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Abstract  

Plastic deformation of aluminum bonding wires during the bonding process is investigated 
using the Finite Element Method (FEM) and compared to experimental results. The analysis 
is focused on the wedge bonding process of 250μm diameter aluminum wire. This study is 
performed on a three-dimensional (3D) FEM model using ANSYS, which includes the 
bonding wire, bonding tool and the underneath bonding pad. In the simulation setup, high 
emphasis is put on the wire modeling, however the bonding tool and the underneath pad are 
simplified. The overall geometry has a quarter dihedral symmetry which leads to reduced 
simulation time. The bonding tool is made up of carbide material, which is very stiff and 
therefore is considered as a rigid body. The considered material properties include the 
available plastic behavior for aluminum. In order to simulate the bonding process, a 
displacement constraint is applied to the bonding tool. The change of the bonding wire shape, 
the material displacements in the wire, and the distribution of plastic strain were investigated. 
The simulation results agree well with the experiments. The results of current study help us 
toward further understanding in reliability of power semiconductor products. They are also to 
be used in further thermo-mechanical simulations of power semiconductors. 
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1 Introduction 
Wire bonding is a favorite technique in power 
semiconductors for electrical connections between 
pads of power structures and the package pins [1, 2]. 
In the wire-bonding process the wire is used to 
establish the electrical connection between the 
semiconductor chip and the external device leads. 
Depending on application and cost of a product, 
different materials and bonding methods are used for 
wire connections [3].  Aluminum wires are preferred 
to gold or copper ones, due to their low cost, simple 
handling, and good electrical and mechanical 
properties [4, 5]. The wire size must be compatible 
with the semiconductor pad area, therefore wires with 
diameters in the range of 15 μm to 250 μm or even 
more are used in high power applications. There are 
basically two forms of wire bonding technique, the 
ball bond and wedge bond [6]. 

Power semiconductors are primarily used to control 
the flow of energy between the energy source and the 
load, with great precision, with extremely fast control 
times and with low dissipated power. The application 
of IC technologies on power semiconductor devices 
has resulted in advanced, self-protecting components 
with low power dissipation, simple drive 
characteristics, good control dynamics, together with a 
direct interface to the microelectronics [7].  

The trend of chip cost reduction leads to chip size 
shrinkage and thus to higher power dissipation density 
on the chip [7-9]. The consequence is higher thermal 
and mechanical stress [10]. Continuous operation of 
semiconductors under electrical and thermal overload 
conditions leads to degradation and subsequently to 
device failure. Under the high stress circumstances the 
bonding wires are subjected to extreme operating 
conditions which have impact on the reliability of the 
whole semiconductor device [11, 12]. Very often the 
failure mechanism is an electrical and mechanical 
degradation of the bonding interface – the interface 
between the pad and bonding wire. In many cases the 
reliability of a semiconductor device is reduced, due to 
the not optimized bonding process. Cratering and heel 
crack are well-known defects resulting from a wrong 
bonding process [5, 13-15]. The cratering problem is 
often referred to the severe damage in semiconductor 
pad, which is due to overbonding. The heel cracks can 
be caused by using a sharp bonding tool or due to the 
vibration just before and during the fast bonding tool 
lift-up [3].  

There are many parameters like shape of bonding tool, 
wire diameter, acting force, ultrasonic energy, 
mechanical properties and many others, which 
influence the quality of the bonding interface [2, 16]. 
A study of each parameter usually reveals a 
relationship between the material, the bounding setup, 
and stress distribution. To troubleshoot the mechanical 
problems in wire bonding, one should fully understand 

the material behavior and the deformation of the 
bounding wire. 

In this study the plastic deformation of a 250 μm 
diameter aluminum wire during wedge bonding 
process is investigated. Wires of this diameter are 
often used in smart power semiconductors. The shape 
change of the aluminum wire due to plastic 
deformation during the bonding process as well as a 
material displacement inside the wire is studied. 
Additionally, the bonding contact formation between a 
pad and aluminum wire is observed. The result of this 
work helps toward better understanding of the wedge 
bonding process of aluminum wires and design rules 
for optimization of the process.  

2 Simulation model 
The schematic view of the bonding setup is shown in 
Fig. 1. In reality, the whole setup consists of die, pad, 
wire and bonding tool. The bonding setup possesses 
the quarter dihedral symmetry which allows us to 
model only one quarter of the setup. The meshed FEM 
model is depicted in Fig. 2. For simplicity, the 
substrate is not included in the simulation setup. The 
simulation model of this setup was built with a so 
called “bottom-up” approach in ANSYS. In this 
approach, at first the keypoints are created, then using 
those keypoints the higher-order solid model entities 
(that is, lines, areas, and volumes) will be created. 

The bonding wire (Fig. 1 structure 3) is created by 
several cylinders with different thickness. The 
cylinder thickness increases exponentially in x-axis 
outwards from the bonding tool edge as depicted in 
Fig. 3. In this region high plastic deformations are 
expected. The adjacent cylinders are connected 
together by gluing. The round part of cylinders is built 
by spline-based areas. This complex modeling 
approach has several advantages. The meshing 
algorithm is explicitly forced to create a finer mesh 
around the bonding tool edge. In addition, the 
cylinders can be individually selected and unselected 
which can be used for advanced post-processing.  

The bonding wire is made of aluminum. The material 
properties of aluminum are modeled by a Bilinear 
Isotropic Hardening (BISO) material model [17] 
which considers plastic behavior of materials. 

 

 
Fig. 1 Schematic view of bonding setup 
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Fig. 2 FEM model of bonding setup which is meshed 
by rectangular plane and hexahedral solid elements 

 
Fig. 3 Geometrical model of bonding wire consisting 

of several cylinders  

 

   
Fig. 4 Wedge bonding tool 

Fig. 4 shows the real bonding tool, which consists of 
V-shaped wedge plates and adjacent horizontal side-
plates. The considered bonding tool is made of carbide 
based material, which is much stiffer than aluminum. 
Due to this fact, the bonding tool is considered as an 
ideally stiff body. This allows us to model the bonding 
tool by the rigid areas modeling technique. In the 
FEM model, only those areas are considered which are 
assumed to touch an area of bonding wire during the 
bonding process. This way the number of elements in 
the FEM model is greatly reduced.  

The material stiffness and the yield stress of the 
aluminum wire are much lower than those of the thin 
aluminum pad, and underneath silicon substrate. 
Therefore, for simplicity, the pad (Fig. 1 structure 2) 
was modeled by a rigid area as well.  

In the bonding process the bonding tool presses onto 
the wire. From the other side the wire is constrained 
by the pad. To transfer forces between pad, wire and 
the bonding tool, contact elements are used. Because 
the surface of aluminum wire has a certain roughness, 
the friction coefficient was defined for aluminum. 

During the bonding process, the pressure transmitted 
from the bonding tool to the wire is large enough to 
cause plastic deformations. There are two possibilities 
to simulate the deformation of the wire by the bonding 
tool; either by a displacement constraint or by force 
acting in vertical direction on the bonding tool. In this 
paper the first possibility is used. The final position of 
the bonding tool in z direction was measured and used 
as a bonding tool constraint.  

3 Results and discussions 
The deformation evolution of an aluminum bond wire 
is obtained during the bonding process, as it is shown 
in Fig. 5.  

Arrows show 
directions of 
increasing  cylinder 
thickness 

Bonding tool edge 

 
Fig. 5 Sequence of wire deformation during  

bonding process 

Due to the plastic deformation of the aluminum wire, 
and existing friction among contact elements, parts of 
the wire reshape immediately after the start of the 
bonding process, while the uppermost part has not yet 
contact to the V-shaped plates (Fig. 5b), and therefore 
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stays unchanged. Later, in Fig. 5c-e, the lower part of 
the wire takes the shape of the pad and lays down on 
it. As the bonding tool moves further down, there is 
not enough space left beneath the V-shaped plates, and 
therefore material is squeezed out to the horizontal 
side-plates, as it is shown in Fig. 5f. The free ending 
of the wire is also bent upward as a result of plastic 
deformation and squeezed along the x-axis. 

 
Fig. 6 Cross-section of real bond wire 

To verify the simulation results, a mechanical cross-
section of a real power semiconductor product bonded 
by 250 µm diameter aluminum wire is made through 
an aluminum bond wire, shown in Fig. 7. The 
simulation result fits well with the real cross-section. 
The squeezed tail of the wire, which is laid on the pad 
along y-axis, is not symmetric in the experiment, 
however the length of the real squeezed tails and their 
shapes are well comparable to those of simulation.  

 
Fig. 7 Contour plots of von Mises plastic strain after 

bonding process 

 
Fig. 8 Contour plots of magnitude of displacement, 

after bonding process 

Fig. 7 shows the contour plot of von Mises plastic 
strain [18]. It shows that the middle part of the 
simulation volume has very high strain. The overall 
maximum strain of 3.5% happens near the edge of the 
V-shaped plates.  

The contour plot of displacement magnitude is shown 
in Fig. 8. The lowest part of the wire, which was laid 
on the pad does not change its place, while the 
maximum of 60 μm displacement, happens in the 
squeezed tail. 

 

Squeezed tail

Fig. 9 Wire deformation after bonding process, the 
bonding tool in final position 

 

 

Contactless zone, 
no physical contact 
with bonding tool  

Fig. 10 SEM image of 250μm aluminum wire after 
bonding process, solid line region: contactless zone, 
low surface roughness; dash line regions: touch with 

bonding tool, high surface roughness 

Fig. 9 shows the deformation of the wire after the 
bonding process along with the bonding tool in final 
bonding position. The simulation result shows that the 
V-shaped plates have no physical contact with the 
most upper wire surface along the entire x-axis. This 
is also valid for earlier sequences of the bonding 
process. In order to verify this result with reality a 
SEM image of several real aluminum wires was taken 
(example in Fig. 10). In the image, regions with low 
and high surface roughness can be distinguished. The 
most upper surface on the wire has the same 
roughness as the other parts of the wire which are not 
involved in the bonding process. This implies that the 
most upper surface of the wire had no touch with the 
V-shaped plates of the bonding tool. 
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Fig. 11 Resulting deformation of cylinders in XZ 

symmetry plane 

The aluminum displacement in the wire is also 
investigated. Fig. 11 shows the deformation of several 
selected cylinders in XZ symmetry plane and their 
original shape and position. Due to the friction which 
was defined for aluminum, material near the pad sticks 
to some extends to the pad. The consequence is that 
the cylinders near the bonding tool edge are highly 
deformed in their lower part.  

 
Fig. 12 Plastic strain intensity in selected cylinders 

(dark colors show high intensity) 

In Fig. 12 it can be seen that the high plastic strain 
occurs in the middle of the simulated volume starting 
at the YZ symmetry plane and continuing along the x-
axis till the bonding tool edge. Immediately beyond 
the bonding tool edge the strain rapidly decreases. 

 
Fig. 13 Top view of the resulting contact area between 
pad and the aluminum wire (shown as quarter dihedral 

symmetry expansion) 

In addition, the contact area between the pad and the 
deformed wire was investigated. Based on our 
measurements, the thickness of the wire to pad 
interface created during the ultrasonic process is as 
low as 1 µm. The simulation result in Fig. 13 shows a 
cross-section of the wire which is made 500 nm over 
the pad.  

The resulting contact area in Fig. 13 has an elliptical 
shape which is also reported in some experimental 
works on wedge bonding (Fig. 14a and b). Fig. 13 

shows that the von Mises stress is not uniformly 
distributed over the bonding contact area. It is also 
shown that the middle part of the contact area has 
lower stress in comparison to the outer parts. In 
previously reported experimental observations [3, 19], 
it has been shown that at the center area, the wire-to-
pad contact is either weakly welded or stayed 
unwelded (Fig. 14c). We believe that the quality of the 
welding might be related to the interfacial stress 
during or after the bonding process. In reality, one can 
easily remove or partially lift up the wire, so that the 
welding patterns can be seen. The center usually 
remains unwelded [3]. 

 

 
Fig. 14 a,b.) Pattern of typical bonding area  

after wedge bond lift-off. c) the center  
of the bonding wire has weak contact  

the pad and stays unwelded. Follow [3] 

4 Conclusion 
The plastic deformation of an aluminum bond wire 
during the wedge bonding process is analyzed using 
3D FEM simulation, and compared to the 
experiments. It is shown that during the bonding 
process, the material of wire experiences large plastic 
strain and is squeezed out of the bonding tool. The 
plastic strain has a dominant effect in the middle of 
the simulated quarter wire, whereas the wire part 
beyond the bonding tool experiences low stress. The 
maximum plastic strain occurs underneath the bonding 
tool edge. 

Pad

C 

Based on the wire surface roughness observations, it is 
shown that the most upper surface of the wire has no 
touch with the V-shaped plates of the bonding tool, 
which was also observed in the simulations. 

It is also shown that the middle part of the contact area 
has lower stress in comparison to the outer parts, 
which might correspond to experimental observations 
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reporting either weakly welded or unwelded contact at 
the center area of the wire-to-pad interface. 

Further investigations should be also done to improve 
contact formation during the bonding process and thus 
to enhance the reliability of power semiconductor 
products. The knowledge of the current study will be 
used for further thermo-mechanical simulations and 
investigations of power semiconductor devices.  
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