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Thermodynamic stability of binary oxides in contact with silicon 
K.J. Hubbard•) and D.G. Schlom 
Def'.art"':ent of Materials Science and Engineering, The Pennsylvania State University, 
Um vers1ty Park, Pennsylvania 16802-5005. 

(Received 8 June 1995; accepted 26 April 1996) 

Using tabulated thermodynamic data, a comprehensive investigation of the thermo­
dynamic stability of binary oxides in contact with silicon at 1000 K was conducted. 
Reactions between silicon and each binary oxide at 1000 K, including those involving 
ternary phases, were considered. Sufficient data exist to conclude that all binary oxides 
except the following are thermodynamically unstable in contact with silicon at 1000 K: 
LhO, most of the alkaline earth oxides (BeO, MgO, CaO, and SrO), the column IIIB 
oxides (Sc20 3, Y20 3, and Re203, where Re is a rare earth), Th02, U02, Zr02, Hf02, 
and A}i03. Of these remaining oxides, sufficient data exist to conclude that BeO, MgO, 
and Zr02 are thermodynamically stable in contact with silicon at 1000 K. Our results 
are c_onsistent ~ith reported investigations of silicon/binary oxide interfaces and identify 
candidate materials for future investigations. 

I. INTRODUCTION 

The fabrication of oxide thin-film microstructures on 
silicon substrates offers tremendous opportunities for the 
future of microelectronic devices. Such rnicrostructures 
would allow oxide layers to be fully integrated with silicon 
circuitry and the broad variety of optical, electronic, 
and magnetic properties of oxides to be utilized on­
chip. If high dielectric constant ( E, ) oxides, ferroelectric 
oxides, high transition temperature (Tc) superconduct­
ing oxides, or magnetic oxides could be combined with 
existing semiconductor technology, the materials prop­
erties available for use in microelectronics would be 
drastically enhanced, allowing improved functionality and 
performance to be realized. Unfortunately, direct growth 
of these oxides on silicon is frequently accompanied 
by extensive interdiffusion or chemical reactions that 
degrade the properties of the oxide, the underlying silicon, 
or both. 1-8 Consequently, the focus of a great deal of 
materials research has been devoted to overcoming these 
obstacles through the identification of compatible buffer 
layers for use between silicon and the desired oxide 
layers.1-9 

Several factors must be considered in selecting 
materials for use as buffer layers between silicon and 
a particular oxide: chemical reactions, interdiffusion, 
thermal expansion match, crystal structure, and lattice 
match are some of the most important. 8

-
10 Extensive 

chemical reaction between the buffer layer material 
and silicon or between the buffer layer material and the 
overlying oxide can result in the formation of interfacial 
phases that often result in a loss of epitaxy. Interdiffusion 

•>Present address: EPI, Chorus Corporation, St. Paul, Minnesota 
5511 0. 
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among silicon, the buffer layer, and the overlying oxide 
can severely degrade the desired properties of these 
materials . For example, impurities diffusing into an oxide 
superconductor film can lower the Tc, reduce the tem­
perature coefficient of resistivity, and increase the 
normal-state resistivity.11 Impurities diffusing into the 
silicon substrate, especially those that produce deep levels 
such as the yttrium, barium, and copper constituents of 
the YBa2Cu30 1- 1> high Tc superconductor, dramatically 
alter carrier concentration profiles and lower carrier 
lifetimes in the silicon.7•

12 Thermal expansion mismatch 
must be minimized to prevent cracking due to thermally 
induced strains upon cooling after growth, especially if 
these strains lead to a state of tension in the overgrown 
oxide films , which is typically the case due to the low 
thermal expansion coefficient of silicon. In addition, 
the crystal structure and lattice match between each 
of the layers must be considered when epitaxy is desired. 
Ideally, a buffer layer for the growth of an oxide on 
silicon should provide a nonreactive diffusion barrier and 
a stable nucleation template for the subsequent epitaxial 
growth of the overlying desired oxide. 

This paper addresses the issue of chemical reaction 
between silicon and binary oxide buffer layers. Specif­
ically the thermodynamic stability of binary oxides in 
contact with silicon for potential use as epitaxial buffer 
layers between silicon and oxide thin films was examined 
at 1000 K, since this is a typical deposition temperature 
for the epitaxial growth of oxides. Thermodynamic 
instability is a necessary, but insufficient criterion to 
conclude that an interface will react. It indicates the 
presence of a driving force for reaction, but it is possible 
for a kinetic barrier to limit the extent of reaction or 
even prevent a thermodynamically unstable interface 
from reacting at all. Of course, at the relatively high 

© 1996 Materials Research Society 2757 
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temperature considered, 1000 K, such kinetic barriers 
must be significant to prevent interaction. Reactions 
involving gaseous species were not considered as it was 
desired to test the stability of the interface between two 
solids (silicon and the binary oxide) and there is thus no 
free volume in which a gas can exist. Most of the binary 
oxides considered in this comprehensive study were 
determined to be thermodynamically unstable in contact 
with silicon and consequently were eliminated. For many 
of the remaining materials the calculations were unable to 
be completed due to the lack of thermodynamic data for 
silicides, ternary phases, or both. These materials could 
neither be eliminated nor determined to be stable. Existing 
experimental results indicate that many of these remaining 
materials are stable in contact with silicon; those that have 
not been reported warrant experimental investigation. 
Finally, sufficient data exist to conclude that BeO, MgO, 
and Zr02 are thermodynamically compatible with silicon. 

II. METHOD 

In order to narrow down the list of binary oxides 
that could be stable in contact with silicon at 1000 K, 
possible reactions between each binary oxide and silicon, 
for which thermodynamic data existed, were considered. 
Any reaction leading to a lowering of the Gibbs free 
energy of the system (LiG < O) allowed the binary oxide 
to be eliminated from further consideration. This is not 
to say that the reaction found was the most favorable 
of all possible reactions, but the identification of any 
reaction products more stable than silicon in contact 
with the binary oxide implies that the latter interface is 
thermodynamically unstable. Identification of the most 
stable reaction products was not our goal, and in many 
cases cannot be accomplished due to insufficient ther­
modynamic data. The method employed is the same as 
that used by Beyers13- 16 to determine the M-Si-0 phase 
diagrams for M =Ti, Zr, Ta, Mo, and W. Here it is applied 
to all elements of the periodic table in order to identify 
prudent choices of silicon-compatible binary oxides for 
subsequent experimental studies. 17 

Although there are many possible reactions, several 
key reactions can be identified by considering the phase 
diagram of a M-Si-0 system. This phase diagram con­
tains silicon, the binary oxide under consideration, MOx, 
and all the possible products of a reaction between silicon 
and the binary oxide. In general this phase diagram will 
contain ternary M-Si-0 phases, but due to the lack of 
thermodynamic data for ternary phases, we first consider 
the phase diagram of a M-Si-0 system free of ternary 
phases and containing only one binary oxide (MOx) of the 
element M, as shown in Fig. 1. 15·16 Ti-Si-0 is an example 
of a system free of ternary phases. For the binary oxide 
to be stable in contact with silicon, a tie-line must exist 
between MOx and silicon. The existence of such a stable 

tie-line constrains the rest of the phase diagram, since the 
crossing of tie-lines is forbidden (a consequence of the 
Gibbs phase rule as described in the Appendix). There 
are only three possible types of M- Si-0 phase diagrams. 
These are shown in Fig. 1 and referred to as "metal oxide 
dominant," "Si02 dominant," and "no phase dominant,"18 
following the work of Beyers. 15·16 In this study we are 
interested only in the metal oxide dominant-type, since 
it is the only type having a tie-line between M Ox and 
silicon. Thermodynamic data may be used to determine 
which of these three types of phase diagrams a particular 
M-Si-0 system belongs to. A reaction flowchart allowing 
this determination is given in Fig. 2. For the purposes 
of the present study, any system that fails (LiG < O) a 
reaction along the path to the metal oxide dominant-type 
system can be eliminated from further consideration. The 
(unbalanced) reactions along this path are 

Si + MOx -+ M + Si02 ( l) 

and 

(2) 

if an element has multiple silicides, the most si licon­
rich silicide (MSiz) should be used in Eq. (2). 19 Any 
system that fails Eq. (1) can be eliminated from further 
consideration. Any system that passes (LiG > 0) Eq. (1 ) 
but fails Eq. (2) can also be eliminated. This conclusion 
is true even if the M-Si-0 system contains ternary phases 
or multiple binary oxides MOx, because failing Eq. (1 ) or 
(2) implies that silicon is thermodynamically unstable in 
contact with the binary oxide. 

If the M-Si-0 system contains more than one MOx 
binary oxide, then after passing (LiG > 0) Eqs. (1 ) and 
(2), reactions involving MOx binary oxides on both sides 
of the equation must also be tested. The M-Si-0 systems 
that passed Eqs. (1) and (2) had at most two MOx binary 
oxides. For systems containing two binary oxides the 
additional (unbalanced) reactions to be tested are 

(3) 

and 

(4) 

where MOx and MOw are the two binary oxides (MOx 
being the more oxygen-rich), at least one of which has 
passed Eqs. (1) and (2) . Equation (3) needs to be tested 
only when MOx has passed Eqs. (1) and (2). Similarly, 
Eq. (4) needs to be tested only when MOw has passed 
Eqs. (1) and (2). If an element has multiple silicides, 
the most silicon-rich silicide (MSiz) should be used in 
Eq. (4).20 If the M-Si-0 system fails (LiG < O) Eq . (3), 
then a stable tie-line does not exist between silicon and 
MOx and it may be eliminated from further consideration. 
Similarly, if it fail s Eq. (4), then a stable tie-line does not 

2758 J. Mater. Res., Vol. 11 , No. 11 , Nov 1996 
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TABLE Ill. Gibbs free energy change at LOOO K (t.G i°000) for the 
ieaction Si + MOx MSi , + Si02 (balanced appropriately) for each 
of the binary oxides in Table II that had a positive t.Gi°ooo for the 
ieaction Si + MOx --+ M + Si02 (balanced appropriately). 

t.G i°ooo per MOx for 
Binary Si + MOx --+ MSi, + Si02 Relevant 
oxide (balanced appropriate ly) silicide 
(MOx) (kcal/mo!) (MSi, )" 

LhO Li21Sis 
BeO 
MgO + 23.385 Mg2Si 
CaO + 17.582 CaSi2 
SrO SrSi2 
BaO b BaSi2 
Sc20 3 +9 1.297 ScSi 

Y20 3 YSi2 
La20 3 +66.372 LaSi 1.69 
Ce20 3 + 17.896 CeSi2 
Ce02 - 7.908 CeSi2 
Pr20 3 PrSi2 
Pr02 PrSi2 
Nd20 3 +76.974 NdSi1.s 
Sm20 3 SmSi1.4 
EuO EuSi2 
Eu20 3 EuSi2 
Gd20 3 +88.582 GdSi 1.s9 
Tbi03 TbSi2 
Tb01.12 TbSh 
Dy20 3 DySi1.4 
Ho20 3 H0Si2 
Er20 3 ErSi2 
Tm20 3 TmSi2- x 
Yb20 3 YbSi2- x 
Lu20 3 Lu2Si3 
Th02d ThSi2 
UOid + 12.066 USi3 
TiO - 12.693 TiSi2 
Ti20 3 - 25.65 1 TiSi2 
Ti02 - 23.0 14 TiSi2 
Zr02 + 5.914 ZrSi2 
Hf02 HfS i2 
A]i0 3 

•s ee Refs. 27 and 29. 
bFree energy data for the silic ide(s) were unavai lable. 
cNo known silicides. 

Reference( s) 

29 
26 
24, 25 

24,25,27 

24, 25, 27 
24, 25 
24, 25 

24, 25, 27 

24, 25,27 

24, 25 
24, 25 
24,25 
24,25 
24,25 

29 

dRadioacti ve, but still considered since thermodynamic data exist. 

phases. The values of LiG ~000 for reactions involving Li20 , 
CaO, and BaO were negative. However, for the reactions 
involving LizO and CaO, the magnitude of the negative 
LlG~000 is within the uncertainty of the thermodynamic 
data. Hence the results allowed only BaO to be eliminated 
from consideration. In most cases these calculations could 
not be completed due to the lack of free energy data for 
pertinent ternary phases or silicides. 

For three of the systems under consideration, the 
data for the relevant known ternary phases were avail­
able and the calculations were completed. The results 
of these thermodynamic calculations indicated that BeO, 

MgO, and Zr02 are thermodynamically stable in contact 
with silicon at 1000 K, as summarized in Table VII. 
Beyers' thermodynamic calculations16 previously showed 
Zr02 to have a stable tie-line with silicon at 1000 K; 
the calculations of the present study confirm Beyers' 
findings . 

IV. COMPARISON TO EXPERIMENTAL 
OBSERVATIONS 

Both the growth of binary oxides on silicon as well 
as silicon on binary oxides have been reported. Most 
of the recent work with the aim of integrating oxides, 
other than Si02, with silicon technology has focused 
on the integration of oxide superconductors with silicon. 
Due to the extensive reaction that accompanies direct 
integration, l ,Z.4.5 many researchers have been working to 
fabricate superconducting thin films on silicon by deposit­
ing a nonreactive epitaxial buffer layer between the silicon 
substrate and the superconducting oxide.7·9 In order to 
preserve the crystalline template of silicon, the growth of 
binary oxides on silicon is usually initiated in a vacuum or 
oxygen-deficient atmosphere.42-49 Following nucleation of 
the binary oxide, growth of the binary oxide is continued 
in an oxygen-rich atmosphere. The excess-oxygen envi­
ronment may lead to the oxidation of the silicon (or of 
the silicides or other interfacial reaction products) under­
lying the binary oxide, if the binary oxide is sufficiently 
permeable to oxygen. Although the effects of this addi­
tional oxidation are not considered in our thermodynamic 
reactivity analysis, the stability of the initial binary ox­
ide/silicon interface is. The stability of this interface is an 
important consideration for epitaxial growth. In addition 
to the recent efforts to integrate oxide superconductors 
with silicon, the effort (primarily in the 1960s) to develop 
an epitaxial silicon-on-insulator (SOI) technology has also 
led to the experimental investigation of silicon deposited 
on binary oxides.50·51 Below we compare these experi­
mental observations with the thermodynamic stability of 
each binary oxide/silicon interface. 

The results of this study are remarkably consistent 
with experimental reports. With the possible exception of 
BaO, Pr02, and Ir02, for which detailed analysis of the 
interface with si licon is lacking as described below, the 
only binary oxides found to be free of reaction layers 
with silicon are all among the list of candidate materials 
identified in this study. The integration of several of 
the candidate materials with silicon, i.e., Li20 , Sc20 3, 
most of the Re20 3 oxides, and Hf02,52 has not been 
experimentally reported and warrants investigation. Below 
we compare the experimental observations of all reported 
binary oxide/silicon couples, both the growth of the binary 
oxide on silicon, as well as the growth of silicon on 
the binary oxide, with the results of our thermodynamic 
analysis. 
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TABLE YI. Gibbs free energy change at 1000 K (~Gi°000 ) for the 
reactions [Eqs. (5) and (6)] involving relevant ternary phases (bold) 
for which data were available (Table V) for each of the binary oxides 
in Table m that had a positive ~Gi°ooo for the reaction Si + MOx -+ 

MSi , + Si02 (balanced appropriately). 

Ternary 
phase 

(MSixOy) 

Li4Si04 
Li2Si03 
Li2Si20 s 
BeiSi04 
Mg2Si04 
Ca3SiOs 
Sr2Si04 
SrSi03 
Ba2Si04 
BaSi03 
ZrSi04 
Al6Si201 3 
A)zSiOs 

~Gi°ooo per MOx for 
Si + MOx -+ 

MSi, + MSixOy 
(balanced appropriately) 

(kcal/mo!) 

+ 7.951 
- l.519c (± l.O)d 

+ l.253c (±2. l)d 
b 

~Gi°ooo per MOx for 
Si + MOx _, 
M + MSixOy 

(balanced appropriately) 
(kcal/mo!) 

- 0.493c (±0.8)d 
+ 5.049 
+ 12.467 
+ 14.414 
+ 11.544 
+ 10.155 
+ 3.041 (± l.4)d 
+ 4.807 (± 1.4)d 
- 4.831 ( ± 0.8)d 
+ 2.359 ( ± 0.9)d 
+ 19.459 
+ 19.050 
+ 24.443 

•free energy data for the silicide(s) were unavailable. 
bNo known silicides. 
cThe magnitude of this reaction is close to the approximate uncertainty 
of the thermodynamic data, making its result inconclusive. 

dThe approximate uncertainty given is a lowerbound on the error; 
approximate errors were not given in Refs. 24 and 25 for some of 
the terms involved in the calculation of this ~G i°ooo value. 

on silicon at a substrate temperature of 673 K has been 
reported by Soerensen and Gygax.62 They used Auger 
depth profiling to analyze a 50 A thick CaO film grown 
on silicon and rel?orted that the CaO/ Si interface was on 
the order of 20 A wide. This suggests that the CaO/ Si 
interface is free of reaction layers. 

4. SrO/ Si 

Although the thermodynamic calculations for SrO in 
contact with silicon at 1000 K could not be completed 
due to the absence of thermodynamic data for SrSi2 
and Sr3SiOs, it is believed that SrO and silicon are 
thermodynamically stable in contact at 1000 K based 
on experimental observations. Kado and Arita63·64 grew 
both epitaxial SrO films on silicon and epitaxial sili­
con films on SrO by molecular beam epitaxy (MBE) 
at substrate temperatures between 923 K and 1053 K. 
They used Auger electron spectroscopy (AES) to depth­
profile the SrO/Si interface(s) and reported both the ab­
sence of noticeable interdiffusion at the interface(s) and 
the absence of Auger peaks due to Si02. Similarly, 
Soerensen and Gygax62 also reported reaction-free SrO/ Si 
interfaces for films grown at T sub = 673 K. It has also 
been shown that it is not necessary to completely remove 
the thin native oxide (Si02) layer from the silicon sub­
strate in order to achieve an epitaxial SrO layer.42 The 

residual Si02 may be reduced (to Si or volatile SiO) and 
the excess strontium metal oxidized (to SrO) by initiating 
the growth with strontium metal in an oxygen-deficient 
atmosphere.42 This observation is consistent with the 
absence of a stable tie-line between strontium metal and 
Si02 [e.g., the Si02 dominant system shown in Fig. l (a)], 
and together with the other experimental observations is 
consistent with the presence of a stable tie-line between 
silicon and SrO. 

5. BaO/ Si 

Our thermodynamic calculations indicate that it is en­
ergetically favorable for BaO to react with silicon [e.g., 
to form barium metal and Ba2Si04, Eq. (6)) . However, 
experimental evidence does not support this conclusion. 
Kado and Arita64 grew epitaxial BaO films on silicon by 
MBE at a substrate temperature of 1053 K and reported 
a Rutherford backscattering spectrometry (RBS) channel­
ing yield, Xmin, of about 7%. McKee et al.43 have also 
reported the MBE growth of epitaxial BaO layers on sil­
icon substrates by a more involved route, involving the 
formation of a one monolayer thick BaSi2 layer on top of 
the silicon prior to the deposition of BaO. This later re­
sult demonstrates the existence of a stable tie-line between 
BaSi2 and BaO, which, in the absence of the existence of 
ternary phases, would mandate a stable tie-line between 
silicon and BaO [i .e ., the metal oxide dominant system 
shown in Fig. l(c)]. Analysis of the BaO/ BaSi2/sil icon 
interfaces after growth has not been reported, leaving it 
unclear if the one monolayer thick BaSiz layer survives 
intact or if the final interface is simply between BaO and 
silicon as the prior work of Kado and Arita64 suggests 
is stable. Such interfacial characterization would help to 
resolve the discrepancy between our thermodynamic cal­
culations and reported observations. It is possible that 
interfacial energies favor the BaO/ silicon interface due 
to its more favorable lattice match. Interfacial energies 
not included in our thermodynamic calculations are likely 
important in cases where the magnitude of the free energy 
change of an interfacial reaction is small, as in this case 
and also for Li20 / silicon, CaO/ silicon, SrO/ silicon, and 
Zr02/ silicon (see Table VI) . 

6. Y203/ Si 

The epitaxial growth of Y 2 0 3 on silicon44--46·65--67 and 
silicon on Y20 368 has been demonstrated at substrate 
temperatures ranging from 1003 K to 1073 K. Reaction 
between the silicon and Y 20 3 has not been reported, 
despite in situ monitoring of the deposition process with 
reflection high-energy electron diffraction (RHEED) dur­
ing growth.44•65--68 High-resolution cross-sectional TEM 
micrographs of the Y20 3/ Si interface have also been 
obtained.46 Therefore, even though our thermodynamic 
calculations could not be completed due to the absence 
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ide is beyond the scope of the calculations that we 
sent here for binary oxides. Just as it has been shown 

ssible to grow epitaxial SrO and epitaxial Y20 3 films 
silicon without first removing the thin native oxide 

i02) from the silicon substrate,42·44-46 epitaxial Zr02 47 

d Y 20rZr02 44-46.48.49 films have been grown on silicon 
y initiating growth in an oxygen-deficient atmosphere. 

·s results in the reduction of the residual Si02 (to 
i or volatile SiO) and oxidation of the excess metallic 
· conium and yttrium. Additionally, the Y20 3-Zr02/ Si 
terface is one of the few thermodynamically compatible 

xide/Si interfaces for which interdiffusion has been 
studied. Zirconium diffusion into the silicon was observed 
to have a decay length of 20 nm per decade of concen­
tration decrease and silicon diffusion into the Y 20rZr02 
was observed to have a decay length of 7 nm per 
decade.86 

Although there are no reports characterizing the 
Hf02/Si interface,52 the oxidation of HfSiz has been 
studied.87 When HfSi2 undergoes oxidation at tempera­
tures between 773 K and 1273 K, Si02 is not found 
in contact with it,87 implying the absence of a tie-line 
between HfSi2 and Si02. This implies that silicon is stable 
in contact with either Hf02 or HfSi04 . This is consistent 
with the results of our thermodynamic calculations, 
which could not be completed due to the absence of 
thermodynamic data for HfSi2 and HfSi04 . 

14. Ru02/ Si 

In contrast to our calculations indicating that silicon is 
not thermodynamically stable in contact with Ru02, initial 
experimental studies came to the opposite conclusion. 
Green et al. 88 reported stable Ru02/ Si interfaces for poly­
crystalline Ru02 films grown on silicon wafers at substrate 
temperatures ranging from 848 to 873 K. AES depth­
profiling and (low-resolution) TEM gave no indication of 
reaction or interdiffusion at the interface. This reaction­
free result was also concluded by others using AES 
depth-profiling89 or RBS90·91 to characterize the Ru02/ Si 
interface. The reportedly stable Ru02/ Si interface is, 
however, contrary to other experimental results presented 
in one of these same initial studies88 and to more recent 
high-resolution TEM investigations.92•93 In addition to 
studying the Ru02/ Si interface, Green et al. 88 analyzed 
Ru/Si02 interfaces by AES depth-profiling, TEM, and 
RBS and reported that they were also reaction-free. These 
two experimental results are contradictory in that they 
simultaneously imply stable Ru02-Si and Ru- Si02 tie­
lines, an impossibility since it would require the cross­
ing of tie-lines and thus violate the Gibbs phase rule. 
In contrast to the above experimental results, a thin 
( ~3 nm) Si02 layer, undetected by the comparatively 

low-resolution interface characterization methods men­
tioned above, was revealed by high-resolution TEM at 
the Ru02/ Si interface.92.93 It was present in the as­
deposited polycrystalline Ru02 films grown on silicon 
substrates and did not change appreciably in thickness 
after annealing these samples at temperatures between 
723 K and 973 K.92•93 In addition to the thin Si02 layer, 
Charai et al. 93 also observed Ru2Si precipitates at the 
Ru02/ Si interface and interpreted their results to indicate 
that the reaction 3Si + 2Ru02 -+ Ru2Si + 2Si02 [i .e., 
Eq. (2)] is favorable at 773 K. The presence of this 
reaction layer is in agreement with our thermodynamic 
calculations as well as prior thermodynamic calculations 
predicting Ru-Si02 to be the stable tie-line53 in this 
system. 

The reason that early experimental investigations did 
not reveal the presence of reaction products is due to 
the small size of the reaction products compared to the 
resolution of the interface analysis techniques utilized. At 
the relatively low reaction temperatures used, the interface 
reaction is not extensive. 

15. lr02/ Si 

Using secondary ion mass spectrometry (SIMS) and 
x-ray diffraction, Nakamura et al. 94 concluded that the 
interface between polycrystalline silicon and polycrys­
talline Ir02 is nonreactive at processing temperatures up 
to 1073 K. Our thermodynamic calculations lead to the 
opposite conclusion; Ir02 fails (~G < O) Eq. (1). Unfor­
tunately, in the SIMS analysis presented by Nakamura 
et al. 94 the Ir02/ Si interface occurred at about 0.6 µm 
below the sample surface, lowering the resolution at 
which the interface was chemically profiled. They also 
reported electrical continuity between the Ir02 layer and 
underlying silicon layer. However, interfacial reaction 
does not preclude electrical continuity. For example, if 
one of the reaction products forms a conductive per­
colation path between the underlying silicon and Ir02, 
or if the thickness of the insulating reactant(s) (e.g., 
Si02) is very thin (increasing the probability of elec­
tron tunneling), continuity will still be observed. Prior 
thermodynamic calculations predict the Ir/ Si02 inter­
face to be stable,53 which implies, in agreement with 
our calculations, that the Ir02/ Si interface is thermo­
dynamically unstable. Further experimental investigation, 
e.g., high-resolution TEM, is needed to resolve this dis­
crepancy. Such studies would be enhanced by using 
higher reaction temperatures to increase the extent of 
the reaction layer, if one, and facilitate its detection and 
analysis. 

16. Al203/ Si 

Silicon-on-sapphire is an extensively studied sys­
tem.50·51 ·95 Among other techniques, high-resolution 
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APPENDIX: TERNARY PHASE DIAGRAMS 

The construction of phase diagrams must be in accor­
dance with the Gibbs phase rule:28 

f = c + 2 - p , (11) 

where f is the number of degrees of freedom (number 
of independent intensive variables), c is the number of 
components in the system (i.e., the minimum number of 
independent constituents sufficient to form all the phases 
in the phase diagram), and p is the number of phases 
in equilibrium. This phase rule is readily deduced by 
subtracting the total number of independent equations 
involving the intensive variables from the total number 
of intensive variables. 

The three-component phase diagrams, M-Si-0, con­
sidered in this paper are all at fixed temperature and 
pressure. With these two intensive variables fixed, the 
Gibbs phase rule implies that the maximum number (i.e., 
when f = 0) of phases that can coexist in equilibrium 
is three. Consequently, M-Si-0 phase diagrams are 
constrained to contain only one, two, and at most three­
phase regions. A one-phase region exists at the vertex 
of any of the triangles within the phase diagram; a two­
phase region exists on any tie-line; and the interior to 
any triangle is a three-phase region. Crossing tie-lines are 
not allowed because at the point of their intersection the 
simultaneous coexistence of four phases (two from each 
tie-line) would be implied, whereas a maximum of three 
phases in coexistence is mandated by the Gibbs phase rule. 
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