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Steady-State Thermal Modeling of a Power Module:
An N-Layer Fourier Approach

Khaled Redwan Choudhury

Abstract—The steady-state thermal modeling of a rectangular
N -layer structure with an arbitrary number of heat sources on the
top surface is obtained by a Fourier series solution. As the structure
of power modules can be closely approximated as a rectangular N -
layer structure, this model may be used to accurately estimate the
temperature field occurring in such modules. Various simplified
structures are analyzed to understand the effects of structural ap-
proximation on the temperature field. The Fourier-based method
developed in this work is compared with the finite-element method
simulation, and an excellent matching (approximately 0.27 % tem-
perature error) is found in the centers of the semiconductor dies.
Experimental temperature measurements taken at the surface of a
commercial SiC power module are also presented, demonstrating
agreement in the centers of the dies to within 3.5%.

Index Terms—Fourier series, power modules, simulation, ther-
mal modeling, verification.

NOMENCLATURE

~.

Layer number (1,2,...,N).

m Index of the summation for the eigenvalues of the
Fourier expansion in the z-direction (1,2,...,N, ).
n Index of the summation for the eigenvalues of the

Fourier expansion in the y-direction (1,2,...,N,,).

a, b, e, d Linear dimensions (m).

Ao, Big Zeroth-order Fourier coefficients.

Aims Bim Mth Fourier coefficients describing the temper-
ature variation in the z-direction for a constant z.

A, Bin, Nth Fourier coefficients describing the tempera-
ture variation in the y-direction for a constant z.

Aimn, Bimn Fourier cross-coefficients.

Am Eigenvalues of the Fourier expansions in the

x-direction (m™1).

On Eigenvalues of the Fourier expansions in the
y-direction (m™1).

Bmn Eigenvalues of the cross-coupled Fourier expan-
sions (m™1).

h Convection coefficient at the bottom surface
(W/(m?-K)).
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0; Temperature rise of the ¢th layer with respect
to the temperature of the fluid or the isothermal
surface.

k Thermal conductivity (W/(m-K)).

I. INTRODUCTION

HE power density of power electronic converters has
T increased significantly over the last decade due to
the improved performance of power semiconductor devices
and packaging methods. These devices are typically highly
thermally stressed because they must dissipate a considerable
amount of heat within a very small volume. In high-performance
power electronic converters, the power module is used to pro-
vide placement, electrical connection, and thermal management
of several semiconductor devices (an IGBT, a MOSFET, a diode,
etc.). The reliability of the power module is dependent on the
junction temperature of the semiconductor devices. If the max-
imum allowable junction temperature (typically 120-150 °C)
is violated, the device will be rapidly damaged. Below this
maximum temperature, mechanical stress generated by thermal
cycling arising from the mismatch between the coefficients of
the thermal expansion of materials in a power module causes
fatigue at the interface of materials. This affects the solder and
bond wire and can have a major effect on the reliability of the
power module. Therefore, reliable prediction of the junction
temperature as well as the temperature profile throughout a
power module is an important part of the module design pro-
cess. Thermal modeling of a power module or a semiconductor
package can be performed in a number of ways. For example,
the spreading angle model has been proposed in [1] and [2].
The finite-element method (FEM) is used in [3] and [4], and the
lumped parameter (thermal network) approach is undertaken in
[5] and [6]. However, the elements of the thermal network may
need to be extracted either by the FEM simulation [7] or by the
experimental measurement [8]. Mesh-based methods (such as
the FEM), although flexible and robust, can require a long time
to compute solutions. In contrast, meshless solutions based on
the Fourier series can be more efficient than the mesh methods
particularly if only the temperatures of a few points need to
be evaluated (for example, the temperature of the center of
each die). Analytical or meshless solutions have been in use in
electronics since 1960s [9]. For example, analytical solutions
are derived for a circular heat source located on a cylindrical
structure with an isothermal bottom surface in [10]. In [11], an
analytical thermal analysis of a three-layer structure situated on

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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an isothermal surface is demonstrated. An analytical solution is
proposed in [12] to calculate the thermal spreading resistance
for rectangular sources on rectangular substrates. A general
solution of a steady-state temperature rise due to an arbitrary
number of heat sources situated on a rectangular single-layer
structure and a double-layer structure is proposed in [13]. The
work in [13] is extended in [14] to include the effect of interfa-
cial resistance in a rectangular double-layer structure with a very
thin interfacial layer between them. Analytical solutions have
also been developed for systems with four layers using Green’s
functions in [15]. In [16], a general solution for the temperature
rise in multilayer rectangular domains with nonuniform internal
heat generation is presented. Although applicable in many
problems, this technique requires manipulation of a large sparse
matrix to determine the Fourier coefficients, which may be
computationally very demanding depending upon the number
of layers. These analytical or meshless solutions, although
useful, have not found much application in power electronics.
For example, in [17], analytical thermal modeling for a central
circular heat source situated on a cylindrical power module
with three layers is presented. However, in practice, cylindrical
power modules and circular semiconductor devices are not
often seen (apart from high-power thyristor-type devices).
Moreover, there are almost always more than three layers in
practical power modules. In [18] and [19], Fourier-series-based
techniques are used, but the presented method does not directly
solve Laplace’s equation for each layer; rather, the whole
system is implemented as a chain of blocks in MATLAB/
Simulink.

In this paper, steady-state thermal modeling of a rectangular
structure with an arbitrary number of layers containing an arbi-
trary number of rectangular heat sources on its topmost surface
is presented. This method is then applied to the power module.
The model is verified using the FEM package COMSOL Mul-
tiphysics and by the experiment. The major advantage of the
method presented in this paper over mesh methods, such as the
FEM, is that it can evaluate the temperature of a single point
quickly, in contrast to mesh methods, where the entire tempera-
ture field must be found. In addition, Fourier-based methods are
smooth with dimensional changes, and hence, it may be readily
applied to the numerical optimization of power module designs
using standard optimization frameworks.

II. PROBLEM STATEMENT

At first, let us consider a rectangular structure with N dif-
ferent layers containing only one rectangular heat source, as
shown in Fig. 1 (the effect of multiple heat sources will be
considered later). The thickness and the thermal conductivity
of the ith layer of the rectangular structure are ¢; and k;, re-
spectively. The bottom surface of the structure has a convection
coefficient h and is cooled convectively by a cooling fluid of
uniform temperature 7';. The rectangular heat source is situ-
ated on the surface of layer 1. The position of the source is
given by its center (X, Y, 0) and its length and width are
¢ and d, respectively. This source generates heat () uniformly
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Fig. 1. (a) Schematic of an N-layer structure. (b) Side view of the structure
with heat flux.

over the surface it is situated. It is also assumed that all the
surfaces of the rectangular structure are adiabatic (insulated)
except the bottom surface, which is subject to the convec-
tive boundary condition. The governing equation of the system
is Laplace’s

0%0;  0%0;  0%0;
L —0. (1
or?  0y? 072
Underneath the heat source, the first layer is subject to the bound-
ary condition (2):

00
21,0 kicd
Outside the source, the boundary condition is
00
— =0. 3
0z z=0 ( )

Considering the perfect contact between the layers, the boundary
conditions at the interfaces are

00; 00;41
ki—— =k; 4
0z - 792 - *
and
Hi(x,yvzi) :9i+1($ayazi) (5)
where
zi = Z tj.
j=1
The boundary condition for the bottom layer is
00y
kn —— = —hOn|.—., - 6
N . N 2=z (6)

III. PROBLEM SOLUTION: RECTANGULAR /N-LAYER FOURIER
(RNLF) METHOD

A. Top Layer (Layer 1)

The governing equation and all the boundary conditions are
homogeneous except (2). Therefore, this problem can be solved
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by the separation of variables method [20]. The solution can be
expressed as

0;(x,y,z) = Ao + Bioz

+ Z cos(Ap x)[A

m=1

+ 3 cos(6,4)]

im €osh(Ay, 2) + Bip, sinh(A, 2)]
A;p cosh(6,2) + By sinh (6, 2)]

+ zoo: zoc: cos(Am ) cos(8, y)[Aimn cosh(Bnn 2)

m=1n=1

+ Bim,n Sinh(ﬁnm,z)] (7)

where A, =mmn/a, §, =nn/b, and B, =/ (A2, +I2).
Considering the first layer boundary conditions (2) and (3), we
have

00

5 = By + Z Biy ey c08(A )

m=1

z=0

o0 [o¢]
+ Bh, y cos(6ny) Z Z Lmn COS(Ap @) cO8(0, ).
=1 m—1n—

®

Now, consider the following integration over the surface z = 0
for the x-direction coefficients:

A

a b
= Am Bim / / COS2 ()Lml')dIdy
0 0
Therefore,

X.+c/2 0 Y. +d/2
— cos(Ay, @ dx/ dy
/X(.,—C/Q ( k10d> O ) Y. —d/2

a b
= Blm / C052 ()\mﬂf)dﬂ? dy
0 0

) cos(Ay, x)dzdy

Hence, it follows that

_ —4Q cos(Ay, X, ) sin(Ay, c/2)

B, = 9
Im abckl)»?n ( )
Similarly, in the y-direction, we have
—4Q cos(9, Y.) sin(0,,d/2)
By, = . 10
b abdk; 62 (19)
For the cross-coefficient By,,,, we have
B —16Q) cos(r,, X, ) sin(A,, ¢/2) cos(d, Y, )bln(énd/2)
tn = adekl )"m 5n5mn
(11)

For By, we have

Xc+c/2 Q Y. +d/2 a b
/ (— )dw/ dy = k’le/ dx/ dy.
X, —c/2 cd Y, —d/2 0 0
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Therefore

(12)

The other Fourier coefficients (A1,,, A1y, Aimn, and Ajp) can
be determined from the boundary conditions (4)—(6), which is
explained in the following sections.

B. Bottom Layer

For the bottom (/Nth) layer, the following relation can be
obtained from (6):
—h
. Anm cosh(Ay, 2y ) + By, sinh(Ay, 2y )
N
= ANm)"m Sinh()\m ZN) + BNm)\m COSh()\m ZN)-
Therefore,

13)

BNm = —ON ()Wn )ANm
where
Am sinh(A, 2y ) + h/ky cosh(Ay, zn)

A ) = - .
N () Am cosh(Ay, 2y ) + h/ky sinh(A,, 2y )

It should be mentioned that oy (8, ) and ox (5,,,) can be ob-
tained by replacing A, with ¢,, and 3,,,,, respectively. If the
convection coefficient & is very large, the bottom surface be-
comes isothermal. In this case, we have

ON ()"m) = COth()\.m ZN). (14)

C. Middle Layers (i < N)

The interface boundary conditions (4) and (5) are applied
in the middle layers. To illustrate the process, let us consider
a three-layer structure. In the interface between the first and
second layers, the following relation can be obtained from (4):

Ay, sinh(A, t1) + Bayy, cosh(A, t1)

= ky /kao (A1 sinh(Xy t1) + Biy cosh(Anty)).  (15)
From (5), we obtain
Az cosh(Ap 1) + Bay, sinh(A,, t1)
= Ay, cosh(Ap,ty) + By sinh(A,, t1). (16)
Now, (16) x cosh(A,,t1) — (15) x sinh(A,,t;) yields
Ao = A1 §1 + Bim a7
where
$1 = cosh? (Amt1) — k1 /ks sinh? (Amt1)
and
1 = sinh(A,, t1) cosh(A,, t1)(1 — Ky /ko).
Similarly,
By = —(Aim 1 + Bimpr) (18)
where

p1 = sinh? (Amt1) — k1 /Ko cosh® (A t1).
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Similarly, it can be shown that for other layers
ASm = AQm ¢2 + By, 1/]2
B3m - _(AQm w2 + B?m ,02)

19)
(20)
where

¢y = cosh? (A, (t, + t2)) — ko /ks sinh? (A, (t1 +t2))

o = sinh(A,, (t1 + t9)) cosh(r,, (L1 + t2))(1 — ko /ks3)
and

pa = sinh? (A, (t; +t2)) — ky /K3 cosh® (A, (t1 + t2)).
Now, from (19) and (20), we obtain

BSm _ _(AQmwQ + B2mp2)
A3m AQm ¢2 + BZm 7[’2

From (13), we obtain

(AQm 1/12 + BQm P2 )

o3 = . 21
? 7 Ay + Bamihy
Hence, from (21), it follows that
_BZm 0'3¢2 - %
09 = = . (22)
: AQm g3 ¢2 — P2
Similarly,
—Bim _
o = lm _ 02¢1 wl. (23)
A, o211 — p1

This process may be repeated for successive layers in the case
of an N-layer structure, i.e., o; may be found from

o —Bim _ 0ip10i — ;i
' Tir1¥i — pi

24
Ai m ( )

where
i
— k‘i /ki+1 sinh2 km Z L‘j

Jj=1

i
¢; = cosh® | A, Z t;
j=1

¢i = sinh )"m th cosh )\m Zt]’ (]. - ki/ki+1)
j=1 j=1
and
pi = sinh® | A, th — ki /kiva cosh? | A, th
j=1 j=1

Thus, (24) provides aroute to calculate all o; starting from oy _1,
on_1 fromoy,on_s fromoy_1,0n_3 from oy _s, and so on.
Once o; is obtained by this successive substitution method,
Ay, is obtained from (21) as By, is directly calculated from
(9). Similarly, o (8,,) and o1 (8,,,,) can be obtained, which can
be used to calculate A, and Ay,,, directly. A block diagram is
given in Fig. 2 to illustrate this process.

It now only remains to find A;. For the sake of simplicity, a
two-layer structure is considered. From the convective boundary
condition, the following relation is obtained:

—(h/ke)Asy = Bao(1 + h(ty +t2)/ks). (25)
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Fig. 2. Process to determine A, .

From the interface boundary condition (4), we have
k1Bio = k2 Bayg. (26)

From (12), we obtain

27

Now, substituting By into (25) gives

Qi+t 1
A=\ Tr)

(28)

Again, from (5), we obtain

Aig + Bioti = Asg + Baoti.

Q(ti t 1
Apg =L+ 242,
A

Similarly, for an [N-layer structure, it can be shown that

N
Q t; 1
A = — — —1.
T b ;m T
As the heat transfer problem is linear, if multiple heat sources
are present, the temperature field is obtained simply by the

summation of the individual temperature field produced by each
heat source considered alone.

Hence,

(29)

(30)

IV. APPLICATION OF THE THERMAL MODEL OF AN N-LAYER
STRUCTURE TO A POWER MODULE

A. Structure of the Power Electronic Module

Fig. 3 shows the schematic of the cross-sectional view of a
typical power module attached to a heatsink. Thermal grease
is used as an interfacing material between the module and the
heatsink. The heatsink may be cooled by forced air convection or
liquid cooling. The baseplate is typically made of copper. The
substrate layer is made of electrically insulated but thermally
conductive material such as AloO3 or SizNy. The top view
of the power module studied in this paper (Microsemi Power
Module Products, part no. APTMC120AM20CTING) is shown
in Fig. 4. Relevant dimensions and material properties are given
in Table I.
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Diode

0.38 mm
. 009mm

MOSFET

0.18 mm
S Solder (2)
«—Copper (3)

DBC 0.3 mm-0.6 mm <+—Substrate (4)

S - Cone: 5

0 20 s Solder (6)

_ T pree®
Thermal
—
grease (8)

<+— Heatsink (9)

50mm — 150mm

Fig. 3.
heatsink.

Schematic of the cross-sectional view of a typical power module with

X (b)

Fig. 4. (a) Top view of a commercial power module (courtesy of Microsemi
Power Module Products). (b) Equivalent schematic view showing the devices
(heat sources) and the lines AB, CD, and EF.

B. RNLF Method and the Simulation of Different Structures

The RNLF method assumes that all layers occupy the full
extent of the rectangular surface. However, in real power mod-
ules, the top copper layer of the direct bonded copper (DBC)
stack is patterned, and the substrate is smaller than the base-
plate. Therefore, in order to justify the application of the RNLF
method to the modeling of power modules, it must be argued

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 2, FEBRUARY 2019

TABLE I
MATERIAL ASSEMBLY AND THE RELEVANT PROPERTIES OF THE SIC POWER
MODULE (COURTESY OF MICROSEMI POWER MODULE PRODUCTS)

Layers Material Size Thickness k
(Fig. 3) (mm?) (mm) (W/m/K)

SiC MOSFET 4.04 x 6.44 0.18 370

: SiC Diode 3.08 x 3.08 0.377 370

MOSFET solder 4.04 x 6.44 0.09 30

? Diode solder 3.08 x 3.08 0.09 30

Copper 28.2 x 25.54 0.3 390

4 Si3Ny (Substrate) — 28.2 x 25.54 0.32 90

5 Copper 28.2 x 25.54 0.3 390

6 Solder 28.2 x 25.54 0.2 30

7 Copper (Baseplate)  49.46 x 40.8 2.5 390

8 Thermal grease 49.46 x 40.8 0.10 2.5

TABLE IT

DIFFERENT STRUCTURES FOR SIMULATION

Structure-  Fig.

Copper Dissipation Solder

acronyms  no.

Patterned Volume Under the die area only PVU 5
Patterned Area Under the die area only PAU 6
Continuous Volume Under the die area only CVvU 7
Continuous Area Under the die area only CAU 8
Continuous Area Thermal Resistance CAR 8
Continuous Area Continuous CAC 9

that the patterning and the limited extent of the DBC stack does
not greatly affect the temperature field, particularly in the key
regions around the die. The solder layer and the DBC stack are
very thin compared to their lengths and widths. Hence, it is rea-
sonable to assume that heat spreading in these layers occurs only
near the edges of the dies and does not extend far beyond them.
To verify this assumption, a number of COMSOL FEM models
are used to investigate the effects of the simplifications required
to reduce the complex power module to a simpler structure,
which can be solved using the RNLF method. The simplified
structures are classified based on three features: copper layer
type, dissipation type (area or volume), and solder layer type.
Area dissipation means there is no die and all the heat enters the
corresponding chip area perpendicularly to the surface. Volume
dissipation means the presence of the die with internal heat gen-
eration. The simplified structures are described in Table II. In
this work, a relatively thick heat spreader of aluminum alloy is
used to create an isothermal surface as the boundary condition
at the bottom of the heat spreader (thick blue block in Figs. 5-9),
which will be discussed later.
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Fig. 5. (a) Three-dimensional view of the PVU. (b) Magnified view of the

upper part of the structure.
\o\

@ ©)

Thermal grease (not
visible, layer 8)

Fig. 6. (a) Three-dimensional view of the PAU. (b) Magnified view of the
upper part of the structure.

Thermal grease (not
visible, layer 8)

(a) (b)

Fig. 7. (a) Three-dimensional view of the CVU. (b) Magnified view of the
upper part of the structure.

Thermal grease (not
visible, layer 8)

(2) (b)

Fig. 8. (a) Three-dimensional view of both the CAU and the CAR. (b) Mag-
nified view of the upper part of the structure.

Figs. 5-7 show the relevant diagrams of the PVU, PAU, and
CVU structures, respectively. Fig. 8 shows both the CAU and
the CAR structures. Fig. 9 shows the CAC structure, which
corresponds to the RNFL method.

1) Simulation Results and Relevant Discussion: The tem-
peratures of the MOSFET devices are of particular interest be-
cause these typically represent the hottest, mostly thermally
sensitive, devices. Therefore, in Fig. 10, the temperature profile

@ (b) Thermal grease (not
visible, layer 8)

Fig. 9. (a) Three-dimensional view of the CAC. (b) Magnified view of the
upper part of the structure.
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Fig. 10. Comparison of the simulation results for different structures along
the line AB (V,;, = N,, = 200 for CAC RNLF).

along the line AB in Fig. 4(b) (x = 20.152 mm), which cuts
through MOSFET 2 over the solder layer, is selected for a de-
tailed examination. It should be noted that the side view of AB
for the COMSOL FEM (PVU) model is different from the side
view of AB in the RNLF method (see Fig. 17). All temperatures
are calculated on the top surface of the solder (just underneath
the die). This closely reflects the die temperature because the
temperature within the die is almost constant due to the high
thermal conductivity of SiC.

The PAU structure demonstrates higher temperature com-
pared to the PVU structure except at the edges of the dies. The
only difference between the PAU and the PVU structures is
the presence of dies. Therefore, it can be concluded that in the
structure corresponding to the PVU, there is some heat spread-
ing within the die such that heat flux is not normal on the top
surface of the solder under the die. However, the effect is rela-
tively weak.

The PVU structure gives higher temperature compared to the
CVU structure because of the small effect of the heat spreading
in the continuous copper layer in the latter.

In the CAR structure, the temperature profile is obtained by
adding a constant temperature rise (corresponding to a simple
thermal resistance model of the solder layer) to the tempera-
ture distribution of the relevant area of copper surface. This
is valid because the solder layer is very thin and its thermal
conductivity is low, so there is little thermal spreading, and
it can be well approximated as a thermal resistance. It is ob-
served that there is a very close match between the temperature
profiles of the CAU and the CAR structures confirming this
assumption.
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ATs= T(PVU)-T(CAR) = —0.6°C
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Fig. 11.  Temperature differences between different structures at the midpoint
of the line AB (N,,, = N,, = 200 for CAC RNLF).
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Fig. 12. Temperature profiles along the line CD produced by the RNLF

method for a different number of harmonics.

The temperature profile given by the PVU structure matches
very closely with those of the CAU structure, the CAR struc-
ture, and the CAC structure in the middle region of the die.
However, at the both ends of the region of our interest, the CAU
and the CAR structures differ from the PVU structure by ap-
proximately 4.1°C and the shape of the temperature profile of
the PVU structure is different from those of the CAR and the
CAU structures.

Fig. 11 illustrates the differences between the temperature
profiles of different structures at the midpoint of AB.

2) Convergence: The Fourier series representation of the
temperature contains an infinite number of terms. In practice, a
truncated form of the Fourier series is used, which raises the
issue of convergence. The function of the temperature field
meets Dirichlet’s condition, so it converges at every point of
continuity. Fig. 12 demonstrates the convergence of the temper-
ature profile obtained from the RNLF method (corresponding
to CAC structure) along the line CD. It is observed that the tem-
perature profile converges satisfactorily when N,,, = N,, 2 150.

C. Design of the Experiment

An experiment is conducted to validate the thermal model
using a commercial power module.

1) Mechanical Setup: A liquid cooling bath (not shown in
the figure) circulates water through the cooling tubes connected
with the heatsink. Fig. 13 shows an arrangement to facilitate
the image capturing by an infrared (IR) camera used in the
experiment.

The surface of the module is replete with shiny copper traces,
semiconductor devices, and wirebonds with the emissivity much
lower than 1, which would hinder the IR camera from capturing
accurate data. Therefore, black paint is sprayed a number of
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Cables for power
connection

Heatsink

IR Camera

Power module
Heat spreader (with
insulating material

applied)
Wires for auxiliary
connection

Fig. 13.  Experimental setup showing the positioning of the IR camera and the
power module.

Temperature (°C)

A 51.3804
51.35
o 51.3
60
S 51.25
Heat spreader 10
Isothermal plane 20 51.2
atsink 0. 51.15
Heatsink G
Cooling tube 51.1
51.05
51
V¥ 50.9757

Fig. 14. Model in COMSOL Multiphysics showing the isothermal plane
within the heat spreader (note the low temperature difference across the isother-
mal plane).

times over the top surface of the power module in order to raise
the emissivity to close to 1. The value of emissivity setting
used in this work is 0.98. A requirement for the experiment is to
create an isothermal surface as a boundary condition because the
detailed modeling of the liquid-cooled heatsink or the thermal
coupling between the power module and the heatsink is not
a part of the RNLF method. Therefore, a relatively thick heat
spreader made of aluminum alloy is used in the experiment
to create this condition by facilitating the heat spreading. The
position of the isothermal plane created by the heat spreader is
shown in Fig. 14.

A K-type thermocouple is used to measure the temperature of
the midpoint of the plane shown in Fig. 14. It gives a reading of
52.6 °C, which is close to the simulation temperature of 51.4 °C.
Therefore, in this work, 52.6 °C is considered the temperature
of the isothermal plane.

2) Electrical Setup (See Fig. 15): A dc power supply is used
as a current source. The MOSFETs are held on continuously
using a constant V,; = 20 V. The load current is 75 A and
is assumed to be shared equally between the parallel-connected
MOSFETs. Measuring the V;; of the MOSFETS, it is calculated that

Puyviosrer 1 = Pymosrer 2 = 63.75 W and PyiosreT 3 = PMoSFET 4 =
76.87 W.
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Fig. 15.  (a) Schematic diagram of the circuit of the experiment (current path
shown in bold). (b) Front view of the module with the Matt black paint applied.
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Fig. 16. Thermal image captured by the IR camera showing lines AB, CD,
and EF (camera is a Testo-1i with an emissivity setting of 0.98).

D. Comparison Among the Experiment, the RNLF Method,
and the COMSOL FEM (PVU) Model

Fig. 16 shows the experimental temperature distribution in the
region of interest. Figs. 18 and 19 show the comparisons between
the experiment, the RNLF method and the COMSOL FEM
(PVU) model along the lines CD and EF. The error between
the experiment and the model or simulation at the center of a
MOSFET is given by

T’rcf - T‘tcst
= 31
© T Tt —526°C GD
where Ti.f = Texp for the first two error columns and Tr =
Trem and Tiesy = Trypr for the last column of Table III.
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Fig. 17.  (a) Side views of the lines AB and CD corresponding to COMSOL
FEM (PVU) model. (b) Side views of lines AB and CD corresponding to the
RNLF method. (c) Side view of line EF corresponding to the COMSOL FEM
(PVU) model. (d) Side view of line EF corresponding to the RNLF method.
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Fig. 18.  Comparison among the experiment, the RNLF method, and the COM-
SOL FEM (PVU) model along line CD (V,, = N,, = 200 for RNLF).
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Fig.19. Comparison among the experiment, the RNLF method, and the COM-

SOL FEM (PVU) model along line EF (N,,, = N,, = 200 for RNLF).

In Figs. 18 and 19, the graphs obtained from the RNLF
method and COMSOL simulation (PVU) closely match with
the corresponding experimental graphs, especially in the mid-
dle regions of the MOSFETs. In Fig. 18, a peak is observed at the
right edge due to the wirebond.

V. CONCLUSION

A Fourier-based method for the steady-state thermal mod-
eling of a rectangular N-layer structure is presented. An
excellent matching is observed between the surface temperature
of a practical power module and that generated by the RNLF
method, despite the several simplifications to the structure re-
quired to make the RNLF method applicable. This relatively
simple method can be used to accurately estimate the maximum
junction temperature of semiconductor devices and so may be
particularly useful for the fast and robust design and optimiza-



1508

TABLE III
COMPARISON AMONG THE EXPERIMENT, THE COMSOL FEM (PVU)
MODEL, AND THE RNLF METHOD

Error (%)  Error (%)  Error (%)
MOSFET Exp. FEM RNLF
Exp. to Exp. to FEM to
No. “°C) (O (°O)
FEM RNLF RNLF
2 126.7 125.1 1259 2.16 1.10 —1.10
3 136.0 133.1 133.8 3.44 2.64 —0.87
4 1324 1326 131.8 —0.25 0.75 —1.00

tion of the power module structure and layout. The optimization
process is potentially made simpler because the RNLF method
is smooth with dimensional changes (unlike other techniques
such as the FEM) and is computationally efficient when eval-
uating only a few point temperatures. This model may also be
used to carry out a sensitivity analysis by perturbing the geomet-
rical dimensions and thermal properties of the different layers.
This model might further be used to estimate the thickness or
thermal conductivity of a particular material (the thermal grease
layer for example) given a surface temperature profile found
experimentally. Although the focus of this paper has been on
power electronic modules, the RNLF method may find other
applications in layered structures, assuming that suitable sim-
plifications can be made in these cases.
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