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Abstract

The paper covers a useful and practical method for users of power semiconductor devices to derive dynamic thermal m
discrete semiconductor packages. Derivation is based on transient thermal impedance responses measured experimentally or d
semiconductor manufacturer data-sheets. Such dynamic thermal models are required for electro-thermal simulation of power
circuits corresponding to short power pulse excitations. Indeed in such excitations, the main transient phenomena occur
semiconductor die. Contrarily to classical thermal models based on simple resistor/capacitor cells, the proposed model is a
thermal model based on the finite element modeling of the semiconductor chip. It takes into account the main thermal temperatu
non-linearities of package layers. The derived thermal models offer an excellent trade-off between accuracy, efficiency and CPU-c
 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Deriving dynamic models from thermal impedance d
of packaged semiconductor devices is useful to eval
the junction temperature of these devices during opera
Such models should take into account the package the
impedance including the silicon chip, the die attach lay
and the heat spreader.

Junction-to-case thermal impedance can be meas
experimentally and they are available on semicondu
manufacturer data sheets. These data are used from s
tens of years to estimate (by hand) the junction tempera
knowing the average power losses. In Power Electro
applications, power losses may be represented by cyclic
functions. The transient thermal impedance curves give
increase in junction temperature as a function of the p
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value, the duration and the duty cycle of power loss in
waveforms.

However such transient thermal impedance curves
not fit with time-domain simulation, like those involved
circuit simulators.

So time-domain thermal models are required to ach
electro-thermal simulations of power systems. They
compatible with circuit simulators in which most of th
semiconductor device models are implemented. The pre
paper objectives are two-fold.

• Building an equivalent thermal model of a discrete
vice using the step transient thermal impedance cur

• Taking into account the non-linearities of the therm
conductivity of the silicon die. This allows a bett
estimation of the peak junction temperature.

The proposed thermal model has a strong physical m
ing and gives accurate thermal responses even in the p
cal case where the dissipated power duration is in the ra
of few microseconds to some hundreds of millisecond.
model is equivalent to a discretization of the 1-D heat eq
tion by the finite element method. It is represented by a
Elsevier SAS. All rights reserved.
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Nomenclature

c material specific heat . . . . . . . . . . . . J·kg−1·K−1

h discretisation step . . . . . . . . . . . . . . . . . . . . . . . . m
k thermal conductivity . . . . . . . . . . . . W·m−1·K−1

kSi0 the thermal conductivity of silicon
atT = 300 K. . . . . . . . . . . . . . . . . . . W·m−1·K−1

L effective thickness of the material . . . . . . . . . . m
P dissipated power . . . . . . . . . . . . . . . . . . . . . . . . . W
P0 magnitude of the dissipated powerP(t) . . . . W
R duty cycle of the dissipated power signal
Rth thermal resistance . . . . . . . . . . . . . . . . . . . K·W−1

RthJ−A thermal resistance between junction and
air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K·W−1

S effective area of the material . . . . . . . . . . . . . . m2

T absolute temperature . . . . . . . . . . . . . . . . . . . . . . K

Tj junction temperature . . . . . . . . . . . . . . . . . . . . . . K
Tc case temperature . . . . . . . . . . . . . . . . . . . . . . . . . K
TA ambient temperature . . . . . . . . . . . . . . . . . . . . . . K
T(∞,∞) temperature atx = ∞ and time= ∞ . . . . . . . K
Tin input temperature . . . . . . . . . . . . . . . . . . . . . . . . . K
Zth transient thermal impedance . . . . . . . . . . K·W−1

ZthJ−C transient thermal impedance between junction
and case . . . . . . . . . . . . . . . . . . . . . . . . . . . . K·W−1

ZthJ−A transient thermal impedance between junction
and air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K·W−1

ρ material mass density . . . . . . . . . . . . . . . . kg·m−3

τ dissipated power pulse duration . . . . . . . . . . . . . s
α thermal diffusivity . . . . . . . . . . . . . . . . . . . m2·s−1
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cuit networks which fit well with commercially available ci
cuit simulators.

The first section presents the transient thermal impeda
a common concept of electronic device package. Secti
presents a modeling-oriented analysis of the packag
some IGBT devices (TO220 package). The identification
the effective geometric characteristics of the different lay
is presented in Section 3.

Section 4 covers the device temperature response
different depths inside the package. The effect of n
linearities of the silicon thermal conductivity on temperat
responses is studied. The final section concerns the d
behavior in the case of large power surges of short t
duration. Discussion about the thermal model accurac
presented.

2. Equivalent thermal model of a discrete power device
package

2.1. Transient thermal impedance

Transient thermal impedance is a concept used for m
years in semiconductor manufacturer datasheets [1]. De
for the concept of transient thermal impedance may be fo
in [2]. The generated heat flow,P(t), at the top surface
x = 0, through a semi-infinite solid is described by t
classical temperature expressionT (x, t) given by (1)

T (x = 0, t)= T(∞,∞) + 1

ρc
√
πα

t∫
0

P(t − ϕ)
dϕ√
ϕ

(1)

Moreover, in the particular but practical case of power los
with rectangular waveforms featuring an amplitudeP0, the
top surface temperature is given by (2)

T (x = 0, t)= T(∞,∞) + 2P0√ √
t (2)
ρc πα
:

t

finally,

T(0,∞) = T(∞,∞) =Zth · P0 (3)

whereZth is the transient thermal impedance of the se
infinite solid.

In the case of periodic pulsed power losses, the trans
thermal impedance depends on the waveform duty r
Indeed experimental measurements show the validity
(3) even in the case of complex packages as show
Fig. 1. So for many years, (3) is used to characterize
junction-to-case transient thermal behavior when desig
thermal paths of Power Electronic applications. Howe
such an approach is not compatible with circuit simulat
demanding differential and algebraic equations to repre
device transient models.

The present paper focuses on the use of available da
the transient thermal impedance to build behavioral ther
models of semiconductor devices for Power Electro
system simulation and design.

The definition of the junction-to-ambient thermal im
pedanceZthJ−A characterizing a thermal system is giv
by (4)

ZthJ−A(τ,R)= (Tj − TA)/P (4)

Fig. 1. The studied discrete devices package.
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Fig. 2. Geometrical and thermal structure description of the studied dev

where Tj is the hot spot temperature,TA is the ambient
temperature.P, τ and R are respectively the peak valu
the duration and the duty cycle of the top surface h
generationP(t).

For large value of the duration,τ,ZthJ−A reaches the
junction-to-ambient thermal resistance,RthJ−A. The thermal
impedance curves are classically given for different d
cycle values and in the range of few microseconds to s
hundreds of millisecond for the pulse duration.

Sometimes, semiconductor manufacturers give only
step transient thermal response (R = 1) of the devices.
These data do not include values forτ lower than few
microseconds.

2.2. Modeling the thermal system

A thermal model, compatible with circuit simulators
required to represent data available from transient the
impedance.

Most discrete power semiconductor devices (with
electrical insulator between chip and case) comprise t
main components: a silicon die, a die attach and a spre
Fig. 1 shows the different components constituting the IG
IRGBC 20U (13 A/600 V).

When the power pulse durations are small, the evolu
of the thermal impedance curves is very sensitive to d
cycle variations. In these conditions the temperature grad
inside the device is large especially in the silicon die.

Moreover, in the case of a vertical power device,
electrical power is dissipated at the top of the silicon
(device active region). Heat flows from the top surface(S1)

mainly in a perpendicular direction (Fig. 2). So, a on
dimensional heat flow may be considered [2] for the silic
layer (Fig. 3).

In normal operating conditions, the silicon layer temp
ature is not too high (<150◦C), so it is assumed that th
thermal characteristics of the device are independent of
perature. Since the other layers inside the package ha
higher thermal conductivity, thermal radiation and conv
tion occurring at the package top surface area second o
phenomena. However it may be classically represented
.

a

r

Fig. 3. Unidimensional semiconductor die representation considered fo
thermal modeling.

junction-to-ambient equivalent thermal resistor [3,4]. Ra
ation and convection phenomena are not considered he

Die attach and heat spreader modeling is considered.
flow is not one-dimensional, but in practice these lay
act only on the long-term behavior of the package (sev
milliseconds). Our purpose is not to design heat sprea
but to model the electro-thermal couplings inside the po
semiconductor devices. So accurate maps of the temper
inside the die attach and the heat spreader are not us
Only a junction-to-case behavior is needed. Thus it has b
chosen to represent each layer using the one-dimens
heat flow equation. We propose an accurate represent
of the one-dimensional heat flow inside the silicon la
and a behavioral one-dimensional heat flow model for
other layers. It will be shown that a good overall behavio
thermal model of the package is obtained, fully compat
with power converter design requirements.

Finite element modeling of heat flow through a 1D-layer
One-dimensional heat flow phenomena in a solid la

are governed by the following partial differential equ
tion (5).

∂

∂x

(
k
∂T

∂x
(t, x)

)
= ρc

∂T

∂t
(t, x) (5)

With the boundary conditions

Sk
∂T

∂x

∣∣∣∣
x=0

= −P(t) (6a)

T (t, x = L)= Tin(t) (6b)

whereTin(t) is the input temperature andP(t) is the input
dissipated power.

In [5,6] the authors show that the thermal model circ
network equivalent to the discretization of the 1-D h
equation by the finite element method is a good candi
for junction temperature estimation.

The state-space approximated solution of (5) is given

T̃ (x, t)=
m∑
i=1

ξi(t)Wi(x) (7)

where Wi(x) are decomposition functions andξi(t) are
the coordinates of the temperature approximation in
functional-space basis formed by the decomposition fu
tions.
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A trial functionSi(x) is considered. Using (5), (6) and (
to integrate (4) multiplied by a trial functionSi(x) over
[0,L] yield the matrix form (8)

Mξ̇ +Rξ = Bu (8)

where

Mij =
L∫

0

Wj(x)Si(x)dx

Rij = k

ρc

L∫
0

dWj

dx

dSi
dx

dx − k

ρc

dWj(L)

dx
Si(L)

Bi = Si(0)

ρcS

Particularly the Finite Element Method (FEM) consists
a trivial choice of the decomposition functionsWi(x), as
linear piecewise functions, equal to 1 at node numberi, and
zero at any other node (Fig. 4). In our case,ξi(t) corresponds
to the temperature value at node,i. Classically the trial
functions,Si(x), are chosen to be equal to the decomposi
functionsWi(x).

For the chosenWi(x) functions and between nodesi and
i + 1, (8) gives

Fig. 4. Distribution functionWi(x) used in the FEM.
ρchS

(
1/3 1/6
1/6 1/3

)(
ξ̇i
ξ̇i+1

)
+ kS/h

(
1 −1

−1 1

)(
ξi
ξi+1

)
= 0 (9)

Fig. 5 pictures the circuit network equivalent to t
proposed equivalent thermal circuit used to estimate
thermal behavior of the studied device (including packa
For more details refer to [5,6].

For the silicon layer (characterized byk1, ρ1 c1, S1 and
L1), for example, the network components are

R1Si = L1

(n− 1)k1S1
, C1Si = ρ1c1S1L1

2(n− 1)

C2Si = −ρ1c1S1L1

6(n− 1)

where (n) is the number of nodes in the silicon die model

2.3. Identification of the model parameters

The effective dimensions of the different package co
ponents are obtained by applying an identification metho
obtain the optimal parameter set(p) for the proposed mode
The procedure is based on the minimization of a quadr
error criterionJ . The latter value is obtained by compari
the experimental junction temperature responseTj and the
simulation results given by the system model,T̃j(p), for the
parameter set(p). The parameters to be identified are t
effective thickness and area(L,S) of each layer inside th
package. The temperature responseTj is obtained by mean
of experimental set-up or by computing its value from
step transient impedance curve,Zth, given by the manufac
turer datasheets as follows,

Tj = Tc +ZthP (10)

whereP(t) is the dissipated power at the device top surfa
The criterionJ is given by

J (p)=
[

1

t2 − t1

t2∫ (
T̃j(p)− Tj

)2
dt

]1/2

(11)
t1
Fig. 5. The proposed FEM thermal model of the discrete device package for thermal characterization.
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wheret1 and t2 are the time boundaries of the thermal
sponse curveTj(t). The relaxation algorithm with inequalit
constraints [7,8] has been applied for model parameter i
tification (geometrical dimensions). Table 1 lists the therm
characteristics of the different components constituting
studied devices and the identified parameters.

Fig. 6 shows the step thermal impedance curves obta
by simulation and from the manufacturer data-sheets
the IGBT IRGBC20U) for the caseR = 1. The thermal
impedance evolution, for a power cycling condition (du
cycleR = 0.5) is obtained by the presented thermal mod

Using the proposed model, any thermal impedance ca
estimated for various duty cycle values, and especially th
not given by the semiconductor manufacturer data-shee

Next section presents the effect of the thermal cond
tivity non-linearities on the accuracy of the estimated p
temperature evolution inside the device silicon die.

2.4. Discussion

The proposed technique has been applied to three de
which have different current/voltage ratings (Table 1). T
technique may be applied equally to any vertical structur
discrete package as MOSFET and IGBT transistors w
are preferably used in Power Electronic applications.

The proposed model is behavioral, but a good repre
tation of the silicon part is required to obtain accurate
sults. A 12-order FEM model is used for the silicon ch

Fig. 6. Comparison between theZthJ−C reference curve with the simulate
one obtained after the parametric identification procedure (IRGBC 20U
s

The model order for the chip bounding parts, and the h
spreader are respectively 2 and 4. The chosen model-o
are sufficient to predict the peak junction temperature in
the device under large power surge conditions. The us
a thermal model order greater than 12 for silicon does
participate significantly to the improvement of the therm
response accuracy.

3. Thermal response of the device at different depths
inside the package

The power step or cycling thermal impedance cur
given by semiconductor manufacturer data-sheets are
pendent of the power losses. This implies that the ther
conductivity of the different package layers are independ
of the temperature.

This section covers the study of the effects of the ther
parameter temperature-dependencies on the accuracy
peak junction temperature estimation.

Fig. 7 shows the studied device attached to an exte
heat sink. The studied devices are supposed to be fixe
the heat sink via the case. To simplify the representa
of the case to air thermal model, the convection coeffic
is supposed to have a large value. The equivalent the
resistance of the contact to the heat sink, and the heat s
assumed to be equal to 1◦C·W−1. Radiation phenomena a
negligible in the studied range of temperature.

As the maximal temperature inside the device is loca
in the silicon chip (the temperature variations at the so
and the heat spreader do not introduce an important the
conductivity variation in these materials), only the silic

Fig. 7. Multilevel device structure mounted on the heat sink.
Table 1
Thermal characteristics and the identified parameters of the different components constituting the studied devices

Package Parameters
components

k ρc Effective widthL (µm) Effective areaS (mm2)

(W·m−1·K−1) (J·m−3·K−1)
IRGBC 20U IRGBC 30U IRGBC 40U IRGBC 20U IRGBC 30U IRGBC 40U

Silicon 134 1.7× 106 380 460 480 8.4 12.5 20.1
Die bonding 35 1.3× 106 100 100 100 8.4 12.5 20.1
Heat spreader 143 3.5× 106 1600 1700 1800 9.8 17.2 29
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Fig. 8. Temperature responses evolution at different device (IRGBC 2
level position for a step pumped power (40 W).

thermal conductivity non-linearity is taken into account. T
thermal resistances between nodes (i andi+1) are evaluated
with the averaged temperatureTi,i+1 between these tw
nodesTi,i+1 = (Ti + Ti+1)/2.

The thermal conductivity of silicon is expressed
kSi(T ) = kSi0(T /300)−4/3, wherekSi0 is the thermal con
ductivity at room temperature (300 K).

Fig. 8 represents the transient temperature respons
different depths inside the package when the magni
of the dissipated power step is equal to 40 W. In
case of non-linear thermal conductivity the estimated p
temperature inside the device is larger than the tempera
estimated with a constant thermal conductivity. The erro
accentuated as the dissipated power increases.

Next section covers the thermal model in the case of la
power surges of short time duration.

4. Thermal behavior of the device in the case of large
power surges

When the magnitude of the dissipated power is v
large (e.g., short circuit conditions), the peak tempera
increases rapidly and a high temperature gradient is inst
inside the silicon die [9,10]. If no device protection
provided, the device can fail after a short time beca
of exceeded physical limits of silicon. The junction-t
case thermal impedance curves given by semicondu
manufacturer data-sheets are not valid in the specific
of large power surges of short time duration. However
such a case, the presented model give good results be
of the accurate and physical modeling of the silicon ch
Moreover the silicon physical parameters are used, and
equivalent area and length are fitted from transient ther
impedance data.

Fig. 9 shows the peak temperature responses in
the device obtained with a constant (kSi0) and a non-
linear thermal conductivity, in the case of short-circ
operating conditions of the IRGBC 20U. The compon
t

e

Fig. 9. Junction temperature evolution in the case of a large surge of a
time duration (for the IRGBC 20U).

is short-circuited to 400 V between anode and catho
and its drive is initially off. A 15 V gate-to-source voltag
initiates the short circuit. The dissipated power is obtai
experimentally. The estimated peak temperature value
in agreement with the experimental results as detaile
[10]. The device failed after 9 µs of short circuit und
400 V. During this period, the package components (so
and spreader) have no effect on the silicon peak temper
evolution. It means that only the first part (corresponding
duration<10 µs) of the step thermal impedance is requi
to model the thermal behavior. In the case of large po
surges of short time duration a fine mesh in the die
recommended. In the case of the IRGBC 20U, a F
thermal model of order 12 is sufficient to predict the pe
temperature with acceptable accurate with respect to de
of power system.

5. Conclusion

A behavioral thermal model of discrete power semic
ductor packages is presented. Its main interest is the u
the thermal transient impedance as input data. Such dat
obtained by means of experimentation or computed f
manufacturer data-sheets. The proposed model is com
ble with circuit simulators. An accurate and physical mo
eling of the semiconductor chip, enables to predict the t
perature responses in the case of large power surges of
time duration, that are the practical case in power electr
applications. Moreover, the model takes into account
non-linearities of the silicon thermal conductivity. The ide
tification procedure of the model parameters consists in m
imizing the difference between the experimental data
the simulation results based on the relaxation algorithm.
proposed thermal model is easy to implement in any cir
simulator and fruitful for the design of power converter a
plications.
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