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Electrothermal Modeling of IGBT’s: Application to
Short-Circuit Conditions

Anis Ammous, Kaiçar Ammous, Hervé Morel, Bruno Allard, Member, IEEE, Dominique Bergogne, Fayçal Sellami,
and Jean Pierre Chante, Member, IEEE

Abstract—This paper discusses the possible estimation of IGBT
failure phenomena by mean of simulation. The studied destruction
mode addresses the large surges, especially the short-circuit of
IGBT’s. In this case the reason of the device destruction is a
thermal runaway. Thus we have developed an electrothermal
model of the IGBT. The developed model may be implemented in
any circuit simulators featuring a high level description language
(SABER, ELDO, SMASH, PACTE ). The used electrical model
is based on the Hefner model of the IGBT. A bidimensional finite
element thermal model is considered. This model has been opti-
mized to gives a good trade-off between accuracy and simulation
cost. To validate the implemented model, finite element simula-
tions have been performed with the ATLAS two-dimensional (2-D)
numerical simulator. The study is completed with the comparison
between experimental and simulation results. It is shown that the
proposed electrothermal model allows the prediction of the IGBT
destruction phases in the case of large surges. So, users of IGBT
components have the possibility to estimate, by mean of simula-
tion, the possible failure (due to large surges) of these devices in
the case of complex converters. This enables the possibility for
developing protection systems for IGBT’s without any destructive
test.

Index Terms—Electrothermal modeling, failure, IGBT, numer-
ical simulation, short-circuit.

NOMENCLATURE

(cm ),

(cm)

Effective area and length of the semiconductor de-

vice.

Silicon specific heat (J/g/K).

Base-collector depletion capacitance (F).

Collector-emitter redistribution capacitance (F).

Drain-source depletion capacitance (F).

Gate-drain capacitance (F).

Gate-drain overlap depletion capacitance (F).

Gate-source capacitance (F).

Oxide capacitance per unit area (F/cm ).

Gate-drain overlap oxide capacitance (F).

Ambipolar diffusivity (cm /s).

Carrier-carrier scattering diffusivity (cm /s).

Anode current (A).

Charge control base current (A).

Charge control collector current (A).
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Thermally generated leakage current (A).

Mosfet current (A).

Multiplication current (A).

Thermal conductivity (W/cm/K).

Boltzmann constant (J/cm /K).

Linear region MOSFET transconductance param-

eter (A/V ).

Saturation region MOSFET transconductance pa-

rameter (A/V ).

Ambipolar diffusion length (cm).

Electron concentration (cm ).

Effective LDB (Low Doped Base) doping level con-

centration (cm ).

Acceptor impurity level concentration (in the

body) (cm ).

Doping level concentration in the base (cm ).

Collector-base space charge concentration (cm ).

Velocity saturation component of (cm ).

Intrinsic carrier concentration (cm ).

Hole concentration (cm ).

Excess carrier concentration (cm ).

at HDB (Highly Doped Base) edge of the LDB

(cm ).

at emitter edge of the HDB (cm ).

Input dissipated power (W).

Electron charge (C).

Total excess carrier base charge (C).

Excess carrier charge in the HDB (C).

Excess carrier charge in the LDB (C).

Conductivity-modulated base resistance (Ohm).

Absolute temperature (K).

Input temperature (K).

Thermodynamic voltage (V).

Anode-cathode voltage (V).

Emitter-base voltage (V).

Emitter-base diffusion voltage (V).

Base-collector voltage (V).

Base-collector breakdown voltage (V).

Drain-gate voltage (V).

Gate-source voltage (V).

Flat band voltage (V).

Quasineutral LDB width (cm).

Metallurgical LDB width (cm).

Base-collector depletion width (cm).

Drain-source depletion width (cm).

Gate-drain overlap depletion width (cm).

Metallurgical width of HDB (cm).
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Effective width for base transport (cm).

Corresponding (when breakdown occurs) for

NPT (Non Punch-Trough) structure (cm).

Silicon mass density (g/cm ).

Electron, hole mobilities in the base (cm /V/s).

Carrier-carrier scattering mobilities (cm /V/s).

Current gain of internal PNP bipolar transistor in-

side the IGBT.

Substrate Fermi potential (V).

Silicon permittivity (F/cm).

High-level injection lifetime in the base (s).

High-level injection lifetime in LDB (s).

Effective lifetime in depletion region (s).

Transverse field transconductance factor (V ).

I. INTRODUCTION

THE main component of the heat generation inside a semi-
conductor device is equal to the scalar product of the elec-

tric field by the current density. The heat generation becomes
more critical in the case of large surges specially in short-cir-
cuit conditions.

Literature shows some studies about the electrothermal
modeling of the IGBT to evaluate the effect of the device
self-heating on the electrical characteristics [1]–[6]. In these
studies the thermal model is a classical unidimentionnal model
based on the finite difference method (with a little number of
nodes) which is not adapted to the case of IGBT large surges
operation [7]. Indeed to avoid a large error on the estimation
of the device temperature in the case of a large surge, a
high number of nodes is required. Moreover, in these studies
electrothermal modeling is performed by evaluating physical
parameters as functions of unique junction temperature. Really,
the evaluation of the electrical parameters as functions of tem-
perature depends on the local region where the corresponding
physical phenomenon takes place. Specially, in the case of large
surges, the temperature gradient inside the IGBT is high and
the temperature distribution is bidimentionnal at least [8]–[10].
So, many internal temperatures in the device should be taken
into account in the electrical model.

The present paper covers a study about the estimation of
IGBT failure phenomena, by mean of simulation. An elec-
trothermal model of the IGBT is then developed. The model
has been implemented in the circuit simulator PACTE [11].
We note that it is possible to implement the proposed model in
any other circuit simulator featuring a high-level description
language like SABER [12], ELDO [13] or SMASH [14] .
Section II covers the presentation of the electrical model
of the IGBT, based on the A. Hefner model [15], [16]. This
model, based on semiconductor device equations, gives a good
description of the IGBT electrical behavior. A bidimensional
thermal model is proposed in Section III. This model is a
thermal network based on the finite element method.

To justify the geometrical description of the thermal model, a
one half of a symmetric IGBT cell is investigated using the gen-
eral-purpose numerical device simulator ATLAS two-dimen-
sional (2-D) [17].

Finally, physical parameters have been evaluated using the
different local temperature throughout the device (Section IV).
Comparisons between numerical simulations, experimental

Fig. 1. Schematic one-half of symmetric IGBT cell and its simplified
equivalent electrical circuit used to develop the electrical model.

results and their equivalent electrothermal circuit simulations
show that the estimation of the IGBT failure, in the case of
large surges, is possible by mean of simulation.

II. ELECTRICAL MODELING

The electrical model of the power insulated gate bipolar tran-

sistor by Hefner [15], [16] has been used. This model gives a

good description of the IGBT behavior specially in the case of

steady-state and quasi-static operating conditions. The model is

based on the equivalent circuit of a MOSFET which supply the

base current to a NPN bipolar transistor [18]. The schematic of

half of a symmetric IGBT cell with the basic principles of the

circuit model are shown in Fig. 1. When the emitter-base junc-

tion is forward biased, holes are injected into the epitaxial layer

from the substrate . The hole concentration injected

in the base (at the emitter-base junction limit) is given by the

classical relation

(1)

where is the hole concentration in the base at the thermody-

namic equilibrium.

Since the epitaxial layer is much less doped than the substrate,

then this yields the high-level injection of holes in the base

. If the total current density is assumed to be uniform in

the base, the ambipolar diffusion equation is given by [15], [16]

(2)

with .
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Fig. 2. Experimental and simulated circuit used to perform dynamic and static
characteristics of the studied IGBT’s.

The IGBT electrical model takes into account the carrier

multiplication and thermal generation phenomena within the

base-collector depletion region. Indeed, the carrier multiplica-

tion phenomenon is characterized by the multiplication factor

approximated by the following empirical expression [18].

(3)

The parameters and depend mainly on the doping level ,

and the breakdown voltage, .

The thermally generated leakage current is given by [19]

(4)

where is the base-collector depletion width.

Further details about the IGBT analytical model may be

found in [15], [16] and [20]–[23]. The expressions used to

describe the PT IGBT model have been listed in Appendix 1.

The electrical circuit used in simulation and experiment

is shown in Fig. 2. The experimental and simulation results,

obtained for two devices and their corresponding electrical

models, are given in Figs. 3–5. The model parameters for the

two devices have been obtained with an identification proce-

dure based on the fitting of experimental static and dynamic

characteristics [24].

Fig. 3 shows the current–voltage (I–V) characteristic of the

IRGBC 20U (13 A/600 V) for different gate-to-source voltage

values for isothermal conditions ( K). Figs. 4 and 5

gives the transient switching characteristics for isothermal con-

ditions ( K) of the IRGBC 20U and the BUP 202

(15 A/1000 V) devices, respectively. The different waveforms

, and show the good agreement between experi-

mental and simulation results. So, that confirms that the elec-

trical model, developed by Hefner, covers a large physical de-

scription of the different phenomena inside the IGBT. Then it

may be used in the developed electrothermal model.

All the electrical model parameters corresponding to the

IRGBC 20U and the BUP 202 devices are given in Appendix 2.

III. THERMAL MODELING

A. State of the Art

Because most of the semiconductor device models are imple-

mented in circuit simulators, thermal circuit networks are the

Fig. 3. Experimental and simulation static characteristic of the IRGBC 20U
obtained for different gate-to-source voltage values.

practical models for electrothermal simulations. Literature pro-

poses some approaches to construct thermal networks equiva-

lent to a discretization of the heat equation. For example the

finite difference method (FDM) [3]–[25] and the finite element

method (FEM) [7]–[26] are proposed.

In the case of vertical power devices, where the thickness

is small compared to other dimensions, it is commonly con-

sidered that heat is generated at the top surface of silicon and

flows uniformly along the -axis (perpendicular to the silicon

surface). So, the top surface is considered to be a geometrical

boundary of the device at , where the input power

is assumed to be uniformly dissipated. The lower surface (at

) is considered to be the cooling boundary, where the

temperature is assumed to be equal to the input temperature

(Fig. 6). Convection and radiation are assumed to be negligible.

So a one-dimensional (1-D) heat-flow may be considered

(5)

with boundary conditions

The thermal conductivity is assumed to be equal to [3]

K
(6)

Studies in [7] have shown the advantage of the finite element

method compared to the difference element method specially in

the case of large surges of short time duration, which is the case

of IGBT short-circuit conditions.

So we retain thermal circuit networks based on the finite ele-

ment method.

B. Electrothermal Simulation of the IGBT With Numerical

Simulations

This section presents the IGBT electrothermal behavior in the

case of short-circuit conditions. This study is performed with
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Fig. 4. Current and voltage waveforms obtained with the analytical model implemented in the PACTE simulator for the device IRGBC 20U inside the circuit in
Fig. 2. (a) , H, V and (b) , H, V and .

the ATLAS 2-D numerical device simulator [17]. This bidimen-

sional study takes into account the coupled transport of heat and

charge carriers which is based on the self consistent solution

of Poisson’s equation, the continuity equation for electrons and

holes and the heat flow equation in space and time.

Half of a symmetric IGBT cell is investigated (Fig. 7). Col-

lector-to-Emitter voltage is fixed at 400 V, and 16 V is ap-

plied between gate and emitter. The device temperature distri-

bution obtained by simulation is pictured in Fig. 8 after 13 s

of short-circuit conditions.

As a thermal boundary condition for the simulation, a heat

sink held at 300 K is attached to the bottom of the device.

Fig. 8 shows that the highest temperature reached in the IGBT

half-cell is located at the end of the channel and near the inter-

cellular region. The temperature distribution is bidimentionnal

down to 20 m from the top of the cell and the temperature may

be considered as unidimentionnal in the rest of the structure.

These observations are important to build an economic thermal

model. However, a 1-D thermal model is not sufficient to predict

thermal runaway of the IGBT under large surges, because the

power is not uniformly dissipated at the top of the device. The

major part of power is dissipated at the end of the channel. This

power results from a high electric field and high current density

in this region. In the case of -channel IGBT’s the major part

of the total current in the device crosses the channel. It is an

electron current (the gain of the internal PNP transistor

is low). The latter analysis enables to construct a substantial

thermal model adapted to the large surge conditions.

C. IGBT Thermal Model

As mentioned here-above, the proposed thermal model of the

IGBT, should suit well with circuit simulators and should enable

to predict the IGBT temperatures in the case of large power

surges. So, a bidimensional thermal networks equivalent to a

discretization of the heat equation by the finite element method

is developed.

Studies in [7] and [26] show that the 1-D equivalent thermal

network obtained by the finite element method may be repre-

sented by the circuit in Fig. 9.
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Fig. 5. Current and voltage waveforms obtained with the analytical model
implemented in the PACTE simulator for the device BUP 202 inside the circuit
in Fig. 2. (C1) , H, V and
(C2) , H, V and .

Fig. 6. Unidimensional semiconductor die representation considered for the
thermal modeling.

Where

and

And is the discretization step.

This model is obtained by a choice of linear piecewise func-

tions equal to 1 at node number and zero at any other node.

In the case of a bidimensional problem, a representation of

the 2-D elements is the 2-D equivalent thermal network made

of Lagrange-type triangular elements (Fig. 10) [7]–[26].

Where

and

Fig. 7. Half of a symmetric IGBT cell structure used in the numerical simulator
(ATLAS 2-D).

where are the coordinate of the node number in the

axes and are a circular permutation of the nodes 1, 2 and 3

which compose the triangular element surface . The 1-D and

2-D latter models may be used to represent the thermal phe-

nomena inside the IGBT. Indeed the complete thermal model

is shown in Fig. 11. This model is a combination of a 1-D and

a 2-D equivalent thermal network. It enables the optimization

of the simulation cost. In some ten of micrometers from the sur-

face, thermal phenomena are bidimensional hence a 2-D thermal

model is used, and beyond a 1-D thermal model is sufficient.

is the estimated length where the power is dissipated in sur-

face. Because of the important temperature gradient in the de-

vice, specially in the intercellular region, it is necessary to use

a fine discretization mesh in this region (as shown in Fig. 11) to

obtain accurate results.

The electrons flowing through the base-collector junction

generate heat due to their collisions with the crystal structure.

The corresponding dissipated power is given by

(7)

In the same way the holes flowing through the base-collector

depletion layer generate heat by the dissipated power given

by

(8)

The equivalent power dissipated in the base resistance and in

the emitter-base depletion layer (due to carrier-crystal structure

collisions) is given by

(9)

Where is the emitter-base diffusion depletion voltage, and

is the conductivity-modulated base resistance. The evalu-
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Fig. 8. Temperature distribution in the IGBT half-cell, after 13 s short-circuit test, obtained by the ATLAS simulator: V and V.

Fig. 9. Unidimensional equivalent thermal networks, between two nodes,
obtained by the finite element method.

Fig. 10. Bidimensional equivalent networks, for a triangular element, obtained
by the finite element method.

Fig. 11. The proposed thermal model of the IGBT.

ation of the dissipated power by the electrical model is suffi-

cient to predict the temperature in the different regions inside the

IGBT. So, in the following study, thermal and electrical models
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are coupled to give an adequate model of the IGBT allowing an

accurate description of the electrothermal behavior.

IV. ELECTROTHERMAL MODELING

A. Temperature Dependency of the Electrical and Physical

Parameters

Physical parameters in the electrical model depend on tem-

perature inside the component. Some of these parameters cor-

respond to a phenomenon in different regions, which have dif-

ferent temperatures, like the mobility.

So, some local temperatures are estimated from the thermal

model and then are used in the different physical parameter ex-

pressions of the electrical model. For example, the temperature

in the MOSFET channel is needed to evaluate threshold

voltage [27] and the surface mobility [27]. Different

temperatures in the base-collector depletion region [tempera-

ture near the intercellular region and the equivalent

temperature in the middle of the base-collector depletion re-

gion ] are used to evaluate thermal generation current

(Fig. 8). Temperatures in the base region are needed to eval-

uate conductivity-modulated base resistance, the base high-level

lifetime, the mobility and the intrinsic carrier concentration. The

temperature in the emitter-base depletion region is used

to evaluate the emitter-base diffusion depletion voltage.

It is important to note that in the case of large power surges,

and when the device temperature is high, all the physical param-

eter dependencies are to be taken into account.

For instance, the intrinsic concentration is given by [28]

K

K cm (10)

The thermal generated leakage current given by the expression

(4) is divided on two parts depending on the effective surface

corresponding to the intercellular region and the cellular

region . These expressions are calculated with the

temperatures and respectively (Appendix 1).

The saturation velocity of electrons and holes are given re-

spectively by

K (cm/s) (11)

K (cm/s) (12)

These expressions are valid in low doped regions (in the base

for example, ).

The electrons and hole mobilities are given by Naraind Arora

and al [29] following expressions (for ). See (13) and

(14) at the bottom of the page. Where (cm ) is the doping

level concentration ( or ) of the considered region.

Electrons and hole lifetime are given by

K
K

(s) (15)

The thermodynamic voltage is given by

(16)

The threshold voltage is given by

(17)

where is the most temperature-dependent parameter given

by

(18)

The threshold voltage behavior as a function of temperature may

be obtained by experimental measurements. This characteristic

is approximately linear [27].

The MOSFET current in electrical model is given by [15],

[16]. See (19) at the bottom of the page, where and

depends on channel temperature .

parameter is proportional to the electron mobility in the

channel, so

K
(20)

where is the value of evaluated at room tempera-

ture ( K).

K
K

K

K
cm /V/s (13)

K
K

K

K
cm /V/s (14)

for

for

for

(19)
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Fig. 12. Static characteristics, of the IGBT device, obtained by the numerical
simulator (ATLAS 2-D) and the equivalent analytical model (PACTE).

Fig. 13. Current and voltage waveforms obtained for the IGBT device, in the
turn-on transient. (Electrical circuit of Fig. 2 with 400 V, ,

, and H).

The ratio is supposed to be given by [30]

(21)

from (20) and (21) we obtain

(22)

Fig. 14. Current and voltage waveforms obtained for the IGBT device, in the
turn-off transient. ( V, , and

H).

The internal currents and voltages inside the IGBT are used to

calculate the power dissipation in the device. This leads to com-

pute the different region temperatures inside the IGBT by the

developed (2-D) thermal model and so to evaluate the corre-

sponding physical parameter values.

To take into account the thermal conductivity variation as

function of temperature, the thermal resistance between two

nodes is evaluated as a function of an equivalent temperature

given by

between the nodes and

In the following sections we perform the comparison between

the electrothermal behavior of the IGBT obtained by the analyt-

ical model, the numerical simulator and the experiments.

B. Comparison with Numerical Simulation Results

The complete identification of all the technological param-

eters of a real structure by numerical simulations demands too

much time, probably several hundreds of simulation fitting

phases. So we have set arbitrary values to the technological

parameters (structure dimensions, doping level, junction depth,

oxide thickness ) of half of a symmetric IGBT cell which is
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Fig. 15. Short-circuit current evolution of the half of an IGBT cell, for different structure characteristics, obtained with the numerical simulator (ATLAS 2-D).
(C1) ( cm , cm , the intercellular concentration is about cm ) (C2) ( cm , cm , the
intercellular concentration is about cm ) (C3) ( cm , cm , the intercellular concentration is about cm ) (C4)
( cm , cm , the epitaxial layer doping is homogenous).

used as a reference. Indeed, the I–V static characteristics and

the transient responses of the proposed structure is closed to

those of the device IRGBC 20U. So, we propose to establish

the corresponding electrothermal model of this proposed struc-

ture. The comparison of the results given by both simulations

(numerical model and the analytical model) enable to justify

the accuracy of the thermal model mesh (Section II) and the

region-temperature dependencies of the physical parameters

(Section III–A).

Some electrical characteristics are shown in Figs. 12–14.

They picture the comparison between the results obtained by

the numerical model (ATLAS 2-D) and the analytical model

(PACTE). Fig. 12 shows the I–V characteristic for different

gate-to-source voltage values. Fig.s 13 and 14 show the elec-

trical waveforms obtained by both simulations in the case of the

turn-on and the turn-off transients of the IGBT, respectively,

with the circuit in Fig. 2.

These results show a good agreement between the numerical

and the analytical model. Some discrepancies exist between the

two simulations specially in the case of the turn-off transients.

This is mainly due to the simplifications introduced in the an-

alytical model. However the latter discrepancies have to be put

in balance with the significant difference in simulation cost be-

tween the numerical model and the analytical model. For in-

stance, the simulation using the numerical simulator (ATLAS)

of the turn-off transient (Fig. 14) of half of a symmetric cell

structure has required about 8000 minutes of CPU-time on a

SparcStation 10, while the same simulation using the analytical

model with the PACTE circuit simulator demands about 15 s on

the same workstation.

The analytical model parameters used in the simulations, and

corresponding to the proposed structure (Fig. 7), are given in

Appendix 2.

C. Short-Circuit Conditions

In the case of large power surge conditions, specially in the

case of short-circuit, the IGBT is submitted to a large dissipated

power which induces (as mentioned in Section II) high local

temperatures throughout the device. So, the device fails very

soon if no protection circuit has been implemented.

Fig. 15 shows short-circuit currents in the IGBT, obtained by

simulation for different structures when they are submitted to

400 V between drain and source and 16 V between gate and

source. Two important phases appear in the short-circuit current

behavior. First the decrease of the current is mainly due to a de-

crease of the surface mobility in the MOSFET channel when the

channel temperature is rising. Second, an increase of the current

inside the device is due to the increase of the thermally gener-

ated current . The second phases is critical and the IGBT

becomes uncontrollable (the thermal runaway phenomenon es-

tablishes rapidly). Fig. 16 shows the electrical and the thermal

response behaviors obtained by both the numerical model and
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Fig. 16. Short-circuit current and temperature behaviors, in the proposed half
of an IGBT cell (C1), obtained with the numerical model (ATLAS 2-D) and the
analytical model (PACTE): V and V.

analytical model in the case of short-circuit conditions. The re-

sults obtained by both simulations are in good agreement. This

demonstrates the practical accuracy of the electrothermal model

and the physical parameter-region temperature dependencies as

proposed in here-above sections.

The maximum temperature reached inside the device (when

the short-circuit current runway begins) is about 900 K what

corresponds to the intrinsic temperature in the doping re-

gion. These observations confirm the experimental results given

in [27].

Fig. 17 shows the comparison between the experimental and

simulated results obtained for the IRGBC 20U device in the case

of a destructive short-circuit. The measured evolutions show that

the estimation of the IGBT failure phenomenon by mean of sim-

ulation, in the case of large power surge conditions, is highly

possible and largely reliable in the presented case. However the

accuracy of the proposed electrothermal model of the IGBT is

tributary of the accuracy of the physical parameter-temperature

dependencies established in this section. Unfortunately, some of

these parameter dependencies remain unknown when the local

temperature exceeds 600 K. This may explain the discrepancies

on critical phase behaviors obtained by the experimental test and

by the analytical model.

Fig. 17. Experimental and simulated (analytical model) behavior of the
currents and the temperature in the IRGBC 20U under short-circuit conditions:

V and V.

V. CONCLUSION

Both analytical and numerical electrothermal models of the

IGBT under short-circuit, have been developed. The analytical

model is based on an electrical model (Hefner model) coupled

with a 2-D thermal model. The numerical model has been sim-

ulated using the ATLAS-2-D simulator and so far is used as a

reference. The obtained results are in good agreement with mea-

surements in the case of large power surge conditions, except

when high temperatures are reached inside the device. This is

due to the fact that some temperature dependency expressions

of physical parameters, e.g., mobilities, are not known when the

temperature is higher than 600 K.

The numerical model is accurate but demands a precise

knowledge of all the technological parameters of the device

structure. Moreover the simulation cost is very expensive

(several day of CPU time), so it is not possible to obtain good

parameter value fittings with measurements. However it is

remarkable that such a numerical model is very easy to develop

(about one day of work) using a simulator like ATLAS-2-D.

Beside the analytical model has demanded a large effort to

be developed (several months), but it gives acceptable accuracy

with a very short simulation cost ( s). So using such a model,

measurement fitting is possible.
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Hence, we have shown that analytical model may enable to

predict the short-circuit behavior of IGBT’s in circuit simulator.

This would be applied to the design of short-circuit protection

circuits or to the simulation of circuit reliability.

APPENDIX 1

Expressions of the Punch-through IGBT electrical model:

for

for

See the equation at the bottom of the page.

APPENDIX 2

See Table I.

for

for

for
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TABLE I
ELECTRICAL MODEL PARAMETER VALUES (AT ROOM TEMPERATURE) OF THE DIFFERENT DEVICES ADDRESSED IN THIS PAPER
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