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Abstract

The problem of electrothermal stability due to different cooling conditions has been
investigated by computation of thermal transients of a nonplanar GTO-thyristor. In
the first simulation an equilibrium situation occurs with the heat sink removing all the
dissipated power. In the second simulation the internal behaviour of the GTO-thyristor
during severe thermal runaway is analyzed to explain its basic mechanisms.

1 Introduction

Thermal runaway is a phenomenon of electrothermal interaction where the dissipation of
electrical energy causes a temperature rise over an extended area of the device resulting in
increased current flow and further dissipation until unrecoverable device failure or burn out
of the device occurs. In this paper ’global’ thermal runaway due to bad cooling conditions
will be focused, in contrast to secondary breakdown which often is explained as ’localized’
thermal runaway.

2 The mathematical model

Accurate simulation of transient self-heating effects in semiconductor devices requires the
self-consistent solution of the semiconductor equations and the heatflow equation in space
and time.

The gradients of the lattice temperature, the carrier concentrations and an effective
electric field act as driving forces for the electron J, (1) and hole J, current density (2) [5].
The effective electric field describes bandgap narrowing effects. The simple model for the
heatflow Jy in equation (3) does not include the Peltier effect.

Jn = qnpn(E - %J:grad(lnn,-e)) + qDpgrad n + gnDTgrad T (1)

- ~ kT
Jp = qpp,(E + 7grad(lnnie)) — ¢Dygradp — qpDlgrad T (2)
Jon = —rgrad T (3)
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tn, and p, are the mobilities, D, and D, the diffusivities. DT and Dg denote the thermal
diffusion coefficients. x is the thermal conductivity.

The electrical system is coupled to the thermal system because recombination, mobility
and intrinsic carrier density depend on temperature [5], the temperature gradient acts as a
driving force and the heat generation is a function of electrical variables [7].

As no experimental data are available the modeling of physical parameters in the high
temperature regime is problematic. Further investigations are necessary. The dependence
of the recombination rate and the mobility on temperature has been taken from [5]. The
effective intrinsic carrier density n;. as a function of temperature has been fitted to the
data from [6]. Furthermore Auger recombination and carrier-carrier scattering - known as
limiting physical effects for high injection conditions in power semiconductor devices [1]
- have been taken into account. The heat generation model Gy includes Joule heat and
recombination heat, but not Thomson heat.

For the electrical subsystem either ohmic contacts or homogenous Neumann boundaries
are assumed. Mixed boundary conditions (4) for the heatflow equation are mandatory
to allow modeling of realistic imperfect cooling conditions (backside mounting or flip chip
mounting, thermally active multilayer structures towards the bulk). A denotes the heat
sink thermal conductance, Ty, is the ambient temperature of the heat sink.

Jth = h(T - Tsinlc) (4)

The proper modeling of imperfect cooling conditions is of special importance for transient
electrothermal simulations as the time constant for self heating increases with increasing
external thermal resistances.

Usunally the characteristic time for the electrical and the thermal subsystem differ by
several orders of magnitude. Thus a device is in steady state from the electrical point of
view, whereas thermally it is still in transition. Therefore the electrical transient can be
neglected with respect to the thermal transient, an assumption which is well satisfied in
practice [2], [3].

Spatial discretization is done with finite boxes [5], time discretization with backward
Euler method. The electrothermal problem is computed selfconsistently following a de-
coupled approach. At each timestep the electrical subsystem is solved first regarding the
lattice temperature as an independent variable. Then the temperature distribution is up-
dated by solving the heatflow equation. Newton’s method and LU-decomposition is used
to solve the electrical and thermal subsystem alternately until convergence.

3 Results

A GTO-thyristor is investigated. The data are taken from [4]. First the electrical steady
state is computed for the thyristor in the on-state, where significant current filamentation
occurs. The anode voltage is 3.3 V/, the anode current 28 A. Then the subsequent thermal
transients are calculated. The heat sink temperature is 300 K. Double sided cooling is
assumed.

The heat sink thermal conductance is 50 W/em?2K in the first simulation. Fig. 1 shows
the evolution of the internal maximum and minimum temperature in time. Thermoelectric
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equilibrium is reached after 3 milliseconds with the heat sinks removing all the dissipated

power Fy.
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Fig. 1: time evolution of maximum and mini- Fig. 2: increase of lattice temperature in
mum temperature when the heat sink thermal Kelvin after 10~% seconds
conductance is 50 Wem™2K~! and the heat
sink temperature is 300 K

The data correspond very well to the analytic solution of an equivalent thermal net-
work, consisting of thermal capacitor and thermal resistor. Equation (5) describes the step
response of the temperature in time.

AT = Ry, Py(1 — exp (- (5)
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Fig. 3: increase of lattice temperature in Fig. 4: time evolution of maximum and mini-
Kelvin after 5 milliseconds mum temperature when the heat sink thermal
conductance is 5 Wem 2K ~! and the heat
sink temperature is 300 K (thermal runaway)
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Figs. 2-3 are snapshots of the internal lattice temperature distribution after 10~° and
0.005 seconds.

In order to induce severe thermal runaway, bad cooling conditions are defined by choos-
ing 5 W/em?K for the heat sink thermal conductance. Fig. 4 shows the exponential increase
of the temperature. The device is destroyed when the melting point of silicon is reached.
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Fig. 5: thermal generation of carriers per cu-  Fig. 6: time evolution of anode current in case

bic centimeter and second in case of thermal  of thermal runaway
runaway after 8,65 milliseconds

The onset of thermal runaway occurs when thermal generation of carriers takes place
not only in the small p-base region near the gate contact but covers a considerable part
of the whole device. Fig. 5 shows the thermal generation after 8.65 milliseconds. Carriers
are already generated thermally across the whole base of the thyristor. Fig. 6 shows the
corresponding exponential increase of the anode current. The mobility dependence on
temperature tends to enhance the thermal stability of the GTO. Thus the anode current
temporarily decreases in Fig. 6.

In Figs. 7-10 the evolution of the dependent variables 4, n, p and T in time is shown.
The device has been cut at the center of the emitter for these plots. As the lattice tem-
perature increases in time the doping profile loses its implication in device operation. Only
the high emitter doping continues to determine the carrier densities. The rest of the de-
vice is flooded with electrons and holes which have been generated thermally. The space
charge disappears as the temperature profile rises. Thus Poisson’s equation degenerates to
Laplace’s equation and the potential drops linearly between the anode and emitter contact
as can be seen in Fig. 9. The GTO thyristor structure behaves as an ohmic resistor which
shorts under the given bias because of the increasing thermal conductivity modulation.
Note that the boundary conditions for the potential and the carrier densities change in
time due to different values of the intrinsic carrier concentration determing the built-in
potential and the equilibrium concentration of electrons and holes at the contacts.
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of the emitter after 1 microsecond and 1, 8.2,
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Fig. 8: hole concentration at the center of the
emitter after 1 microsecond and 1, 8.2, 9.0,
9.2, 9.28 milliseconds in case of thermal run-
away
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Fig. 10: increase of lattice temperature at the
center of the emitter after 1 microsecond and
1, 8.2, 9.0, 9.2, 9.28 milliseconds in case of
thermal runaway

As the current rises the Joule heating increases too, further raising device temperature.
The instability condition is met when the increase of dissipated power with temperature
is higher than the increase of dissipated power removed from the device by the heat sinks.
The nonplanar device geometry between emitter and gate contact represents a perturbation
of the electric field and the current densities. Thus the edge is a center of very high Joule
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heating assisting thermal runaway.

The resulting temperature distribution in Fig. 10 is almost homogeneous. Most of the
thermal drop is external to the device. Therefore the impact of the temperature gradient
in the current relations (1), (2) is small. Only at very high temperatures thermal run-
away is accellerated by a significant reduction of thermal conductivity of silicon. Thus the
temperature drop within the device increases again in the upper temperature regime.

4 Conclusions

Detailed investigations of thermal stability problems of a GTO in the on-state have been
presented. For the first time the internal behaviour of a thyristor during severe thermal
runaway is revealed. It has been found that thermal runaway - once induced by bad cooling
conditions - is dominated by the strong dependence of the intrinsic carrier density on tem-
perature. The intrinsic carrier density follows the increase in temperature instantaneously
and turns out to be the most crucial physical parameter during thermal runaway. Fur-
thermore the simulation results allow extraction of the thermal relaxation time, the total
thermal resistor and capacitor for the equivalent thermal circuit model of the device under
investigation.
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