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The basic physics of the numerical modeling of nonstationary thermal 
processes in power semiconductor devices (PSC) are stated. The 
algorithm of numerical computation of permissible overload currents 
is designed. The results of modeling of thermal processes at the time 
of activity of a thyristor Т243-500 and a diode DA343-630-34 are 
represented.

1. Introduction
The importance of modeling of nonstationary thermal processes and 

computation of overload currents of PSC devices is conditioned by the 
complexity of experimental measurement of temperature fields in PSC 
structures, as well as the fact that at overload current measurements, PSC 
devices are failed. 

In most cases PSC failures under the exposure of current pulses are 
connected with the overheating of the whole Si-structure or else its part. 
Thus, as for the main mechanism of failure the majority of writers note that 
Si-wafer failure is the result of current filament generation or else the fusion 
of solders [1-8].

Surge currents and critical overload currents are differentiated. Usually the 
surge current is considered as the peak pulse amplitude of a sine-shaped 
forward current with the duration of 10 ms, which passes through PSC 
device without the subsequent voltage applied and the definite classification 
parameters of the latter are within the limits. The term «critical overload 
current» is usually used under other mode conditions, for example, at the 
change of width of pulses and their waveform, in case of the forward voltage 
or the reverse voltage application, after the current pulses effect.

The present study is dedicated to the representation of basic physics of 
the non stationary thermal processes’ numerical modeling of PSC devices 
and to the development of the mathematic approach to the computation of 
surge currents and critical overload currents. The algorithm of numerical 
computation of permissible overload currents is designed. The results of the 
thermal processes modeling at the activity of a thyristor Т243-500 and a 
diode DL343-630-34 are represented.

2. Model for the Si-structure temperature
 computation
The temperature computation of PSC structures is required for definition 

of values of the surge current and the critical overload current. For its turn 
this temperature is determined by solving of the heat conduction equation. 

By solving of the heat conduction equation one could confine itself to the 
following assumptions:

1. The heat flows are the univariate ones and directed lengthwise of the 
device axis. 
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For diodes this assumption is usually true for current pulses of any duration. 
In case of thyristors, as their turn-on time throughout all the area, as a rule, 
is notably less than 1 ms [3], it works precisely for pulses with duration 
more than 1 ms. However it can be used at shorter pulses, as the energy, 
excreting during their turn-on, is much less than the energy dissipated in a 
PSC device in its on-state.

2. A PSC device can be presented as the multilayer model (fig. 1), consisting 
of the sequence of homogeneous layers.

Fig. 1. Multilayer model of PSC by the example of a thyristor Т243-500 
of pressed design. The thickness of layers is indicated in millimeters. The 
thickness of contact layers may be optional; their thermal parameters are 
determined experimentally, by the thermal resistance of the device [see 
formulas (1) - (4)].

3. The heat release takes place only in a Si-wafer, as the ohmic resistance 
of metals can be neglected.

4. In sealing areas the thermal contact is perfect, i.e. it has no thermal 
capacity and thermal resistance. The influence of pressure contacts can 
be taken into consideration by means of thermal contact resistances rthx, 
which values are calculated reasoning from  full thermal resistance Rth of 
the device measured by test.

For example, for the PSC device the model of which is figured in a fig. 1, 
the thermal contact resistance is:
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                                                                        ,                          (1)
where

 2/54311 ththththth rrrrR ≡ , 
 97652 2/ ththththth rrrrR ≡ ,               (2)

and rth with the indexes 1,3,4 and etc. - thermal resistances of respective 
layers (Cu, Ag, and W layers etc.), which computed by the formula 

                                       
                                        ,                                                           (3)

Table 1. Properties of some materials, 
used in PSC device design [9, 10].

5. Initial temperature of all structural elements equal to environment 
temperature Т0, and temperature of free edge boundaries of PSC is constant 
and equals to the same environment temperature Т0.

6. The specific heat capacity с and the density r of all materials, as well 
as the thermal conductivity coefficient l of metals do not depend upon 
temperature (tab. 1). The heat conductivity of contact layers lx is constant 
also and is determined by the thermal contact resistance rthx:

      
                                 ,                                                                 (4)

where lx - thickness, and Sx - the surface area of the contact layer. The 
temperature dependence of Si heat conduction is given by the expression 
[1, 2, 11]:

                                               ,                                                   (5)
where Т -  absolute Si-temperature.
The values lx and Sx in the formula (4) can be selected arbitrary, as it does 

not influence on the thermal contact resistance rthx, and, consequently, on 
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the complete thermal resistance of the device. However the most realistic 
value is Sx, that equals to the minimum area of the layer surface, adjucent 
directly to a contact layer.

The formula (5) gives good coincidence with experimental data (experimental 
error no more than 5 %) within the temperature range 300 - 1300 K [11].

Subject to the assumptions made the heat conduction equation which 
describes time evolution of temperature fields in PSC structures, have the 
following appearance:

                                                  ,                                                (6)

where Q  -  heat sources density,  k - thermal diffusivity defined by the 
expression:

                                                     .                                             (7)

The numerical solution of the equation (6) is based on the use of the 
explicit or implicit grid diagrams [12, 13]. Thus the implicit methods seem 
to be more preferable, as they have stability to a greater extent.

The equation (6) can be solved separately [1-3] for each layer with the 
subsequent joining of the obtained solutions and thermal flows at boundaries 
of layers. However from the point of view of labour-intensivness of the 
solution of algorithms compiling and time saving it is practical to consider 
values k and Q in this equation as sectionally continuous functions of the 
coordinate x, which describes the position of sighting point on the device 
axis, and to search for the solution at once all over the area 0 £ x £ L, where 
L - total thickness of layers of the multilayer PSC model («the thickness of 
the device»).

In this case:
                      
                                                                                                   (8)
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(the indices 1, 2, 3 etc. correspond to a number of a layer under 
consideration), and  ),,( tTxQQ ≡  is nonzero only at those x, which match to 
Si-layer:

                                          
                                                                                                   (9)

Hereinafter we shall assume, that the heat release takes place evenly 
throughout all the thickness lSi of Si-structure [1]. Then density of 
heat sources  ),( tTQ in Si, which is proportional to the product of the 
current strength I º I(t) flowing through PSC device, and the voltage  
U º U(t) on the device, will look like:

                                                             ,                                    (10)

where SSi - surface area of Si-structure . Thus 
the relation between I and U is determined by   
I-V- curve of the device, which, in turn, shows temperature dependence.

At their direct inclusion the isotherm I-V curves of production run PSC 
devices can be described with a high degree of accuracy [14] by the 
expression:

                                                  .                                                (11)
The temperature dependence of factors A, B and C in this expression is 

described by formulas [14]:

                                                  ,                                                (12)

                                                   ,                                               (13)

                                             

                                                                   ,                              (14)
where  )( 00 TAA ≡ ,  )( 00 TBB ≡ ,  )( 00 TCC ≡ , a and b  - constants, which 

values are determined by test.
At reverse inclusion of PSC devices their isotherm I-V curves look like [14]:

                                                                        

                                                                         ,                        (15)

where  and Tg are also constants determined by test.
 Note, that the value A in expression (11) is in the meaning of [14] 

pinch-off voltage, and B - differential resistance of the device. Value , where 
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k - Boltzmann constant, e - elementary charge, c - proportionality factor 
dependent on quantity and manufacturing process features of p-n junctions 
(c » 2). 

In expression (15) value  is in the meaning of a back current which is 
flowing through the device at the temperature of T0, and Tg - is the half-
width of the semiconductor forbidden band evaluated in absolute degrees.

The formula (15) corresponds to the back current saturation region. By 
the computation of heat sources density (10) in Si the use of it is justified 
by that the processes of PSC device changeover run very fast [3], at the 
period less than 0,1 ms, that is much lesser than the pulse duration used in 
practice. Besides the power which is released at PSC changeover, becomes 
the neglected quantity in comparison with the power excreted in Si-structure 
at the time of PSC device activity in the saturation region.

Thus, the heat sources density (10) in Si is determined by following 
expressions:

а) at the direct PSC device inclusion

                                                                             ,                    (16)
where the temperature dependence of factors A, B and C is described by 

formulas (12) - (14);
b) at the reverse PSC device inclusion

                                                                                 

                                                                                   
                                                                                  .              (17)

In formulas (16) and (17) surface areas of Si-structure SSi is speсified 
by PSC device geometry and is a constant at reverse inclusion of a device, 
and also at direct inclusion of a diode. At direct inclusion of a thyristor, SSi 
changes in the course of time, as the process of a thyristor turn-on passes 
with the terminal velocity v0 » 10 cm/ms [3, 4, 8]. 

The foregoing condition may be taken into account, in a thyristor case, by 
replacement of the constant SSi in the formula (16) with the value:

     

                                            
                                                                                                  (18)

where S0 -  initial region area of a thyristor turn-on (near control electrode), 
which width usually amounts 0,3 - 0,6 mm [3]. Thus value B(T) in the 
formula (16), which is in the meaning of a thyristor differential resistance, 
should be exchanged by the value B(T)×SSi/S(t).
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In closing of this section we shall make a note, that the heat conduction 
equation (6) should be solved with the specified initial and boundary 
conditions. 

In compliance with the starting assumption 5 the initial condition for an 
unknown function T(x,t) looks like:

                                                               .                                 (19)
Thus, boundary conditions for this function in the region 0 < x > L are 

determined by equalities:

                                                                           .                      (20)

3. Permissible overload currents computation  
When applying the surge current pulse or the critical overload current, 

either catastrophic (unconditional) device failure (namely fusion penetration, 
silicon wafer cracking and etc.) or conditional failure as a consequence of 
temporary overrun of permissible values of one or several PSC parameters 
because of permissible temperature excess may take place. Thus, the 
approach to computation of permissible overload currents consists of critical 
temperature Tс definition (theoretically or experimentally) of some area of 
the device, when its failure (conditional or unconditional) takes place and 
the search on the basis of the model described in the previous section for 
the current value, which is capable to heat the indicated area to such a 
temperature.

For the majority of PSC devices as it appears the difference between 
the current, by which a conditional failure of the device ensues, and the 
destructing current less than 10 % [1]. Therefore below we shall consider the 
current, which results in unconditional failure of the device as the accessible 
one.

Subject to PSC design features, the shape and duration of a current pulse, 
and also the initial temperature of the device and time between the overload 
current pulse termination and the direct- or reverse voltage application the 
factors, which  result in unconditional failure of the device, may be: Si-wafer 
fusion (Tс » 1683 К), fusion of Cu (Tс » 1340 К) or Ag (Tс » 1270 К) spacers. 
However the most of writers [1-8] as the dominant cause, which results in 
PSC destruction, designate the fusion (Tс » 870 К) of aluminium-silicon 
(silumin) alloy generated by a silicon wafer metallization and destruction of 
Si-structure as a result of a current filament formation.

The Si-structure destruction, connected with the thermal filament formation, 
is explained by that [1, 8],  by temperature increase in the thyristor- or the 
diode base zone, the carriers ni(Т) density of their own increases, which in 
the most heated area of structure (approximately in the base zone center) 
becomes comparable with the injected charge carriers density n. The 
resistance of this area decreases, the current rises, so it results in fusion 

 0)0,( TxT 

 0),(),0( TtLTtT 
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penetration of the device in the narrow area with the dia of 0,2-0,5 mm.
For the stringent analysis of the thermal pinching it is necessary to decide 

a non one-dimensional problem and to consider the influence of extreme 
areas, redistribution of current and voltage of the structure in the pinching 
process. However in the study [15] it is shown, that at the one-dimensional 
approximation it is possible to use the simplified thermal breakdown criterion, 
which has the appearance:

                                            ,                                                     (21)
where  - the average charge carriers density in the base, Eg -  the energy 

gap width of a semiconductor .
Experimental investigations [7] made this criterion more precise:

                                                                .                                  (22)
As the current basically has the drift nature, the value 

                                            ,                                                      (23)

where  j  - density of the current, flowing through the base, ln- the base 
thickness,  D » 50 ¸ 100 microns, m(T) = mn(T) + mp(T) - total carriers 
mobility in the base, UB - the voltage drop in high-resistance internal layers 
of the structure.

 Believing, that, ln » lSi,  we have:

                                                         ,                                         (24)

where SC - the cathode area, and the constants B0 and b have the same 
sense, as in (13).

Expressions (22) and (24), despite their approximate nature, allow us 
to determine the critical temperature Tс of a current [1] pinching with 
satisfactory accuracy.  This temperature is determined by the numerical 
solution of the equation:

                       

                                                                                                  (25)

By substitution into it dependences m(T) and ni(Т) and temperature-
independent parameters of structure. Thus for m(T) и ni(Т) it is proper to 
select the following semi -empirical dependences [1, 8]:
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where m0 » 1350 cm2/(V×s) [8];

                                                    ,                                            (27)

where n0 » 3.88×1016 1/(cm3×К3/2) [16], and Tg has the same meaning, 
as in (15).

In connection with the abrupt, exponential dependence ni(Т) the 
temperature Tс, defined already at the solution of the equation (25), depends 
on concentration n  approximately under the logarithmic law. Therefore any 
error in the concentration definition is not resulted in a temperature error 
more than 20-30 °С. That justifies the use of conditions (22) and (24), 
obtained at the crude enough suppositions.

Such is the algorithm of permissible overload currents computation. We 
determine from the (25) a critical temperature Tс, which, as we suppose, 
takes place in the most heated area of the device - approximately in the 
middle of the base zone. Further, making use of the temperature computation 
model, described in section 2, we determine a current, heating PSC device 
to the temperature Tс. If the temperature of other areas of the device 
(silicon wafer, Cu- and/or Ag-spacers, silumin), appears thus below than the 
fusion point we may take the calculated value of a current as the maximum 
permissible one. Otherwise we suppose the critical temperature to be equal 
to fusion temperature of the PSC device area, where this value has the 
minimum, and then we repeat the permissible overload current computation 
procedure.

As a result of software implementation of this algorithm it becomes possible 
to determine: 1) the permissible overload current value under different 
operating modes of PSC device 2) the mechanism of probable destruction 
of PSC device at the permissible overload current value override; 3) time 
evolution of temperature fields distribution in PSC device structures at 
passing of permissible overload current through it.

4. Results of numerical modeling of thermal 
processes, passing through a thyristor Т243-500 
and a diode ДA343-630-34 during their operation
The algorithm of permissible overload currents computation described in 

the previous section was inplemented in «MatLab” machine language for a 
thyristor Т243-500 and diode DA343-630-34. Input parameters of numerical 
models of these PSC are: 1) geometric properties (thickness l and cross 
section area S)of layers forming multilayer structure of the device (see a fig. 
1); 2) density r and thermal characteristics (heat conductivity l and specific 
heat capacity c) of materials, this layers are made of; 3) initial temperature 
T0 of PSC; 4) measured total value of thermal resistance Rth of the device; 
5) experimentally defined parameters of I-V curve of the device (factors 
A, B and C, which describe a straight-line branch (11) of E-I curve, and 
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value Is of the reverse saturation current) for two different temperatures 
Т1 and Т2; 6) number N of the forward current sine pulses (it is supposed, 
that these pulses follow one after the other at regular intervals, equal to 
their duration); 7) pulse duration; 8) amplitude of sinusoidal pulse of the 
reverse voltage (of the same duration), which is applied right after the 
forward current pulse; 9) area S0 of initial area of the device turn-on (for a 
thyristor); 10) probable value of permissible overload current.

The value of the last parameter may be selected at will. It is necessary 
only because at permissible overload currents calculation the interpolation 
methods are used [12, 13], and they demand some initial, “seed” value of 
the sought quantity. The running time only, but not the final result depends 
on the accuracy of this value assignment.

To calculate the temperature of PSC multilayer structure the model 
described in section 2 is used. Thus constants A0, B0, C0, a and b, which 
are parts of formulas (12) - (14), and also I0 and Tg in formulas (15) and 
(17) are calculated on the basis of experimentally defined parameters of I-V 
curve which correspond with two different (moderate) values of temperature 
Т1 and Т2:

                                            ,                                                     (28)

                  
                                                                          ;                       (29)

        
                                             ,                                                     (30)

              
                                                                             ;                      (31)

                                              
                                             ;                                                   (32)

                                               ,                                                   (33)

                                                                                  
                                                                                .                 (34)

Output parameters of the numerical model are: 1) permissible overload current value;  
2) time evolution of  temperature fields distribution in PSC structures at passing 
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of permissible overload current through it.; 3) distribution of temperature in PSC 
device structures, in conformity with the device destruction.

Results of numerical modeling of thermal processes carried out at passing 
of a single forward current sine pulse by duration 10 ms through a thyristors 
Т243-500 and a diode DA343-630-34, are shown in a fig. 2 - 3. Design 
values of surge currents for these devices come to 20,570 and 15,408 кА 
accordingly, and that is in accord with the experiment.

In fig. 4 - 5 results of modeling of the thermal processes carried out 
at passing of two forward current sine pulses by duration 10 ms through 
indicated devices (spacing between two pulses equals to a pulse duration) 
are shown. Design values of permissible overload currents in this case come 
to 17,056 and 12,288 кА accordingly.

Results of modeling of processes carried out at passing of the single forward 
current sine pulse by duration 10 ms through a thyristor Т243-500 and a 
diode DA343-630-34 with the subsequent appendix of the reverse voltage 
sine pulse of the same duration with amplitude 1280 V are shown in fig. 6 - 
7. Design values of critical overload currents in this case amount to 18,951 
and 14,431 kА accordingly.

Vertical red dotted lines in figures which conform the temperature distribution 
at the moment of devices destruction, indicate boundaries of layers, forming 
them. The order of layers alternation  is indicated in the upper right corner 
of these figures (symbol «sor» for contact layers). Horizontal red dotted 
lines in these figures correspond to the critical fusion temperature Tc of 
this or that area of PSC or the current pitching temperature (is indicated as 
«Breakdown »).

The initial temperature of devices T0 is supposed to be equal 25 °С.

5. Conclusion
By results of the numerical modeling of thermal processes carried out at 

passing of a current pulse through a thyristor Т243-500 and a diode DA343-
630-34 (fig. 2 - 7), it is possible to make the following conclusions:

1. Critical temperatures of destruction for the majority of PSC devices lies 
in the range 400 - 600 °С.  Thus the main cause of destruction of devices is 
the silicon structure overheating as the consequence of current pitching or 
silumin fusion, generated by metallization of Si-structure.

2. Heating rate of a PSC device at passing of direct or reverse current 
pulses appears less than the rate of a current change, that results in the time 
displacement of the temperature maximum comparatively with the current 
maximum. Thus, by passing of a current pulse the device destruction occurs 
mostly at last moments of current pulse passing through.

It is possible to explain by: 1) diffusive nature of heat transfer processes 
in PSC device structures, which have their own rates determined by design 
faсtors of the device; 2) temperature dependence of PSC device I-V curve, 
in particular, by temperature dependence of differential resistance of the 
device (13), which results (11) in voltage increase on the device at its 
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heating at the moment of forward current pulse passing, and the increase 
in connection with the reverse current temperature rise (15) at application 
of a  reverse voltage pulse to the device; 3) temperature dependence (5) of 
Si heat conductivity

Mentioned conditions should lead to increase of permissible overload 
currents in value at the decrease of the pulse duration.  

3. Surge currents values of devices appear higher than the values of critical 
overload currents. At the same time increase in number of pulses results in 
decrease of permissible overload currents.

It may be explained by the fact that during between adjacent pulses a 
devices have no time to cool down to the initial temperature. Lowering of 
the initial temperature of devices, as well as their forced cooling during 
activity should result in increase of values of permissible overload currents.  

Fig. 2. Temporary evolution of the temperature distribution in structures of 
a thyristor Т243-500 (above) and the temperature distribution in conformity 
with the device destruction (below), at passing of a single forward current 
sine pulse by duration 10 ms.
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Fig. 3. Time evolution of the temperature distribution in structures of a 
diode DA343-630-34 (above) and the temperature distribution in conformity 
with the device destruction (below), at passing of a single forward current 
sine pulse by duration of 10 ms.

 

Fig. 4. Time evolution of the temperature distribution in structures of a 
thyristor Т243-500 (above) and the temperature distribution in conformity 
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with the device destruction (below), at passing of two forward current sine 
pulses by duration of 10 ms.

 

Fig. 5. Time evolution of the temperature distribution in structures of a 
diode DA343-630-34 (above) and the temperature distribution in conformity 
with the device destruction (below), at passing of two forward current sine 
pulses by duration of 10 ms.
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Fig. 6. Time evolution of the temperature distribution in structures of a 
thyristor Т243-500 (above) and the temperature distribution in conformity 
with the device destruction (below), at passing of the single forward current 
sine pulse by duration of 10 ms with the subsequent application of the 
reverse voltage sine pulse of the same duration with the amplitude 1280 V.
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Fig. 7. Time evolution of the temperature distribution in structures of a 
diode DA343-630-34 (above) and the temperature distribution in conformity 
with the device destruction (below), at passing of the forward current single 
sine pulse by duration 10 ms with the subsequent application of the reverse 
voltage sine pulse of the same duration with amplitude 1280 V.

4. Temperature jumps, observed in contact layers, indicate that the contact 
thermal resistance influences considerably on heating of PSC structure. Heat 
flows limitation  decreases essentially heating of a Si-wafer and results 
in that the heat is retracted from the direction of an anode much more 
intensive, than from the direction a cathode, though heat conductivity of Mo 
(or W) are lower, than of Cu or Ag. Reduction of contact thermal resistance, 
which can be reached by improvement of contact surfaces finishing, ensuring 
of sufficient compression load and selection of materials for spacers, should 
result in increase of values of permissible overload currents.  
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