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ELECTRONIC CERAMICS IN HIGH TEMPERATURE ENVIRONMENTS
Alan W. Searcy and David J. Meschi
Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Mineral ‘

Engineering, University of California
Berkeley, CA 94720

ABSTRACT

Simple thermodynamic means are described for understanding and pre-
dicting the influence of temperature changes in various environments on
electronic properties of'ceramics, Thermal gradients, thermal cycling '
and vacuum annealing are discussed, as We]] as the variations of activities

and solubilities with temperature.

*
‘Presented as the introductory address of the session on Electronic Ceramics

in Severe Environments at the 33rd Pacific Coast Meeting, San Francisco,
October 28, 1980.
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ELECTRON CERAMICS IN HIGH TEMPERATURE ENVIRONMENTS

Alan W. Searcy and David J. Meschi

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Mineral
Engineering, University of California
Berkeley, CA 94720

In high temperature environments electronic ceramics are likely to
undergo property changes and chemical reactions that are unexpected from
room temperature studies. The purpose of this communication is to illus-
trate the nature of some effects of high temperatures and to outline in
simple terms why they occur and how they can sometimes be predicted. Some
of our illustrative examples are not from electronic systems, but the be-
havior illustrated can be expected in electronic systems as well.

The desired levels of electrical defects in semiconducting materials
are usually set by additions of dopants or impurities, that is, they are
"extrinsically" set. When these extrinsic semiconductors are heated to
high enough temperatures their conductivity eventually becomes controlled
by the intrinsic defect concentrations. This well known fact can be illus-
trated by the example of germanium (Fig. 1)]. Germanium specimens which
contain a 1023/m3 concentration of either an n or p type dopant become
“intrinsic semiconductors when heated above 600°K. If the dopant level is
decreased to 1019/m3 the germanium becomes an intrinsic semiconductor at
Just over 300°K.

In an intrinsic semiconductor the concentration of current carriers

increases in an exponential fashion according to the expression,

2
pn = n;” = NeNy exp[eC - ev)/kT] .

*Keynote address
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p, n : Concentrations of positive holes and electrons, respectively,

s g

which are current carriers.
(P Intrinsic current carrier concentration. .os
Ne» NV : Concentration of states in the conduction and valence bands,
respectively.
€cs Ey * Energies of the bottom of the conduction band and the top of

the valance band, respectively.

For extrinsic semiconductors the concentration of carriers varies with
temperature in a more complex manner, as indicated schematically in Fig. 2,
which is for a semiconductor doped with both acceptors of concentration NA
and donors of concentration ND , With ND>?NA 20 Despite the complexity,
it can be seen that the variation of electron carrier concentration with
temperature is much smaller in the extrinsic regions (a), (b) and (c) than
in the intrinsic region (d). This is a result of the fact that the energy
required to ionize a donor (or acceptor) atom is much less than the energy
difference between the conduction and valence bands.
Since the concentration of electrons and holes are essentially the
same in an intrinsic.semiconductor, pn junctions cease to operate as such
when a semiconductor is in the intrinsic region. Other factors being equal,
for semiconductor operation at high temperatures one would prefer substances °
that have the largest possible intrinsic band gaps so thatvthe extrinsic
range can be extended to high temperatures.
~In compound semiconductors the concentration of electrical defects is ]
a function not only of the doping agents added but also of the metal to non-

metal ratio in the host lattice. Data from J. Bloem illustrate this point3.



Fof our present purposes it is instructive to consider the data that he
collected for pure, undoped PbS (Fig. 3). The data show that if PbS is
brought to equilibrium with an S2 pressure of 0;01 atm. at 1000?K the PbS
will be a p-type semicohductor while if it is brought to equilibrium with
the same pressure of 52 at 1200°K the PbS will be an n-type semiconductor.
The principal carrier in this compound is a function of temperature at
constant S2 pressure because at constant S2 pressure an fncrease in temp-
erature shifts the composition of the solid PbS phase toward a higher lead
to sulfur ratio. This shift in composition with temperature and its con-
sequent change in electrical properties reflect fhe fact that in a multi-
component phase the partial pressures of the individual components, or, in
other terms, their thefmodynamic activities, at a given composition have
different temperature dependencies.

It is worth noting that existence of different temperature dependen-
cies of activities of components in a solid phase can be used in a construc-
tive way to fine tune the composition and therefore the electrical proper-
ties. The composition of a congruently vaporizing solid can be shifted by
heating the solid to different high temperatures and partially vaporizing
it, even though the composition change may be too small to measure readily.
The principle is illustrated by the experiments of.Roberts and Searcy4

using gallium sulfide, which vaporizes according to the reaction,
6a,_. S (s)—13% Ga,S(g) + Vs () . -
1-x"x 7 M\l 7 o2\97 -

In this equation x s a function of temperature. For the temperature

range 1040? to 1300°K the change in x amounts to about 0.4 mole percent



sulfur, which is too small a variation to measure by ordinary analytic
means. Fig. 4 illustrates how the variation of x with temperature could
be determined by mass spectrometry; Steady state vaporization is first
established at any temperature T] ; Intensities of the Ga25+ and
52+ ions are then in a constant ratio to each other of about 1:1, the exact
value of which depends on the ionization cross-sections of the gaseous
molecules and on various instrumental factors; WHen the temperature is
~then changed to a different temperature T2 » the ion ratio is shifted
because the partial pressure of S2 varies more strongly with the temp-
erature than does the partial pressure of Ga,S. If, for example, T,
is greater than T1 » the sample then ]osés SZ preferentially until the
composition has been shifted to the new composition of congruent vaporiza-
tion for T2 . From measured total pressures and the integrated changes
in partial pressure with time, it is possible to calculate the small compo-
sitional changes. Fig. 5 shows the conclusions from this study: at approxi-
mately 1230°K the composition for congruent vaporization shifts by about 0.4
atomic percent sulfur across a miscibility gap that had previously been
unknown. At Tower temperatures the composition for congruent vaporization
shifts by about 0.01 atomic percent sulfur per 100°K; at higher temperatures
the composition shifts by the same amount for a 5°K change.,

It is obvious that the properties of a semiconductor will change if
it is heated at high temperatures in contact with a substance with which
it reacts to form one or more new phases. Because of the sensitivity of
semiconductor properties to composition, significant property changes may

also occur when a semiconductor is heated in contact with a phase with which
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it undergoes no gross chemical reactions; This point can be illustrated

by reference to Fig. 6, the RBTi-B-C ternary phase diagram at about 1500°C.
Because solution regions for this system are wide, the effects we wish to
describe can be easily seen. Systems with narrow solution regions would

show similar behavior. Compositions connected by the straight (tie) Tines

of Fig; 6 will not react with eachrother, but any of the solids not so con-
nected can undergo reaction. Thus, for eXamp]e,'because carbon and TiB are -
not shown connected by a tie line while the T1'B2 and TiC phases are connected,
one knows from the phase diagram that when carbon and TiB are/heated together
they will react to form T1'B2 and TiC. The TiB, and TiC phases are stable
toward reacfion with each other only when the particular composition of

each phase correspOnds to the opposite ends of the same tie line. Thus,

for example, the TiC phase if prepared with a carbon content near the low

end of its solution range would react with Ti82 to form some TiB and a TiB
phase of increased carbon content, and a TiC phase prepared with higher carbon
content will lose titanium to, or gain titanium from, the TiBz phase until the
compositions of the two phases are joined by the same tie line. Because semi-
conductor properties are sensitive to small compositional changes the kind of
action just described might cause significant changes in electrical proper-
ties while causing compositional changes that go unnoticed.

When a semiconductor must be used at high temperatures in contact with
another phase, it is important to remember that solids which are essentially
insoluble in each other at low temperatures may have significant solution
ranges at high temperatures;' Most of us are accustomed to think that a
phase such as calcite (CaC03) in the absence of impurities has an essentially

constant composition. But recently Shukla and Searcy5 were able to measure
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the variation in the Ca0-002 ratios in solid calcite as a function of

temperature and CO, pressure. They showed that the so]ubility of Ca0 in

5 4

CaCO3 increased from about 3 x'10’ mole percent at 830°K to about 9 x 10~
mole percent at 1000°K. As expected from thermodynamic theory, the loga-
rithm of the Ca0 solubility is a 1ineaf function of 1/T. .If the same
temperature dependencé is assumed to persist te.the eutectic temperature,
about ]240°C5, the solubility is predicted to extend to as much as 0.7
mole dissolved Ca0 per mole of calcite.

The kind of exponential increase in low solubilities with temperature
just illustrated can be expected in any solid state system containing two
or more phases, including of course §ystems that incorporate composition-
sensitive semiconductors, if these systems are used at very high tempera-

- tures.,

Additional problems can arise if a semiconductor is subject to expo-
sure to anbther phase (éo]id, 1iquid or gas) in a temperature gradient or
in a thermal cycling operation. Because the two phases dissolve more of
each other at the high temperature and less at the lower, solution and
reprecipitation reactions may significantly change the form of the grains
at the interface boundary. These interfacial changes can cause serious
degradation of mechanical properties as well as of electrical properties.

A rather dramatic example of compositional change in a temperature
gradient has been observed for o Zr and the zirconium hydride phase which
is used as a moderator for ﬁuc]ear reactorss. a-Zr dissolves about 2% to
8% H at 400? to 500°C and the minimum H/Zr atomic ratio in the a phase is
about 1.4 in that temperature range. For the sample of Fig. 7 the original

H:Zr ratio was 1.2, which corresponds to a two-phase mixture of the a and
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Y phases. After a period of from 264 to 1220 hours in a temperature :

~gradient extending from 400° to 500°C; the H:Zr ratio at the hot end of
the sample was onfy about1004, whereas at the cool end it had risen to
about 1;5; and the o phase had disappeared as a resu]t; “For Zr-H specimens
the dimensional cﬂanges are large enough to cause déformation7. The dimen-
sional changes in a compound semiconductor in contact with a second phase
may not have the same potential for catastrophic¢ mechanical failure but

they are certainly undesirable, and the change in band structure may

render the device inoperative in its circuit.
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" Figure Captions

Fig. 1. Plot of intrinsic carrier concentration, n; » as a function of
temperature for germanijum.

Fig. 2. Variation of carrier concentration as a function of inverse temp-
erature for a doped semiconductor.

Fig. 3. Carfier concentration in PbS as a function of S, pressure at
1000° and 1200°K.

Fig. 4. Ion Intensity (Ga25+ and 32+) versus time with the temperature
plotted below.

Fig. 5. Congruent vaporization composition of Ga253 as a function of
temperature. |

‘Fig. 6. The PRTi-B-C ternary phase diagram at 1500°C.

Fig. 7. Compositions of TiH]'Z samples kept in a temperature gradient for

226, 336 and 1220 hours.
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