxide layer is known
eqn (1) can be transformed into

'g Ke = (1D (am) + (1 = DE (ct) Py,

+ (v DYam) + (L= ODYeP, ) (1)

where vis the amorphous percentage and m has been
taken equal to 'S, assummg that the oxidation
reaction product 1s COy,

Because of the luck of diffusivity data relating the
molecular oxygen through f-cristobalite, 1t has been
assumed that the diffusivity through this phase is the
same as in amorphous sithca This assumption 1s not
surpnising since the six fold rings responsible for the
high difusivity of O, in amorphous SiQ), are also
present 1n fI cristobalite. The most important
difference  between  amorphous  sithea and  f)
cristobalite comes from the existence of five ol
seven-lold nings i silica which destroy the long
range order '

With this assumption,eqn (12) can be rewritten as

i
5 Ke = D3Py, + (0Dam) + (1 = DA P, )"

(LY

QFHP9

Fig. 7. Scannmg micrograph ol a SiC sample oxidized ul
T=10000C Py = 20atm and f = 360min

In Tables and 4 the results for pressures of | and
8O uatm, respectively are shown In general, there s a
good agreement between the diffusivity values
obtamed from SIMS measurements and kinetic
values obtamed via thickness determination, if the
uncertainty which exists concerning the experi-
mental data and the pressure dependence of 1onie
oxygen 1s considered.

Table 3. Comparison between the Ky and the diffusivity values lor P, = laim 4 and B
represent the molecular and 1onie oxygen conttibution, respectively

T0'Cy dmorphous fraction o B A+ B " Ap

| 200 (Y80 Voot W B do oot YIS« 10
(60" ) (40"

[ 250 050 410 LR [ R Y SN T I L O R T
(51%) 47%0)

1310 034 R AR (VR Y N 11 I S IR PR 2 S [T R
(43"0) (57%4)

| 360 025 71«1y [4 10" 20« 1071 -1 "
‘1"’1;' ‘h7“|l)

1420 015 95« - M 29 w171 VR gt 20«10 "
(24"4) (76" 4)

1474 008 (2007 570007 a9 0" 30w
(7% (R1%)

Table 4. Comparison between the Kp and the diffusivity values lor Py, =80am 4 and B
represent the molecular and 1onie oxygen contribution, respechively
' Cy  Amorphous fraction 4 B 4+ 8B ™ Kp
1 OO0 | Sd 1o SO 1ot SO 10T oS oo
(99 1) 099
1200 030 AN [T 2« do7 Do ! R TP
(954 %) (4 6%)
I 360 0 ST 07 77wt ws ! LI [P

(K8 2%y)

(11-8%)
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Fig. 8 Scanmng mucropraph ol o SiC sample oadized ot
I=130¢ [y =80atm and = [80min

The parabolic constant corresponds to the sum of
three processes () nterstitial diffusion ol molecular
oxygen, () onie oxvgen diffusion through amorph
ous sthea and () onie difusion through
cristobalite,

Another fact s that, as expected a prior. the
mterstibial contribution ncreases as temperature
decreases and pressure increases und vice versa tonie
contribution becomes donunant at high tempera
tures and low pressures

The molecular oxygen contribution s especially
clear i the experiments at 1000 Cand 80 atm (Table
4) where the oxide layer 1s completely amorphous
and there s no presence of short cireunts (Fig. 7) 16 m
this case only ionic diffusion had been considered
there would have been a discrepuncy with the Ky
value of the order of 500

At higher temperatures and P = 80atm there 15 a
large difference (K, diffusivity values) which can be
casily explained in terms ol the high porosity ol the
oxide (Fig 8). To account lor thus face a factor to
represent short crircuit diffusion should be included
inegn (13)

4 Conclusions

The oxidation kineties of CVD 8 Si€C' has been
described using o fAux balance equation which
compates oxygen diffusion coefficients and parabo-
lic rate constants through a pressure dependence
This equation takes account of parallel transport
ol oxidants via molecular oxygen and 1onic oxygen

and the presence ol two different SiQ), phases
(amorphous and f# custobahite) 1n the oxide layer.
The molecular oxygen diffusion coefficients have
been taken [rom the article of Zheng ¢f ul'?

Double-oxidation experiments ol CVD g SiC
were carried out first in 'O, and then in 'M0),.
enriched environments  Oxygen i1sotope profiles
wete meisured by secondary 1on mass spectiomeltry
The concentration-penetration profles obtaimed
from SIMS data were used 1o determine the lathce
oxygen diffusion coeflicients through amorphous
S10, and /i ¢rnistobahite

The comparison between these diffusivity data
and the Ap values through the Aux equation (egn
(13 confitmed the existence ol parallel transport via
molecular and 10me oxvgen,

The mfluence of molecular oxygen permeation 1s
clear from the results at P, =8&)atm and
T = 1000 C When temperature increases and pres
sure decreases the 1onic oxygen contribution rise to
297 at T=1540 C and P, =003atm
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