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OXIDATION OF SILICON, SILICON CARBIDE (SiC)
AND SILICON NITRIDE (SigNy4)

INTRODUCTION

81, SiC, and $iyNg are important materials. They are
3N§
widely used for their electrical properties in the construction
VA

of semiconductor devices, and S.C and Si3h@ have important

uses as hard and relatively oxidation-resistant ceramics. The

carefully controlled oxidation of Si to Siég is used in che

fabrication of semiconducteors.

Because of the many similarities in the oxidation chemistr
of the three substances, they are treated together in this report
so that useful comparisons can be made. The major gquestions to
ve addressed are:

D

1. What are the oxidation reactions and what is the
detailed mechanism by which they occg;}

2, Bow do these oxidation processes depend on: {a) the
form that the material takes, e.g., processing
procedure, crystal structure, (o) temperature, and X¢)
oxygen pressure. Aalthough other oxidants, e.g., é}o,
either alone oY in comeination with 5} also oxidize
these marerials, this report will deal with 82
exzliusively.

Each of the above guestions will be addressed in decail for

each of the three macerials, However, the report is rot intended

to be an exhaustive compendiWn of every availabie reference

ir
&
[u)

rather will focus on %he major features. particularly on those

Manuscript approved ® 2bruary 26, 1986.
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where general agreement has been reached. dere we hegin.by
listing some general aspects rqlevant to oxidation.

The common feature of the oxidation of the three substances
is that 5i0; is always a solid product when the 03 pressure is
sufficiently aigh. At lew pressures 5i0(g) may form. For the
oxidaticn of Si these are the only possible products. For §iC,
CO or COp are also products, for Si3zV¥4 possible products are NO,
N03, and N, as gases and an oxynitride solid. Since in virtually
ail studies the reaction has been found to occur at the reactant
surface, the diffusicn of oxygen in some form -0y, 03, and O -
to this surface is of major importance. For example, when SiQj
has already formed, the aoxidant must diffuse through it to reach

the reactant surface. For SiC and SijNy, and for Si at low

t

pressures, tha difZusion of product gases away from the reaction

zone mAay also affect the rate.

[(]
-

The form in which the material is studied is alsc of great
importance. In general, the purest and densest materials should

orovide the most fundamental information. Silicon singla

cryscals are readily available and mest cxidation studies have
utiliized them. 3uch ¢rystals also readily lend themselves to

studies of impuricy effects that can be achieved by controlled
doping. 3iC single crystals existc, but rarely of the degree of
puricy achiaved for Si, Merscover, chese c¢rystals are nhighly
anisotropic. with oxidactaon rates on diiferent faces differing by

nearly an order of nagnitude., Also, commercially impeortant Zorms

of SiC ars mads from powders which ars rarely very pure, with
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1l impurities. Z2Explanations
provided Ior the rasulcts observed in oxidation studiss thus zend

20 taxe on an ad ncc character and we ar2 reduced Lo searching
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for common features. This situation exists to an even greater
extent for SijNg. Single crystals are nct available, and

even near theoretical density can only be achieved by the
addition of materials such as MgO, Al;03, and By03 which
greatly affect the oxidation rate aad which are usually not
uniformly distributed in the nitride. Therefore reporced race
constants and activation energies differ widely and little

v theoretical significance can be attached to ther.

In each of the sections which follow the theoretical
understanding of oxidation will be described, fclliowed by a
: listing of kinetic parameters reported in the literature.
Finally, the values obtained for the various materials will Dbe

compared to see 1f useful conclusions can be drawn.
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OXIDATION OF SILICON

-

I. General

All serious studies have utilized single crystals for
studying the oxidation of silicen. rTequently, the surface
orientation, usualily [100! and {111], has been considered a
significant variable. Work .lone before 1965 suffered from the
lack of a coherent tiheoretical framework within which
experimental results could be analyzed. In that year Deal and
Grove (1) published the first analysis which took previous work
into account, a~d which consisted of a gqualitative model and its
quantitative consequences. The importance of the Deal and Grove
model {(D&G) is attested to by the fact that during the last
twenty years all papers have raferred £o it, fleshing it out

guantitatively, defining the regionz in which i%t heolds, and

II. The Deal and Grove Thecry (1)
2. Qualitative.
D&G found certain qualitative and quantitarive fesatures
in their own and previous studies which had the
following characteristics:
1. Oxidacicn proceads hv inward movement of oxidant
(QOg, HyC) rather chan by outward mcvement ci Si. .
2. The transportad species goes throuch the following

a. It ia transported from the hulk ©

The

th

oxidizing gas to the outer surface whers 1t reacts

or is absorbed.
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b. 1t is transyorted across the oxide film toward
the underlying Si.
¢. 1t reacts at the Si07-Si interface to form a
new layer of S5i0j3.
3. The model is steady-state, i.e., it assumes that a
5104 layer already exists at the surface. Many

subsequent studiass have focused on the initial stages

¢ cf Si0; formaction. 1In general, the steady-state
mocdel applies for oxide layers at least a few hundred
Angstroms thick.

2. Quantitative

T LTI T P ™ T WA AW 4o

oW,

1. Model
As a result of the oxidant (generally 03)

gradient £rom bulX gas to Si03-Si interface thers

L P

will be oxidant fluxes in zhe three regions as shown in

Fig. 1.
Gas C* Oxide si
Co
C ). Ci
Y h(C*—\.o) £y = Deff F3 = KC:
e
Figure 1
whera Cx = aguilibrium ccncentrazion ¢ oxidant in the
. oxide.
Co = concentration of oxidant at thes surface.
n = gas transpor®: cecefiicient.
3
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Desg = effective diffusion constant of oxidant in
S103.
%o = thickness of cxide layer.
Ci = oxidant concentration at the $i-Si0j
interface.
k = proportionality constant. .

2. Assumptions
a. C* = Kp, where K = Henry's law constant.
This implies that C* is the concentration of
oxidant free to diffuse through the oxide and
15 not oxidant bound as S510;.
b. The gradient of oxidant in the cxide layer is
linear and given by Fick's law:
F3 = -Degfs(dc/aR)
3. Analysis
‘ Under steady-state conditions
drF,/dX = 0
and

Fy = Fy = F3 = F

For oxide thicknesses > 2004, Dgrs = D, the
actual diffusion constant of oxidant in SiCj3.

The rate of growth cf the oxide layer is

- -— 1
axo T KC* /N,
— = N = ‘J- .
dt N, L #+ k/h + kX /D
1 o' Teff
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where Nj = number of oxidant molecules incor-

porated into a unit volume of the oxide layer.
This way of measuring reaction rate is neces-
sitatad by the £fact that the transformation of Si
to S1i0; expands the volume by a factor of 2.5,

Since some oxide layer exists before the

steady~-state analysis applies, let

Considerable mathematical manipulation leads to

the rate of oxide formation

..}_{9 = [l + ._.EJ_T_.“I/Z -1
A/2 al/4. )

where A = 2Deff(l/k + 1/h)
B = 2Dgfs C*/N3
T = (X4 + AX3)/B

v corresponds to a shift in the time axis which

corrects I¢or the presence of tae initial oxide

. a. LCNg times

t >> A2/4B, tion

: X £ V172
% A/2 A%/48

or X3 = 3t
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Th}s‘is the famous parabolic law applicable to
“taick oxide growth. It is quite similar to

"results obtained for the oxidation of metals,

“where the rate is controlled by the diffusinn of
oxidant through the oxide.

b, Short times

£t << A2/4B
Ko . 4 \ t2+ ‘] s B/A (t + 1)
A/2 2 a%/4B

This is the linear rate law which applies for

short times to which the steady-state model

applies. Many subsequent studies have focused on

very short times prior to that state,

The combined long-short time model is known as the

linear-parabolic model with linear rate ccnstant

B/A and parabolic rate constant 3.

Experimental Results (to 1965)

D&G analyzed previous studles as well as their own

new results for both dry and wet 03, and fsund

them consistent with their model. When the Q2 is

wet, the oxidant is H30, not 0. This case

will not be treated further here.

From these studies the folliowing conclusions

amerged:

a, At 1200°C, parabolic rate constants are linear .
in 0.1 ¢ Pop ¢ 1 atom.

D. The temperature dependence of the parabolic

rate c¢onstant is Arrhenius with an activaction




energy of 28.5 kcal, the same as for Defgs.
The constant A is independent of pressure.

¢. The temperature despendence of the linear rate
constant is also Arrhenius, with an activation
energy of 46 kcal, nearly equal to.that

raquired to break an Si - sSi bond,

d. The diffusing species is some form of Oj,
¢ probably the superoxide icn 03,
e, The range of validity of the parvabalic and
linear portions of the cxidation rate, or
"ilong" and "short" times respectively, depends
on oxidation conditions and can be described in

terms of a characteristic time.

Al . PegsVy
43 20+ (1/k + 1/n)°
or characteristic distancse
Dage

A
2 = 1/k + L/n

For larger times and distances oxidation is parabolic, for

smaller times it is linear., B3As peointed out previously, the
2ntire D&G theory i3 steady-stace and applias only for S5ilp

thickness larger than the space-charge regicn within che oxide.

At 1060°C this occurs at ~ 130A°.

a
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I1I1. Extension of the Variables

The period since D&G has been marked by studying regimes not

treated by D&aG. These include:

A, Very low pressures.

B. Tne initial stages, before steady state is reach 4.

» wen A WP ML

This sometimes means lcw temperatures so that the growth
of thin films can be observed at reasonably slow rates.
To some extent A and B are connected, since £ilms will also grow
more slowly at low pressures. For this reason, the results are
discussed together.
An important question in the study of silicon oxidation
concerns the initial stages, i.e.,, before the D&G steady-state

model applies. There seems £0 be general agreement that the

X
H
H
L]
]
H
%
3
il
>
y
]
:

lcwer D&G limit lies near 250-500A, but it is not clear whether
this initial region is itself to be subdivided further, =.9.,
into a "very thin" ragion below 25-503, and an intermediata
regicn apove that. The questicns to be addressed are: (a) what

s

rate law appiies in th

(]

thin region, i.e., what is the
thickness-time relation, and what mcdel accounts for it, and (b)
how does this rate derend on Poj3. This region is of particular
importance to the growth of semiconducters,

The sometimes contradictory litsrature of cthe las:t twenty
vears {3-8) has recently 5Seen summarized and discussed by
Masscud, ?Piummer, and Irene (%).

Sxperimentally, Lt is observed that:

(a) Growth rates in che chip ragime are greater than in the

linear-parabolic region.

{5) This {faster growth rate can pe thought »f aither as an

TeXcessz growth rata’ which decays sxpcnentially to the

IAERLSEALSL
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linear region, or considered as a separa%e region with

its own growth law. In the former case, it is handled
as an exponential term added to the D&G equation; in
the latter is is usually described as being "inverse
icgarichmic.” In general, the D&G region extends from
250-3008 up; the region below it can be divided intc an
initial region extending from the native axide
thickness up to 80-100A where the rate rapidly
decreases with increasing thickness, and a further
region in which the rate decreases asymptetically to
the D&G region. Some authors (4, 10) have tried to
work with extremely thin films, even less than 103, by
cleaning the Si surface with HF, Ffor example, Fehlner
{10) found that below 500°C film growth up Lo 508 was
inverze lcgarichmic. Such behavicr is kest accounied
for by the Cabrera-Mctt {(l1) theory develioped for the
oxidacion of metals. In this regime space-chargze is
guite important and requires the moticn of caticns to
the oxide surface. These would have to be Si%4* for sSi
oxidation and thus seems somewhat unlikely. Hcwever,

simirlar results were alsc obtained by KamigaXi ané Hon

——~
h

. , . - . . -2 .
) by studying oxidation beleow 10~< atnm az

$50-1130°C. Thus, by adiusting temperatzure and

Pressure the initzal stages of oxidatisn can be

0
h
=~

H

a

2fuliy studied.

.
Th
it

i
s

rassure dependence ¢f the varicus race conpscants -

¥

iaverse logarictinmic, linear, parabolic - iz also of
interest, and ctha litaracure is somewha=s contradictory.

-

or exampiea, Ghe~ and van der Meulen (3) have found

LkS)

11
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that Kyjpn depends on pressure, temperature, and crystal

orientation, tending to pl/2 behavior at lower

temperatures, and toward linear penavior at higher

temperatures fcr beth (111> and <100> orientations. 1In

the thin regime the oxidation rate has a pressure

dependence of ~ pU+8, with variations being observed, .
depending cn the method of data analysis, temperature,

and f£iin thickness.,

To account for the experimental results, various theories

have been proposed. These £all inteo four groups:

(a) Space-charge effects whare the enhancement is
electrochemical, 1In this type of theory, widely
arplied by Cabrara and Mott (11) to metal oxidation,
oxidant transport is enhanced by an electric field
existing across the oxide layer. This theory yields an
inverse logarithmic relation between oxide thickness
and time, as nas been observed by several authors. One
form of this theory was recently proposed by Hu(9) who
proposed an intermediate oxygen chemisorption step.

The chemisorbed 0, wouid directly oxidize Si,
dissociate into atomic oxygen which would oxidize Si

apidly, or diffuse as 0~. This mechanism would

2]

ease for oxide thicknesses >1503. This interpratactiocn

[§)]

nas been criticized by Massoud et.al.(3) whe argue

i

r
o8

at space~change is not responsible for the observed

-

o~
o
S

Oxide-structure a2fiects that provide enhanced oxidant
transport. These ccuasist of micropores or channels

perpendicular to the surface chrough which oxidant
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could diffuse more resadily. Such channels are mcre
likely in amorphous or fused silica, and some c¢hannels

of various sizes, generally less than 50A, have been

observed. Diffusion through such channels would
enhance the ilinear and parabolic growth as well,

(c) Stress in S$i0Op has been proposed to enhance the
rate. tresses result from the mismatch in the thermal

- expansion ccefficients of Si and Si0jy. However, such
stresses should have no 2ffect on the rate wnen the
rate-limiting step occurs on the surface.

(d) A variation of the Henry's law constant for 03
solubility has been proposed to account for the
enhanced rate. Although a higher 09 solubility in
thin £ilms would account for c<he results, nc
independent measurements of the solubility in thin
£ilms have been periormed.

Massoud et. al. (39) propese that the ennanced rates in the

thin regime is accounted for by additional reacticns occurring
on the Si substrate. The nature of the reaction gites is not
xnown, but may rasult from Si-Si bonds which are more reactive
in the surface layer than in bulk, because they are bent or
broken. Hcwever, nc¢ experimental evidence Ifor this has yet Deen

optained.,

+3
[
0
IS4
3]
[$)
ke
ko]
(11}
N
[{3]
(4
oy
fv
1
T

hers .s no complat2 agreement on

gither the experimental results or the mechanism for oxidation

13

f e .. S Tl Tl T AP
i . S ST T . et AN R A ST
AN AL A LS LR L A L AU A SR L S A Sl L T . Pl - =7 .




g AT i 5 10 e o S T FEL R A PE AR T AR A MDA LGNS A TR LR SET AR SR CE L AR A LU VTR S g S et
g
i
i IV, Experimental Results
‘.{
§ As shown in the preceding sections, the oxidation rate of
£
gsiiiccon depends on several factors: (a) the "stage®" of oxidation

1 - parabolic, linear, and inverse logarithmic, (b) temperature,
% and (c) oxygen pressure, Of these, data for the parabolic and
gI
t N hd
b linear stages are least in dispute. Table I shows these rate
4 constants as given by Deal and Grove (1l).
g Table I. Racte Constants for the Oxidation
g of Si in Dry 07 at 1 Atm
¢ Temperature (C)  B{(Parabolic-p2/h) x 103 B/A(Linear-p/h) x 103
3
4 700 - 0.26
A 800 1.1 3.0
Bl 800 4.9 20.8
: 1000 11.7 71.

1100 27 300.
: 1200 45 1120,
3]
) As mentioned previously, activation energies for the linear
f and parabolic stages are 46.0 and 28.5 kcal, respectively,
3 L . .
13 corresponding tc the breaking of an Si - Si bond for the .linear,
" and Q0o diffusion for the parabolic stages. These two stages
&
2 together cover the range 300-20,000A. The parabolic rate
‘]
~§ censtant is linear in Pojp, probably at each temperature,
; although complete data are not available., However, bhetween 1000
fo.t
k! ané 1290° the sliope is independent of temperature when
Bai
.
b normaiized to the 1 atm vaiue, i.e2.,
;&‘
- B(c,T)
¥ = P
& B(l atm,T)
K,
<
8
i 14
B e s .
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Thus values c¢f B in Table I yield the pressure dependence

directly for 0 ( p { 1 atm. These results have been con-

firmed experimentally (7). The parameter A in the D&G theory is
approximately independent of pressure (7) (theory requires it to
pe independent) so that the presasure derendence of the linear
rate constant B/A is the same as that of 3. However, this latter
resuit is contradicted by the result:s of Kamigaki and Hoh (6) who
£ind A to be proportional to Poé/z. They therefore argue %that
in the pressure range 2.5 x 102 $ Poy & 1 atm the mechanism

1s a mixture of Mott~Cabrera and Deal and Grove, the latter pre-
dominating at the nigher pressures.

It thus appears that, except for the parabolic thick £ilm

regime, very little can ke accepted as definitely settled,

V. Active Oxidation

The preceding discussion has dealt wizh r-egimes in which
Do, even when iow, was sufficiently high Zor Si0; to be
formed. However, when pg, is sufiiciencly low, Si0; cannot
form ancd $Sio(g) i3 the product. In that case no protective
iayer can form and the oxidation is Quite rapid. This regime is

Lncwn as '"active oxidation'.

0]

Guibransen, Andrew, and Brassart (ll) wera probably the

-4 3 - . 3 T T ] 3 - - ¥ - -
Z1rst TZ lnovastigata Tals Dhenomenon. in addifticn to the direct

they also studied the reducticn of Si0y by Si.

Si0y(s) = Si(s) = 2 SiC(g)

+3
5
[11]
4
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when the prassure is lowered after

5107 has airead;

¥y Zormed, In this case, spailing cf zhe
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protective coating also occurs as the trapped Si0O builds up
prassure.

The "active™ and "passive" regiuns can be defined
thermcdynamically. Such a calculation has been carried out by
3 Hinze and Graham (12), based on the JANAF Tables (13) and data of
3 imbov (l4). Their plot is shown in Fig.2 for 1600K. It can be
seen that at this temperature active oiidation will not occur
above Po, = 10720 atm, and in general cannot occur unless Po,
lies below the equilibrium Si0 pressure at the Si0p - Si

interface., A more thermodynamic analysis is provided in the last

section of this report.

1]

s e

T

Si(s) SiCels)

b

L
-3 <32 -23 -24

[

B 1~ sited+ 0, Lg) 510, (a)

loq Pct (atm)

Fig. 2 — Thermodynamics of the Si-O sysiem at 1600°K using data of Smbov et al.
3 (14) and JANAF (13). (Figure 1 on page 1067 from "Journal of The Electrochemical -
Ry Society,” Vol 123, by J. W. Hinze and H. C. Grainam, published by The Electrochemucal
¥ Society, 1976, used by permission.)
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Active cxidation can occur either under molacular flow or
viscous flow conditions. The former has been well studied (153,
16, 17). The main result is that the steady-state rate of
material loss by Si0 evaporation can be calculated from the
Hertz-Knudsen equation by equating the rate of 0, arrival and

. Si0 removal.

. Jsin = J02 = 20902/(21 M02RT)1/2

where the J's are the fluxes of Si0 and 03, Mo, i3 the 03
moliecular weight and « is the sticking probability.
In the viscous flow regiine molecules reach and depart from

the surface dy diffusicn and the fluxes are given by

whera ho; is the average boundary-layer mass transier

D)

coefficient, 502 is the affective thickness of the oxygen

th
bt

ot

e3

er

cr

boundary layer and Do, is the 03 gas interdifiusion
coefficient. 1In the theory proposed by Wagner (18), the
transition from active to passive oxidation occurs, under laminar

flow conditions, when

The diffusion constant ratio is wvirtually independent of
=

temperature and gas flow veliccity, and czn be calculated from gas

Xinetic eguations.
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g A competing model successfully applied to the

? oxidation-enhanced vaporization of metals (19) has also been

g; tested for the active vaporization of silicon (12). 1In this

% theory Si03, formed by the reaction Si(g) + 03(g) = 810,

i is formed as a f£og at some distance from the Si surface. The

% rate of Si removal is controlled by 0; diffusion through the ’
& boundary layer ahead of the fog-formation front according to the
fé eguation

& Jst = Joy = Boypg,/RT

! The active-passive transition occurs when the front reaches
% the surface. ©For this condition

]

;e' 2 2L _y1/2

fgi Poz(max) = ho ( 2 Mg )

b _ 2

% whare PS? is cthe equilibrium pressure for the process

ey Si{i,s) = S8i(g)

)
Pt

The rate of Si consumption pradicted by the Turkdegan (19) model
e is half that predictad by the Wwagner mcdel (18). An experimental
;é test (12) shows that Si0 is indeed the active species at the
é surface, as predicted by the Wagner theory, but that the
o oxidation ceccurs in two stages, rather than the single one
}% prediczed py both theories. However, afier 2{max) of the Wagner
:% theory was excesded, S10; grew as whiskers ratiher than

laterally. Latsral growth occurred only after a second P{max)

|

~was exceeded.

oA,
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OXIDATION OF SILICON CARBIDE

I. General

In proceeding from the oxidation of the element silicon to
that of the compound silicon carbide, additional complexities are
necessarily encountered because both constituent elements are
oxidized at high temperatures. Further complexities arise from
the fact that SiC exists in several crystalline modifications,
and that the crystal structure is anisotropic (see below).

Viewed as a compound in the Si-C system, the substance
exhibits a peritectic near 2700°, well above the temperature range
of interest in oxidaticn studies - generally below 1600°~ and so
thermal decomposition is neot a factor. SicC is the only compound
in the 35i-C system and therefore other stoichiometries need nct
be considered,

:I. Forms of.sSic

SiC has been prepared for practical applications by .sevaral
different methods: Chemical vapor deposition (CVD),
plasma~-assisted CVD (PACVD), hot-pressing, acd RF sputtered
films. Some of these Zorms incorporate additives which increase
the density, burt usually affect oxicdaticn rates.

From 2 fundamental point ¢ view, single crystals are
expected to provide the most reliable oxidation data, but even
these are less meaningful than for $i because (a) the purity
achieved for 3i is rarely available for SiC, (b) SiC exiscs in at
least two major crystal modifications, a and 3. The forn usually
produced is a, and special procedurss must be used tc obtain 8.

In most respects the two forms appear to nave similar properties

21
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{(1,2). In addition, many different types, differing in packing
and interatomic spacings have been described for o (3). Most of
these are achieved by stacking simple tetrahedra in different
ways. {(¢) SiC may be acn-stoichiometric and values as large as
1.04 have been reported for the Si/C ratio (1). (4) sic is
non-isotropic, the opposite faces of a single crystal being
either silicon or carbon, the oxidation rates of the respective
faces differing by a factor of 6 or 7 (4) and obeying different
rats laws (5). The reason feor the anisotropy lies in the
tetrahedral structure of SiC, as shown in Fig. 1.

It i3 clear thac, for the above reasons, oxidation rates
might differ widely, particularly for polycrystalline materials
whose surface will have different fractions of the 3i and C faces
¢f tha constituent crystallites exposed. Impurities are also
expected to exa2rt major effects on the oxidatcion rates,
particularly since they are usually not uniformly distributed,

but tend to concentrate in grain dboundaries.

i1I.. Oxidation Reactions

There is general agreement that Si and C are oxidized
simultaneously. At suificiently high 0) pressures the rsaction
is

SiC{s) * 202(g) = Si02.4\+ coy(g) !

o
—

whereas at lower pressures CO i3 formed:

(1}

SiC(s) = 3/2 03(q) Sicy(s) + CO(g) (2]

. S -
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At extremely low pressures S5iO(g) may alsc form, as it dces for

S$i, presumably by

E SiC(s) = 0O2(g) = si0(g) + CO(g) (3]

The stapility regime for these tiree reactions ¢an be calculated
- from thermodynamic data, but the results may have only limited

applicabilicy to the kinetic situation encountered in rate

studies. An example of such a plet is the diagram prepared by
Fitzer and Ebi (8), Fig.2, which sheows the stability domains
for S5i0y and 510 at various oxygen pressures as a function of
temperature. For example, at 1 atm Si0 is not formed below
2100K, but at 10-5 atm Si0 is favored above 1350K. Furcher

thermodynamic information is provided in a later section.

I7., Oxidation Mechanisms

Just as Deal and Grove analyzed data for Si cxidation
obtained prior to 1965, so were data for SiC oxidation prior to
1964 analyzed by Motzfald (7). The tamperature range covered is
300-1600°, There seemed to De general agreement ameng cie

authors cited by Motzfeld that the reaction {1} is controlled by

(a1

diffusion of 07 to the SiC-5i0j interface andé that because twice

as many moles 03 arz reguired to oxidize cne mole of SiC than one

mole Si, the cxidation rate of SiC should be half chat of si.
Altheugh the data are scomewhat scattered, agreemens is guite

good, Moreover, the tamperatur

(14

dependence is alsc :the same,
indicating that the work cited by Motzield is in the parabolic

thick film

"

egime where the rate-decsermining step is the

h

diffusion of 03 in, and not the difiusion oI cut.Since the

€1

O
()
)

oxidazion T

fo
n

es and mechanisms may dspend on Zorm and

ot
e 3
©

Q
rh

impuricies the S5iC we discuss these in separate sections,

23

N - N Tt At A ta Y
! . - B - o a e e AT et e T AT R AT A et st AT PRI T T IRV S Y I TR
“‘-"{‘--A'-.,‘;;,“‘\.\l'."'b..'.‘, [ S S N T N . JPR _._,._‘.-.'*\_._,»_-‘.‘-_. D N '."~'-‘.‘""\~\i\..\\t'-“r"'
2” -2 PP e i S s PRI I B0 AN, PRI P i S, aeat s




>

T N T N R R R T AT A TR R T AR T T AR R A AL AL L .

A. Single Crystals

There are very few studies of single crvstals and most of

them have concentratad on the form of the oxide scale.

For example, Heuer, gt.al (7) oxidized various grades of

a~SiC in ambient air at 850°-1500°C. They found that Si0y
first forms as amorphous layers which subsequently devitrify to
cristobalite spherulites. In a more detailed study, Ogbuji (8)
obtained essentially the same results.

A careful examination of oxidation on the various faces of
n- and p- type SiC was carried out by Minch and Pfaffeneder (9)
at 1070°C in HjyO-saturated 0;. They confirmed the well-known
fact (5) that oxidation on the carbon (000I)face is about ten
times that on the opposite silicon face, Rategs for the (1120)
and (1100) planes containing equal concentrations of
carbon and silicon, were intermediate. 1In general, doping
increased the oxidation rate.

Harris (5) measured oxidation rates on the Si and C faces af
single crystals (otherwise nct further described) in flowing O3
and interpreted hils data in terms of the Deal and Grove
constants,

Strangely, Harris reiers to the ™"thin" and "thick" £film
sides afifesr oxidation without identifying thnem as the faces which
were originalily Si and C. ©On the "thick-fIilim" side, growth was
parabolic for films > 25008 with an activation energy of 47
kcal, determined from the temperaturs dependence. On the "thin”
side rates are linear at all cemperatures and times with an
activaticn energy of 85 kcal. This implies that on the thick

side oxygen diffusion is rate determining, whereas on the thin
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side a surface chemical reaction is. These resuits are strange,
since they imply that the oxidation chemistry of the two faces
remains fundamentally different alithough the entire crystal
consists of alternate C and Si layers. However, Harris' results
have been confirmed by an oxidation study of the 3iC faces (1)
which explicitly gives 47 kcal and 85 kcal for the carbon and
silicon faces of o« - SiC. However, no detailed mechanism has yet

been proposed to account fcor these differences,

B. Sintered SicC

SiC can be sintered above 1900°C, the density acaiaved
depending on the temperature and additives (11) used as
densification aids. WwWithout such aids only ~70% of theoretical
densicy is achieved. The most effective additives are boron and
carbon, e.g., DY heating a commercial "pure" o-SiC powder with
7.3w% B8 and 0.5% C at 2150°C, 96% of theoretical density was
obtained. 3SiC has also been sincered wizh much smallier (~1%)
concentraticns of beron, and aluminum has also been used as
sintering aid.

These sintaring aids markedly increase the oxidation rate
over that of pure sSiC (12, 13, 14). The additives, e.g. boron,
concentrate in the grain poundaries in which zheir diffusivity Iis
very high. Thus the measured diffusity of B in polycrystalline
SLiC is several orders of magnizude that in the single crystal
material. As oxidacion proceeds,boron diffuses into the S5i0;
layer driven £y 2 concencration gradient. 1In this film its
diZfusivicy 1s alsc much higher than in pure 5i03. It appears

likely that the 04 diffusivity in this guasi 3,703-8i0+ lavar is
1 2V3 2

2
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log, 1

also higher than in Si0j and consequently the oxidaticn rate of
sintered SiC will be enhanced by the additive.

With respect to activation energies the situation is quite

complex and a range of wvalues has been reported (13). This is
not surprising since the microstructure varies with the method of
preparation, Since the oxidaticn kinetics are generally
parabolic, the rate-determining process is presumed to be the
éiffusion of 0o through SiOj3. The low end of the reported
activation energy range is near that for SiO; formed during Si
oxidation. It should be remembered that the activation energy
meagures the temperature coefficient of the rate and means that
the rate for 3iC oxidation changes more rapidiy with
temperature than for Si oxidation. Changes in Si0; structure
with temperaturz2 have been proposed, dut so far there is no

convincing explanation for the phenomenon.

The results for hot pressed (HP) SiC are quite similar to
those for the sintered material. 1In order to achieve theoretical
densitcy addicions of aluminum and (freguently) boron .are
required., These additives increase the oxidation rate
considerably (up to several times) over that of the pure
material., The literature up tc 1979 has bheen reviewed DY
Schlichting (i5,16), cf. Fig. 3, and is also confirmed by later work (13).

Oxidaticn is parabolic, implying that 05 diffusicn inward
is the rats determining scep. The oxidation produce is S1i0j,
which forms in a glassy layer wnich gradually crystallizes, at
least partly, to cristobalite. The impuricies (addicives)

diffuse from the SiC into the Si0) layer, 1If the boroen
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concentration and the temperaturz are sufficiently high,

B703 may vaporize, In some cases mullita has been detected
in the oxidation layer. Over the temperatur2 range usually
studied, 1000-1i600°C, Arrhenius plots are not linear, but

exhibit several well-defined changes in slope (Fig3). It is

tempting to associate these with changes in mechanism, but those
proposed - mainly in terms of changes in the permeability of the

SiCy layer for 05 - have an ad hoc character.

D, Powdear

Oxidation studies of SiC powders offer attractions: Pure
SiC can easily be cbtainad in powder form, each of the

grains is 100% dense, and the method is easily adapted %o

T TR s R e W

thermogravimetry since the large surface area of a powder leads

to an easily measurable weight change during oxidaticn. On the

Pt 43

other hand, one must De aware of potential pitfalis. If the
grains of the powder are small and closely packed, the diffusicn
of Oy to the surface of the grains might become

rate~-detarmining, and no significant information is cohtained.

l;]

or $iC an additional problem is the sintering of the
SiQ0j-covered grains above 1400°C which both restricts 0

access an?d leads to a recduction of surface area (17). This

-

'S

9]

T

)

Cilam ¢an De aveoided rto scme axtent by forcing i

€ TeacTtant

-

g

- as through a zowder bed (18). A further problem arises from the

17

grain gecmetry itsgself. 1If each grain is assumed to pe sphericail
the surface area will decrsase as the reaction front advances

into the grain, and be reflected as an apparan

cr

decrease of

o

hough the race/unit arsa is constant. This is a

rate, a

Wwell-raccgnizad problem in topochamical studies with powders.
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)
. Its solution is Xnown as the "contracting sphere®™ medel, and it
k&
Bl
g has been applied to SiC oxidation (19). 1If 0 is assumed to
&)
3 reach the grain particles by diffusion the fraction R of the
) oxidation compieted is:
& 1/3,2 21 2
"‘ .
%; {1 - (1-R) ] = =5 kK kt
3 o]
"0
[ where A 1s the cube root of the volume of the diffusing species, .
1
! To is original grain radius, and kg is a factor introduced to
¢
: allow for surface roughness, and the number of surface sites
5 available for reaction. Since all the factors multiplying t are
i% constant, a plet of the left side against t should be linear at
e
) constant temperature, as is observed, the slopes increasing with
"f increasing temperature.
X
’% The studiss c¢cited above agrse with the rasults obtained for
2 cther forms of SiC: The reaction i3 controlled by the diffusion
X c¢f 09 through 5i0j, which grows at the Si-SiC interface.
Y
L
b
L V. Summary
¥ 1. The oxidation rate is parabolic, which indicates that
o
=
8 diffusion of 0s through 5103 is rate-determining,
3 i.e., reaction occurs at the SiC-5i0Oy interface.
'} 2. The reaction of product gases (C0,CO3) out is not
)
% rate-determining. .
3
3 3. At very low Poj oxidaticn is active - the products
3 are Si0 and CO - and no protective scale forms. -
%,
ﬁ 4. The initial (pre-parabcliic) stages have not yet been
3 studiesd, as they have for si.
X
&y
K 28
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S. The effect of impurities, usually Al and B added as
densification aids increase the oxidation rate,
probably because they diffuse into the Si0, and make
it more permiable to 0j3.

5. A wide range of activation energies has been reported,

. and the values seem to be temperature dependent. 1In
general, these energies ars higher than for si

oxidation. If diffusion of 05 through Si0j is

1P W i § D W e W oW ALY

rate-determining in boch

cas=es tiis requires explanation. Cne such explanation

is based on the 2¢currence of the glass-cristoballite

W@ P d G T

transition, the diffusivity oI 09 being different in

the two materials. However, although the oxidation

rate of pure SiC is ~ half &that of 3i, as might be

expected on the basis ¢f stoichiometry, the addition
of impurities greatly increases both the rate zand the
activation energy. No convincing explanation has yet
been offesrad.

7. SiC is anisotropic - opposite faces are Si and C.

Their oxidation rates, studied with single crystals,

th

differ by a factor of 6~-10. No derailed model has

yet been oifered which explains this iu terms of the

-

oxidaticn 9f successive layers of Si and C which is
the same for both faces, i.2., why i3 the initial
layer so important in determining zhe rate?

8. Polycrystalline SiC is liXely to contain a mixture of

Si and C faces on the original crystallites, On

statistical grounds alcne the 3i/C area ratio should
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be unity, but processing technigues may produce
deviations. Thus a comparison of rate for different
starting materials is not expected to provide any

fundamental insight into oxidation mechanisms.

|

Ommn

e

Fig. 1 — Basic tetrahedral bond of SiC (from ref. 5). (Figure ! cn page 7 from "Journal
of the American Ceramic Society,” Vol. 58 by R. C. Harris, aublished by The American
Ceramic Society, 21975, used by permission.
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=19 +3 -
150} Po; /’0/ 19*

-AG, kcalt/mol

SiC +X-02

1000 1500 2000 T.%

Fig. 2 — Free energy of reaction for the oxidation of SiC by oxygen, reiated to 1 mol
SiC (6). (Figure ! on page 320 from "Silicon Carbide,” by E. Fitzer and R. Ebi,
published by University of South Carolina Press. 21973, used by permission.)
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Fig. 3 — Temperature depeadence of the ox:dation rate of hot-pressed SiC for various
added Al concentrations (after 15). (Figure 4 on page 256, Vol. 36, No. 9, by I
Schlichting from "Berichte Deutsche Keramische Gesellschaft,” 21979, used by
permission.)
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OXIDATION OF SILICON NITRIDE (SijzNy4, SN)

I. Forms of Si3Ng
Silicon nitride, frequently akbreviatad SN in the
literature, has not yet been prepared as single crystals.
Consequently, oxidation studies deal with SN prepared in
- particular ways, the products containing densification additives
and/or pores. In that respect the situaticn is similar to that
£or $iC, except that single crystals are not available.

Listed here are the common methods for preparing SN and

T

their commenly used abbreviations:
1. Reaction-bonded SizNyg (RBSN)
This material is produced by in-situ rezaction of

Si/metal particulate compacts with Np. SisNyg

3_
H
H
3
H
o
4
i}
i

crystallizes into the pores of the initial compact,
resulting in substantial densification., However, the
material may still be porous. It also contains the
criginally added metal.

A method for obtaining at ieast f£films of
near-theoretical density is sputtering. For example, SN

£ilms up o 25um chic¢kness have been preprarad by

rt

2acgting 31 pressed ¢on TSP o

3]

RBSN billets wizh Ny,
02, and NjC.
2. Chemical Vapor Deposition (CVD)
This mechod is freguently used to deposit SN films of

near~theoretical densicy on Si. The subs

or

ra
-

o

e 1is
heated to 300-1300°C in an atmosphere of SiHy + NHj

and SN derposits.,
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n
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3. Hot-pressed SN (HPSN)
SijNy4 powder is pressed with a sintering aid, usually
Mgo, for a few hours at 1500-1800°C. The.grains are
bonded by a glassy phase containing the major part of
the sintering aid. Y¥,03, 2rQ3, 2rN, ZrC, CeOp, and
Cey03 have also been used as sintering aids. Oxidation
of these materials may affect the SN and the glassy
phase differently.
4, Pressureless Sintering
Similar additives and temperatures are used as in
hot-pressing. N; atmospheres have been used o
inhibit decomposition. 90-95%% of theoretical density has

been achieved,

1I. Oxidacion Reactions

Oxidation reactions for Si3Ny are very similar to those
for SiC. At higher oxygen pressures Si0O9 is formed as a
protective coating. Instead of COy or CO, Njp or oxides of

nitrogen are evclved as products (1):

SizNg(s) + 30,(g) 3 Siog(s) + 2Ny(9)

SizNy(s) + S505(g) 3 Si09(s) + 4NO(g)

which may 3¢ follicwed by

2NO(g) = ¥

to

1)
~—

4

0,(9)

Under some conditions an oxynitricde may form:

Si3N4(s) + 0,5(g) = Siy0Ns(s) + Sio(g) +Nz(g)

T

" FAT
bR 3R
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IITZ. Thermal Decomposition

. -

Apove 1300°C 5i,Ny decomposes to the elements (2).

Si3Ng(s) = 3 Si(l) + 2N3(9)

The stability diagram Zcr Si3zNyg (3) is shown in figure 1. It
is obviocus that sintering under high Nj pressure will inhibit
this decomposition. A more detailed discussiion is given in a
lacer section.

If other materials, e.g., oxides, have been added as
densificaticn aids, decompositiocn will yield other materials
besides Si0 and Nj

Since this repcrt is primarily concerned with oxidation, it

will fccus on studies helcocw 1300°C, where decompositicn can be

IV. oxidacion of SijzNy
Since SN is generally not available in the pure state,

gXcept perhaps for powders, we discuss first oxidation studies of

L)
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ials, before commenting briefly on studies

.

ajor constictuents.
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There is very lictle work on the cxidatiosn xinetics oF

SN powdéer., Horzon (4) found that after an initial

‘g

iod (not further studied) tne oxidation was parabolic
from 1065 to 1346°C. Only a small fraction of the total
mass was oxidized, thus obviating the need Zor the
contracting sphere modal. The activation en=rgy was &3

Xcal in dry air and 61 Xcal in dry Cp, which is abocut
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twice the antivation energy for 04 diffusion through
silica glass. Hcwever, the higher values may result
from the formaticn cf ¢ tridymite. The structure of
this matarial is sufficiently open for Nj; diffusion
out not to be rate-determining.
CVD Films

These films are of considerable interest both as
semiconductors, in which case they are deposited on a
silicon substrate, and for high temperature appli-
cations, such as in gas turbines, where the substrate
is a structural alloy. The importance ¢f this form of
SN lies in the high purity which can be achieved. For
control of electrical properties this is a necessity;
£¢r high tamperature uses the high purity also lezads to

which

«r

nigher oxidation rasistance, ands to pe lowered
oy additives.

S

“

£ilms can be preparad by several methods. 1In

addicion t£o the method already mentioned in 1.2, they

can also be prepared by reactively sputtering Si with
No(g) (5). If 02(g) is added, oxynitrids films ares

formed. Ia this case a continuous series of compounds

with changing oxygen and nitrogen compounds are formed,

(¥)3

mixture ¢f 3109 and 3i3N4g. (3).

studies, an examinaticn c¢f SN by

8]

cxidized at 1070°C found a surface layer
of oxynitride, rather than SiCp (7).

The oxida*ion of beth crystaliine and amorpnous SN

n

m

n

Geposited on grarhite were also studied

Te]

[ 24

1'
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306° - 185Q0°C (38). TFor
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thermogravimetrically at
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crystalline SN, oxidation i3 always parabolic (after an
initial period, which was not further studied), the
cocating consistiugy of a-cristoboiite. Amorphous SN
oxicdized parabolically a% first, and then switched to
linear growth. For both kinds of SN the surface was
dense and pore-free during parabolic oxidation, but was

porous during linear growth. No oxynitride was detected

th

or 2ither material. The activaticn energies for the
parabelic growth were 93 and 110 kcal for the
crvstalline and amorphous fcrms,; respectively, much

reater than for the diffusion of 0j through glassy
S103.,

Recently a quantitative theory for SN oxidation on Si
has been prepcsed (9). It is similar to the Deal and
Grove model except for the "extra®™ layer of $N.

Gas | Si3Ng ¢ 3109 4 31

C, than SiiN4 is and predicts that the oxidation rate of

SiiNyg is constant and that of Si is zero if the SN

(AN

ilm
is much thicker than the diffusion length of the oxidant
species in SN; in that case Si0p will grow conly at the
ourar S¥ surface. For thin 3N £ilm some oxidant may

diffuse tarcugh the 35N, and perhaps the 5103, and

({9

increase te thickness of tiie inner SiOj layer.
Hot~pressed Si3Ny
This material always contains additives wheose

composition and concencration vary widely. Qxides ¢

rh

Mg,

Co, Fe, and Al are commeon, but rare =2arth oxides such as

R




CeQy and Y;03 have also been used. Concentrations vary

from impurity levels present in commercial powders,
generally < 1% to purposely added concentrations >10%.
Even at the lowest levels all impurities lower the
oxldation resistance,

For example, the oxidation of SN with a total impurity
level of ~1%, began at 700°C (10). An amorphous 5i0;
layer formed at 750°C, which tended to crystallize to
cristobalite as the temperature was raised toward 1000°.
Above 1000° the impurities began to react in the surface
layer, forming a variety of structures: enstatite
(MgSi0s3), akermanite (CasMgSij09), forsterits
(Mg981i04), and diocpside (CayMg{sSiQO3)3). The relative
cancencrations of these materials changes with time and
temperature, Their concentrations in the surface layer,

mostly S103, is much higher than in the bulk. The most

likely reason is that the bulk impurities (additives)
are not uniformiy distributed but are ccncentrated in a
glassy intergrarular phase from which they diffuse
readlily into the oxidized layer,

The oxidation kinetics c¢f hot-pressed billets of
near theoretical dansity and similar impurity level
{(13/Mg90) has also been scudied (1l1). Between 1200 and
1400°C, oxidation is parabelic with an activation energy
of 90 Xecal, similar to that reported for pure thin
films. Otherwise the results resemble those of Kiehle
et. ai, (10).

in contrast to ths rather sparse literature on

Si3Ng hot-pressed with 1low concenctrations of

40
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impurities, far more work has been reported for
materials containing high concentrations. From a phase
rule point of view, such materials can be viewed as
compounds of SijNg with additives in ternary or

higher systems. Babini and Vincenzini (12) have reviewed
much of this literature, as well as carrying out
experiments in the SijNyg4 - Y303 - MgO system.

In spite of the variety of compositions employed in
various studies, the results can be described by
relatively few generalizations.

1. Parabolic weight gains are observed for all
systems, irrespective of additives and
temperature.

2. Additives diffuse from the bulk to the surface
iayer,

3. Oxidation rates vary with the nature of the
additives and their concentrations, but there is
no simple correlation.

4. Arrhenius activation energies vary with the nature
and kind of additive, but there 1is no simple

¢crrzalacion.,

iy

Prom a practical point of view, additives aid densi-
Sication and inersase mechaaical strength, while
lowering the oxidation resistance., Consequently the
compositicn chesen always involves a trade-off. It is
therefore not surprising cthat many ccmprositions nhave
been studisd in ordar to design SN ceramics for

particular apviicaticns. Cne result of this work has
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been to develop some generalizations which are useful in
maximizing both mechanical strength and oxidation
resistance., For example, the system Si3Ng -¥503 - Si0j
compositicns in the compatibility field Si3Ng - SijyNy0 -
¥281707 £ill the requirements, but the occurrence of the
four quaternary compounds ¥j}5Sig023N4, YSiOgN,
¥2S1i707N3, and S13¥,03N4 is to be avoided (13,14,15).

D. Reaction-bonded Si3Ng4 (RBSN)

As described in I.l this material suffers from open
porosity, although it is of interest because of its
high-temperature properties and fabricability. So far,
oxidation studies have been limited, but some results
are available (16, 17, 18). These are summarized hsre.

Oxidation at relatively low temperaturss, 700-1200°,
iz parapeclic and occurs both internally - in the pores-,
and externaliy. The oxidaticn rate is thus dependent ¢n
the porosity. The formation of a coherent and dense
surface layer of SN deposited on the surface of porous
RBSN can slow the oxidation rate. ZEven more effective
is a surface layer of S5i,0Ny, which may be
deposited by sputtering (1i8).

Near 1500°C, gas evclution is cbserved which probably
comes from thermal dissociaticn

SizNg4 = 3Si + 2N3
and/or reaction between oxidation and dissociation
products:

S§i0y + Si = 2510
Thus 1400°C probably represents the upper temperatcure

limit for this material.,
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DEZCOMPOSITION AND OXIDATION OF SILICON OXYNITRIDE (SiyN,0)

The formation of this compound under certain conditions
during the cxidation of SN has been described in the previous
section. Here the rather sparse literature pertaining to the
stability of SijN70 is reviewed. One reason for doing so is
that the oxynitride has recently been recognized as a useful
ceramic in its cwn right (1),

The compound can be prepared by reacting SiOj; with Njp
under an appropriate pressure of Oz at 1400 - 1500°C (2) or
Sy reacting a 3:1 mixture of Si-Si03 with Ny at 1450°C (3).
Thermodynamic aspects of the stability will be discussed in the
next section. Here we summarize workX on the decomposition
reactions., Based on analysis of evolved gases and X-ray

diffraction ¢ tne condensed phases, the overall decomposition is

38iyN20(s) = 3 S10(g) + Na(g) + SizN4(s)

Both in vacuum and argeon, this reaction begins at 1250-1300°C and
ceccmes guite rapid at 1400°. Both « and 8 SijN4 are

fcrmed. AL the higher temperatures SijNy is alsoc unscable.

From the time derendence of the reaction products, che authors

Zaduced the fcollowing r=2action seguence:

1}

2S19N70(s) Si0z(s) + SizNy

313N4(s) 3Si(s) +2N3(g)

1)

Si03(s) + Si{s) 2510(g)
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In order to obtain dense ceramic bodies from Si;ON; powders,
additives such as 3e0 and Mg0Q are required. Nearly pore-less
specimens were obtained with 5% Bed(3).

The oxidation proceeds in a manner similar to that of

Si3M;; being virtually unnoticeable at 1400°C, and becoming

¥ rapid above 1500°. !
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OXIDATICN THERMODYNAMICS OF SILICON, SILICCN CARBIDE, AND
SILICCN NITRIDE

-

I. General

The oxidation of the above materials has been discussed in
the preceding sectionsg, with emphasis on the nature ¢f the
reactions and their kinetics. It is, however, also very useful
to examine tie thermodynamics of oxidaticn and, to a lesser
extent, thermal dissociation. For example, all of these
materials exhibit a transition from passive to active

oxidation wnich depends on the 0, pressure for the reaction

$i0(s,1) Si0(g) + 1/207(9)

The stability ranges of various materials and oxidation products
fraquently depends on gas praessures in an analogous way. Thus
the stability ranges provide valuable insight intc what reactions
are to be a3xpected, since reactions which are thermodynamically
unfavorable cannct occur to a significant extant,

Thermcdynamic information can be given ia various forms.
In simple systems, where only a single reaction is operative, a
tabulation of the eguilibrium constant as a Iunction of
temperature may suffice; alternatively, log X may be plotted as a
function cf temperature. When a2 system becomes more complax,
generaily when several equilidbriza cprerate simulcansously, a
listing of several aqguilibrium constants is of limited utility.
It has thersfore become more popular in recent vears to censtruct
"stability cdiagrams" which indicat2 the range of conditions,
generally gas pressure and temperaturs, over wihich variocus

materials are scable. Several authors have pupblished such

- - L. « - e oo g
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diagrams for the materials of interest here, and these are
reproduced and discussed below.

Table I lists AGYf for the major species occurring in the
Si-0-C-N system as reactants and products from 1200 to 1800K.
The data are taken from JANAF (l). A similar table was puhlished
by Gulbransen and Jansson (2) for ﬁ‘i S$i-0~C system in the form
of Log Kp. These values were used by these auchors to construct
stability diagrams which are also given in this report. 1It
shculd be noted that the small shifts in the diagrams wnicn would

occur by c¢onsidering values for the various medifications in

which some solids exist, are not significant.

Table I. Thermochemical Data of Compounds and
Species in the 5i-0-C-N System (1)

sk, RN 9O, i U g bt o i I I AP o S ol e b R

AGYE (Xcal/mol) at Zemp(°X)

1200 1300 1500 1800

si(g) 65.257 38,335 S1.459 45.445
$1,9) 87.392 73.806 70.206 63.523
si3(q) 93,331 84.131 75.084 §5.631
$10(q) -48.572 -52.491 -56.244 -59.118
$105(s)@ -156.296 -158.134 -150.585% -141.148
$102(9) -73.755 ~73.753 -73.722 -72.844
SiCa(s) -14.318 -14.450 -14.085 -12.899
s1C(g) 116.945 107.832 98,799 30.661
5i,C(g) 72.448 §3.583 55.049 48.172
c(g) 126,035 118.469 110.919 103.388
co(g) -52.049 -35.189 -60.284 -64.337
£04(9) -94.681 -94.715 -54.739 -94.750
542N 43) -83.005 -67.354 -51.350 ~34.043
NO(g) 17.981 17.373 15.765 16.156
NO5(g) 25.921 28,951 31.975 34,992
N5049) 86.726 100.369 113.838 127.299

4 Criscobalite, nicn
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II. The Si-Q System

Figures l-4 show the partial pressures c¢f various species in
this system from 1200 to 18C0. The vertical lines give the
oxygen prassures for the dissociation reaction.

Sicjy(s) = Si(s) + 03(9)

The horizontal lines show the equilibrium pressures of Si(g),
Sijz(g), and sSi3z(g) over Si(s), at the left, and of Si0,5(g) over
SiOj(s) at the right. The lines of variable slope show
eguilibrium pressures of Si0(g) and the Si(g) species over Si(s)
on the left and over $i0O3(s) on the right. The C0/C0O; and Hy/H30
ratics shown on the bottom give the 05 pressure at the top. Note
that when Si0; becomes the stable phase, the importance of Si0(g)

diminishes.

IZI. The Si-C Systam

Figure 3 is & 1log psic, VS log pe diagram for 1600XK.

b'¢
PSiCy refers to all the different gaseous species

inclucding Si and its polymers. The vertical line separates the
existence regions of Si(s) and SiC(s). The dashed vertical line

gives the vapor pressure 0f C(s). Pressures ¢f carbon greater

than zhis vapor pressure have 30 physical meaning.

IVs The 3i-0-C Systzam
The 5i-0 and Si-C systems are part of the Si-0-C system.

Thus, the information in Figures 1-5 applies to parts of th

®

ne

ct

8i-0-C syscem. The addizional data needed to characterize

e
(]
o
O

Si-0-C system realat the ccexistence of 5i0j3(s) with SiC(s)
and C(s). Diagrams are shown 1in Figs. 6-9, The neavy horizonzal,

vertical, and slianted lines define boundaries batween the
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condensed phases. The thin, slanted lines show the values ci log
Peco from the equilibrium

C(s) + 1/20z(g) = CoO(g)
The log Pco/9c02 at the pottom of the diagram relate CO
and COp pressures according to the equilibrium.

co(g) + 1/207 = COz(g) .

The figures show that SiOj(s) is the stable condensed oxide on
SiC(s) in oxidizing atmospheres. The stability range £for SicC(s)

is very small.

V. The Si-N System

Jansson and Gulbransen (3) have published the stability
diagram for this system at 1800K, shown in Flgure 10. Si(g) is
the major caseous species over Si(l) and also over SizN4(s)
for log py, ¢3.83. The nitride is unstable for Nj

pressures below 0.01 atm.

I. The Si-0-N System

The thermochemisctry of this system 1is not as getiled as
that of the others, primarily because data for Si,ON; are
net welil established. In addicion, there are still arguments
whether o - Si3Ny 13 actually a material containing some

oxygen, and only 3 - Si3Ny i1s oxygen-free (3). 1In Fig. li we

[

show a stapilicy diagram Ior the Si-N-0 system at 1500K, as given
by Singhal (4), which is based on the thermodynamic data of
3legen (5). 1In this diagram any distinction between different
crystal scructures of Si3Nyg4 has besn neglacted, and the

stability range of Si)0ONj; is guite large. A somewhat




- WAL TR A W e P AT e T AL T . T £ T A T A e A S

different choice of data would shrink this region considerably
(3). More definitive thermodynamic data for the oxynitride are

certainly needed.
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Fig. 3 — Stability diagram for silicon-oxygen system at 1600°K. (Figure 3 from
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Fig. 4 — Stability diagram for silicon-oxygen system at 1300°K. (Figure 4 from
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SUMMARY

As the foregoing review shows, the oxidation of silicon,

si.icon carbide, and silicon nitride have much in common:

l. For all three substances there exists a critical
oXygen pressure below which oxidation is "active®,
leading to the formation of Si0{g). Above the critical
pressure oxidation is "passive", resulting in a
protective layer of SiQy9, which may be glassy,
crystailine, or mixed. The critical pressure is that

for the equilikrium.

S10(g) + 1/203(g) = Si0(s)

2. 1In the passive regime oxidation occurs at the Sio; -
substrate (Si,SiC,sSN) interface, the rate being
determined largely by 04 transport through the
protective layer.

Differences in the oxlidaticn reactions rise primarily

from the non-Si element in SiC and Si3N4, which also

participates in the oxidation reaction. The gases formed - CO or
CO0; and oxides of nitrogen, raspectively - may affect the
stapility of the protective Si05 layer, if their transport
tarough this layer is hindered. In that case, the 3i0; may
exhibit bubbles, or spall.

However, our underscanding of the oxidation processes is at

very different stages for the three substances, both kinetically

and thermodynamically.
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Thermedynamic data for Si, SiC, and their oxidation
products are well established in the temperature range of
interest (1000 - 1300°C), and therefore stability diagrams can be

drawn with conifidence. For SijN4 the situation is not as

Q

lear, because data for Sis0Np are still somewhat
fragmentary, aud S&cause o« - SiiNg4 contains oxygen under

some conditions.

n

With respect to oxidation Xinetics the situation is even
more disparate. For silicon, rate laws and activation energies
are well established over a large part of the kinetic¢ regime.

The uncertainties that remain mainly involve the very early
stages of oxidation. However, these are of great interast in the
praparation of semiconductor devices. A major reasaon for this
understanding lies in the availability of high-purity single

crvstals., Thus, the 2ffect of even very low impurity levels

introduced by doping can be readily assessed,

The situaticn for SiC and Si3N4 is not nearly as fortunate.
Si3Ng4 single crystals have not yet been prepared, and work on SiC
single crystals, which dc exist has been sparse and is made more
difficult by the anmisotropy of the materials. Moreover, Si3Ny
of theoretical density has not yet been formed without additives.
These additives generally increase the oxidation rate, probably

necauge they concentrate in grain boundaries which are more

[Te]

-

permiable to 09 chan the bulk material, and from which they
diffuse into the Si0; layer to form a variecy of compounds. Thus
there exist:z no base line of pure material from which the effect

of additives can be assessed. 3Both SiC and Si3Nyg prepared by

<
3%}
(A
(&
o
'
n
r
[{}

chnigues wizh a variety of additives, exhibit a range

0 activation energies, a clear indication tha:s no fundamental
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rate information on the materials themselves is being obtained.

In order to obtain fundamental information on the oxidation

L e At o e

mechanisms of SiC and Si3N4, high purity crystals offer the best
pcssibility. For SiC this is within reach, but not much has been
done yet. The synthesis of single crystal SijN4 is likely to be
a difficult problem. Careful studies on very pure powders could

pe utilized in the meantime.
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