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Abstract

A voltage scale, V; that characterizes electro-thermal
runaway, is deduced from the heat conduction equation,

V.=.\k/0o;, , where kis the thermal conductivity and o,

is the rate of change of the electrical conductivity with
respect to temperature. V; depends only on material
properties and is independent of geometry and the
operating voltage. V; measures the intrinsic tolerance of
the material to electro-thermal instability. Numerical
values of V are consistent with the well-known properties
of several common materials.

LLINTRODUCTION

It has been estimated that contact problems account for
approximately 40 percent of all electrical/electronic
failures [1]. Severe heating due to local current
constrictions at thin film contacts [2-4] and at bulk
contacts [3,5] is also a concern in high power
microwave sources, pulsed power systems, field
emitters, thin film devices, integrated circuits, and
interconnects. In this paper, we investigate one aspect
of electro-thermal instabilities, namely, the increase in
electrical conductivity as the temperature increases, as
is typical of semiconductors. This may lead to thermal
runaway, at a fixed voltage, as illustrated in Fig. 1.

II. VOLTAGE SCALE FOR ELECTRO-
THERMAL RUNAWAY

Consider the heat conduction equation,

C%=W2T+J.E, (1)

Increase in Temperature T

Electro-
Thermal

Runaway

Figure 1. Electro-thermal runaway: a positive feedback.

where C is the heat capacity, x is the thermal
conductivity, 7 is the temperature relative to some base
value, J is the current density, and E is the electric
field. In Eq. (1), the first term on the RHS is the heat
diffusion term, and the second term is the heat source
term due to ohmic heating. Assume that electrical
conductivity o(7) increases as temperature 7 increases.
By Taylor expansion and ignoring 2™ and higher orders,
we have

c(TM)y=o,+0,T. 2

where o, is the initial conductivity of the material, and
o, is the rate of change of the electrical conductivity

with respect to temperature. By using Eq. (2), the heat
source term in Eq. (1) becomes,

JE=0(TE*=(0,+0,T)E?, 3)
Inserting Eq. (3) into Eq. (1), we have,

C%—Y; =wV’T +(o,+0o,T)E". @
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Taking the Fourier transform of Equation (4), T ~ e"m,

we have, with k = ‘ k

oT Io -
— —sT=27=FE*5(k), 5
Py c (k) ®)

B

where §(k)is the delta function and

o E* — kk’
§=——, (6)
C

It follows that T grows exponentially with time if
E>kV, (7

where V; is the voltage scale which depends only on
material properties,

V.=_|—. t))

Note that V; is independent of geometry, the operating
voltage, and the heat capacity. It measures the intrinsic
tolerance of the material to electro-thermal instability.

Values of x, 0, and V, are summarized in Table 1 for

some common materials. We conclude that SiC is the
most resistant to thermal runaway for the same geometry
and the same operating voltage, consistent with the well-
known property of this material.

Table 1. Voltage scale for electro-thermal runaway.

K 0'0’ Vs
[W/(m-K)] | [1/(Q-m-K)] [Volt]
[6-9] [10-13]
Si 142 0.0012-0.7 | 14.2-348.9
Ge 58 0.0001-0.05 | 34-761.6
C 127 1.67x10™*- 872.9-
(graphite) 8.33x10° 3903.8
SiC 370 4x107 or 3x10*
negative
II1. SUMMARY

A voltage scale V is deduced from the heat conduction
equation to characterize electro-thermal runaway. It
depends only on material properties and is independent of
geometry or the operating voltage. It measures the
intrinsic tolerance of the material to electro-thermal
instability. Our results based on the calculated voltage

scale V; are consistent with the well-known properties of
several common materials.

It is important to note that our formulation is quite
general and may be applied to other materials, as long as
proper approximations in Eq. (2) for the temperature
dependent electrical conductivity are used.
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