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Summary

This study is focused on the IGBT wire bond behaviour. We apply a direct current flow within the wire to reproduce the
thermal cycling test used in reliability studies. On one hand we compare the temperature distribution between 3D FEM
simulation and the experimental temperature measurement. We also point out the Von-Mises stress obtained. On the
other hand we compare the thermo-mechanical results to those obtained with a 1D simplified thermal model. We also
take into account the electromagnetic force and the mechanical stress that could be induced on the bond wire. Some ex-

perimental and simulation results are given.

1 Introduction and scope of the
study

In many applications, one can find some power electron-
ics components. They allow transferring the electrical en-
ergy between the electrical source and the electrical ma-
chine. Since many years the wish of studies is to obtain a
more integrated static converter: that is to say more power
into less volume. Then, due to the stress obtained, the
power electronic reliability becomes an important field of
study [1] [2].

In the field of power inverters, the use of Insulated Gate
Bipolar Transistor (IGBT) leads to specific reliability
studies. One main contributor to IGBT failure is related to
bond wires. Indeed the fatigue is caused either by the
shear stresses between the bond pad and the silicon device
or by repetitive wire flexure [3] [4].

Diode

IGBT (11,97mm*15,01mm)

Figure 1 : Example of an open IGBT.

It occurs after electrical, thermal and mechanical phe-
nomenon interactions. The type of IGBT modules used
for our application is three-phase 1500A — 3300 V, built
with 24 elementary IGBTs and their own associated di-
odes in parallel. It is illustrated in Figure 1.

Our study reveals the mechanical stresses due to the cur-
rent flow in steady state. We will compare the Von-Mises

stress distribution obtained by active thermal cycling and
the distribution induced by electromagnetic force.

2 Experimental and numerical set-
up
2.1 The system studied

We design four simple devices based on single or two
parallel wires. They are bonded on copper substrate from
one side and to an active chip for the other side. Our two
first devices are illustrated in Figure 2.

Two parallel
non isolated

¥ g
. .| Single non

L isolated wire

Figure 2 : Simple device design.

But for most of our experiments we also designed two
other devices on which the single or the two parallel wires
are alone: the substrates are identical but active chips are
not used. In fact, the wires are set apart. They are consid-
ered as isolated wires or stand alone.

We use the classical material and geometry mainly en-
countered in high power IGBT modules. Indeed, the wires
used are ultrasonic bonded. They are constituted of
Al 99,99%. The geometry itself is adapted from the one
observed on different IGBT modules.

2.2 DC input

The direct current applied (10 A) is obtained from IGBT
specification related to the number of wires. It corre-
sponds to a current density of 50.9*10° A/m’® flowing
within the wire. As we said, it is linked with the datasheet



expressed by:

Properties Al Cu AIN
Thermal conductivity A (W m1°K1) 237 401 180
Electrical conductivity o = pi(S m-1) 3.69*10+7 5.96*%10+7 10-14
Volume density p( kg m3) 2700 8900 3260
Specific heat C;, (] kg1 °K'1) 897 380 740
Young's modulus E (MPa) 6.6*10% 11*104 31*104
Poisson 's ratio v 0.35 0.343 0.24
Coefficient of thermal expansion a (@23)° 2.3*10- 3*10-5 4.5%10¢
Table 1 : Material properties.
and the analysis of an open module. But it is also correlat-
ed with the real current magnitude experienced. For the Eq2:
example given, the maximal recommended current divid-
ires i 000 006 000 hP,
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Nevertheless the maximal current applied (and so experi-
enced) by the module is 1,5 * [,;,4, = 22504. Conse-
quently the value of 104 is taken as a mean value experi-
enced by 500um diameter bonded wires.

23 3DFEM

To solve and obtain the mechanical stress experienced by
the wires, we use the ABAQUS software. We first use the
electro - thermal resolution, followed by thermal - dis-
placement analysis. For example, we build a FEM based
on a single isolated wire, as shown in Figure 3. Parame-
ters used are given in Table 1.

Figure 3 : 3D single and isolated wire numerical mo-
del.

2.4 1D simplified thermal model

We think that sometimes the design of high power mod-
ule will require fast optimization tools. Indeed, we devel-
oped a simplified wire thermal model. An analytic 1D
thermal model is expressed according simplification hy-
pothesis. It is based on the 3D thermal flow expression:

with 8 the temperature at given x,y,z coordinate. 8, is
the environmental temperature. S is the wire cross section,
whereas P, is the wire circumference. Other parameters
are given in Table 1. P is the power flow within the wire

due to the current density flux such as: P = pe(é)z.

Where p, is the electrical resistance and I the DC magni-
tude. In steady state and considering that the wire section
is not relevant in comparison to the wire length leads to:

Eq3:

Thanks to this simplification, we can express the tempera-
ture distribution along the wire by:

Eq4:
Ad92+ Lo _hFe 6—6,)=0
(G PR~ (0-0)=
This is our simplified 1D thermal expression. Then, Eq 4

is expressed as:

EqS5:
46,2 0+b=0

Where a and b are obtained by identification thanks to Eq
4. Finally we find the final solution which expresses the
temperature distribution along the wire x coordinate:

Eq6:

b
0(x) = Ae®* 4 Be=a”%x 4 2



A, B are obtained thanks to the boundary conditions:
Eq7:

x=0 6(00)=T,
x=L (L) =T,

T,, T, are two temperatures which can be different. They
can be given by the user itself (desired substrate tempera-
ture for instance) or by specific measurements. Then Eq 6
is sampled and computed in Scilab environment [5].

2.5 Electromagnetic force expression

In order to determine the analytical expression of the elec-
tromagnetic force induced, we consider the wire as two
segments linked each other by one angle a and flowed by
the same current, I, (Figure 4).

_ Segment 1
| d_ﬁt ¢
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Figure 4 : Scheme of the electromagnetic model.

We applied the Biot-Savart law to determine the magnetic
field obtained along the wire. Hereabouts, considering the
wire length larger than the cross-sectional diameter, we
use the long wire hypothesis. We first consider the ele-
mentary magnetic field expression given by a segment
(n°1 with a limited length), on point M, of the segment
n°2 (all vectors are expressed in bold type):

Eq8:

0
Ho cos(j —a)

dBl(Mz) = El D da €y

With D = rsin(a). r is the distance on each segment re-
lated to the upper wire loop, « is the angle made between
the bond wire and the Si chip. p, is the air magnetic per-
meability. Then we demonstrated for different DC current
values that the most part of the field is concentrated near
the upper wire loop. For example, the Figure 5 is given
for a DC magnitude (10 4A) and a given angle (a =
51.5 °). We can see that beyond the distance of 50 um the
field is not relevant. Consequently the forces will be
found near the segment connection points.

We also express the elementary field given by segment
n°2, dB,. Finally, the global elementary magnetic field is
computed by:

Eq9:
dB = dB, + dB,

By integrating Eq 9, we obtained the magnetic field due
to the single wire: B.

0.06 T T T

B(M

100 200 300 400 500
T (um)

Figure 5 : Magnetic field evolution for a wire segment.

To finish, we apply the Laplace Force to such device:
Eq10:

df = Idl xB

Based on Eq 10 we determine the elementary force (%) on

each segment. This is what we called the "own wire
force” on each segment:

Eq11:
d a s
% = %12 tan(i) (sin(a)e, — sin(E - a)e,)
dfz Ho 2 a
W = m] tan(i) e,

A similar study can be done to evaluate the consequence
of having two wires in parallel. Indeed, the Laplace force
between the wires could be expressed as:

Eq12:

afyy o , a5 cei i
TR EI tan(i) (sin(6,) — sin(6,))eqy

a is the distance between two parallel wires typically
a=1mm, and 6, = tan'l(%), 0, = tan‘l(i). L is the

wire lenght. device studied, L =
12.3 mm.

Firstly, computing numerical values leads to consider that
the main effect will be produced on a same wire between
both segments.

We finally apply the elementary force distribution, Eq 11,

Eq 12, on our 3D numerical model.

Considering the



3  Experimental and numerical re-
sults

3.1 Thermal stress induced

Thanks to the numerical model we ran an electro thermal
analysis and obtained the temperature distribution along
the wire as illustrated in Figure 6, (red curve). It is ob-
tained from 3D mean value computation along the wire
path. We applied the DC supply already defined. After-
wards we measured on an experimental test bench, the
temperature dispatching along the bond wire, (blue
curve). We also reported (black curve) the temperature
distribution along the wire using the 1D simplified model
described (§2.4 - Eq 6). The accuracy of our numerical
(red curve) or analytic (black) models to the measured
temperature (blue) is allowed.
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Figure 6 : Temperature dispatching along the wire.

The measurement and the 3D simulation results are simi-
lar, whereas the simplified model presents an error. We
can point out that the 1D thermal model does not take into
account the whole substrate. Moreover, it only considers
two single temperature point as boundary conditions: T;,
T,. They are similar to those defined in Eq 7. In addition,
the parameters used are taken constant, and the tempera-
ture is also considered constant within the wire cross-
sectional area S. But as far as the 3D FEM simulation is
concerned, depending of the numbers of elements used
and the total simulation time desired, the running time can
vary from few minutes to hours. Whereas the simplified
model results are computed in few seconds. Consequently
we can say that for first and simple studies, the 1D simpli-
fied thermal model is meaningful.

3.2 Von-Mises mechanical stress

By this way, we prove the accuracy of our simulation
model. Indeed, the temperature dispatching experienced
by the wires, leads to maximal principal stress distribu-
tion. It is noted that the maximal value (10 MPa) is locat-
ed at the tail of the wire, just in front of the heel area, as
reported in [1], (Figure 7).

We made further works to point out the links between the
wire bond angle and the current magnitude. The indicator
used is the maximal stress value observed as reported in
Table 2.

DC magni- Angle a
tude I 20° 40° 60° 80°
5A 2.1 2.9 2.75 3.8
10A 8.3 11.5 10.9 15.7
15A 18.8 26 24 NR
Maximal Von-Mises stress (MPa)

Table 2 : DC magnitude and angle sweep - maximal
Von Mises stress.

NR means non-relevant. It is due to our linear stress —
displacement law.

Figure 7 : Electro thermomechanical stress obtained
by DC supply.

In a second step we apply the electromagnetic force dis-
tribution to 3D FEM. Introducing the expressions ob-
tained in Eq 11 and Eq 12, we computed a force-
displacement analysis. Then the results demonstrate that
the Von-Mises stress obtained is not relevant compared
with the thermo mechanical one.

Figure 8 : Von-Mises stress obtained with electromag-
netic force.

3.3 Displacement measurement

One stress consequence is the displacement measured
along the bond wire itself. The displacement value is
checked thanks to Digital Image Sterco-Correlation. We
pointed out a 6 um displacement in the "Z" axis of a Gali-
lean reference frame as presented in Figure 9. Because of




the camera precision we cannot state that the X or Y dis-
placement shown is relevant in such environment (the
precision given is +1um).
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Figure 9 : 3D displacement mesasurements

The displacement Euclidean norm is

— 2 2 2
TOtaldisplacementnorm =X + y +z°

With x the displacement value in the x-axis, y the dis-
placement value in the y-axis and z the displacement val-
ue in the z-axis.

Considering the Z displacement of a single wire, we
measured the maximal displacement with different DC
magnitude, as given in Table 3.

Figure 10 : Postprocessed displacement image —single
wire, Si chip connected.

As already said, displacements values lower than 2 um
should not be taken into account. Nevertheless, looking at
12.5 A experience, the Z-displacement is equivalent to the
one encountered with single wires, whereas X and Y dis-
placements proved the existence of interaction force be-
tween wires. It makes us wonder how such displacements
can be linked with the expression force pointed out in Eq
11 and Eq 12.

DCmag- | X- Y- Z-

nitude Displace- Displace- Displace-

per wire | ment per ment per ment per
wire wire wire

25A 0 pum 1 um 2 pm

5A 0.75 pm 1.5 pm 3 um

75A 1 um 2 um 4.5 um

10A 3 um 3.75 um 7 pum

125A 4.5 um 6 um 13 um

DC mag- Isolated wire Non isolated wire Z-
nitude Z-displacement displacement
5A 2 um 4 um
10 A 6 um 10 pm
15A 14 pm 26 um
20 A 28 um Wire fuse
25A 60 um Wire fuse

Table 3 : Maximal Z-displacement with DC magnitude
sweep for single wire devices.

It is noted that the measurement with an active chip were
not possible when the DC value is upper than 15A. Effec-
tively the wire fused before the measurement. With 10 4,
in such environment we pointed out a maximal wire tem-
perature of 200 °C whereas the temperature chip was
168 °C. At this moment the displacements encountered
reached 150 % of the initial value.

We illustrate such displacements measurements in Figure
10. One can distinguish the Z-displacement values for the
whole packaging, for a 10 A current. We automatically
extracted from such a figure the curves reported in Figure
9.

We could also check that a part of the left and upper part
of the Si device is moving.

With two parallel isolated wires and doing the same ex-
periments leads to Table 4.

Table 4 : Displacements with two parallel isolated
wires.

4 Conclusion

The main objective is to best characterize the maximal
principal stress experienced by a bond wire during DC
operation mode. The thermal cycle experienced by the
bond wire is due to the direct current flowing within the
wire. We realized precise thermo-mechanical simulations
and compared them to experimental results and analytic
models. Thanks to the 3D numerical study we produced
the maximal principal stress distribution by using the
Von-Mises yield criterion. We also took into account the
electromagnetic effects. We finally conclude that they
will not be relevant in such current operating mode, as far
as the mechanical stress value is concerned. But in the
both case, it is noted that the maximal mechanical stress is
obtained at the heel of the bond wire which is exactly
where the main bond wire failure modes occur. The 1D
thermal model allows checking quickly the temperature
distribution. We also measured the displacement of the
bonding wires in different experimental configurations:
single, or two parallel wires with or without active chip
connection. We pointed out relevant Z-displacement that
can lead to fatigue failure mode.
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