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Failure Mechanisms of Aluminum Bondpad Peeling
During Thermosonic Bonding

Cher Ming Tan, Senior Member, IEEE,and Zhenghao Gan

Abstract—Aluminum bondpad peeling was observed in a newly
developed thermosonic wirebonding process for chip-on-board as-
sembly. Through detailed failure analysis and with the help of fi-
nite element analysis on stress simulation, the true root cause of
the peeling is identified. It is found that the true root cause is the
effect of skidding force as a result of the constrained movement of
the bonding tool as bonding is done on a chip assembled in a plastic
casing. With a change in the bonding tool movement, the peeling
phenomenon is completely eliminated.

Index Terms—Bondpad peeling, confocal microscope, failure
mechanism, finite element analysis, skidding, thermosonic
bonding.

I. INTRODUCTION

W IRE bonding is still the dominant form of interconnec-
tion from chip to the external world. While the wirebond

failure rate for individually packaged parts is in the low parts per
million [1], the failure rates for wirebonds in multichip modules
(MCMs) and chip-on-board (COB) assemblies remain high [2].

A thermosonic wire bonding process is developed for the wire
bonding on chips assembled in a plastic casing. The bonding
temperature is lowered to 115C as the casing cannot withstand
high temperature. Huet al. [3] have shown that for thermosonic
bonding of Au wire to Al bondpad, bondability can be achieved
for the temperature range of 110–160C. Also, because of the
limited space for the bonding tool to move around within the
plastic casing, the movement of the bonding tool is modified
from the standard bonding process.

However, with such a new process, serious fallout was found
due to the aluminum bondpad peel off (ABPO) from the chip
as shown in Fig. 1. The peel off occurred immediately after the
bonding process, and the percentage of fallout can go beyond
10% in some cases.

In this paper, we will examine the root cause of the ABPO.
Known failure mechanisms that result in similar failure mode
will be reviewed first, and possible root causes will be identified.
Finite element analysis will be performed to find the true root
cause(s) among the possible causes.

II. FAILURE ANALYSIS OF ABPO AND POSSIBLE

FAILURE MECHANISMS

Failure analysis was performed on the fallout. The bondpad
consists of top metal layer of Al deposited on MoSi. The MoSi
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Fig. 1. SEM micrograph of bondpad with ABPO.

Fig. 2. Closer SEM micrograph of the peeled section of a bondpad.

is the results of silicidation of Mo and the underlying borophos-
phorosilicate glass (BPSG) layer that is deposited on top of the
SiO as shown in Fig. 2. One can easily identify the four layers
using energy dispersive spectroscopy (EDS) analysis. The scan-
ning electron microscopy (SEM) micrograph in Fig. 2 clearly
showed that the peel off occurred at the BPSG/SiOinterface.

It was also found that for chips with ABPO, the bond shear
forces of nonpeeled-off pads on the same dies are well within
the specifications. In fact, no correlation was found between the
bond shear strength and the percentage of ABPO. Hence, the
root cause of ABPO is unlikely to be those that cause poor shear
force.

Therefore, the peeling is most likely due to either cratering
or excessive stress in the BPSG film. Chenet al. [4] used a
fractional factorial-designed experiment to study the effect of
bonding parameters on cratering for the thermosonic Au ball
bonding. They found that the three most important bonding pa-
rameters are the bonding power, bonding force, and tempera-
ture. Clatterbaughet al.[5] also performed an extensive study on
the cratering. They found that cratering is more significant when
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TABLE I
EXPERIMENTAL RESULTS TOSHOW THE EFFECT OFSUBSTRATETEMPERATURE, CONTACT POWER AND BONDING FORCE ON THEPERCENTAGE OFABPO

TABLE II
BONDING MACHINE SETTING TO OBTAIN THE EXPERIMENTAL RESULTSSHOWN IN TABLE I

bonding is done with low power and short dwell time. In fact,
the cratering damage was minimal immediately after bonding.

Comparing the above findings to our experimental results as
shown in Table I, it is clear that cratering is not the root cause of
ABPO, as the percentage of ABPO is lower for zero bond power
than for those runs with bond power set to 200 mW. Also, there
is no evidence of missing silicon or fracture at the defect site
as can be seen from Fig. 1. The experimental conditions for the
results of Table I are shown in Table II.

For the case of the BPSG on SiO, which is the case for this
work, Clatterbaughet al. [5] found that the best set of bonding
conditions to resist cracking in BPSG films was the combina-
tion of low power, short dwell time, high substrate temperature,
and high force. Their results are consistent with that reported
by Kochet al. [6] and are also consistent with our experimental
results, shown in Table I, which are extracted from the exten-
sive design of experiments (DOE) matrices that we performed
in this work.1 Comparison of Runs 6 and 10 in Table I shows
that when the bond power is reduced from 200 mW to zero,2 the

1The complete DOE matrices cannot be shown due to confidential reasons.
2Although zero bond power is impractical and will cause nonstick problem,

we are focused on the percentage of ABPO rather than the percentage of non-
stick in the experiment.

percentage of ABPO reduces from 24.8% to zero at 115C and
55 gf of bonding force. Also, comparison of Runs 6 and 1 shows
that when the bonding force is reduced from 55 to 20 gf, the per-
centage of ABPO increases from 24.8% to 49.5% at 115C and
200 mW of bond power. Thus, one of the root causes of ABPO
is cracking of the BPSG film due to the improper combination
of bond power, bonding force, and temperature.

With the above-mentioned information, extensive DOE was
done in order to reduce the percentage of ABPO. We found a
combination of bonding power and bonding force whereby a
drastic reduction in the percentage of ABPO was indeed ob-
served. The substrate temperature is not included in the DOE
as the range of variation of the temperature is limited due to the
plastic casing.

With the optimal combination of the bonding power and
force, the presence of ABPO remains, though at a much
lower percentage. Thus, we can conclude that there is at least
another root cause for the ABPO, which is very likely to be the
excessive stress in the films.

III. FILMS STRESSESDUE TO WAFER FABRICATION PROCESSES

Smith [7] showed that the intrinsic stresses in films arise
during film deposition, and their magnitudes are related to the
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film microstructure and defect structure. The intrinsic stress of
the metal film after all the processes is found to be as high as
770 MPa. For metal with low mobility such as W and Mo, the
intrinsic stress is normally very highly tensile [8]. However, the
intrinsic stress is unlikely to be one of the root causes in this
work because if it is, the percentage of ABPO will be much
higher, and it will occur over an entire chip rather than just a
few bondpads on a chip.

For the case of BPSG, it is known that the intrinsic stress
in BPSG depends on the P and B contents in the BPSG film
[9]. Also, BPSG is highly hygroscopic, and it will absorb water
during processing and deposition. It has been shown that it can
store a large amount of water after film deposition [10]. At
around 400 C, most of the water in the film will be vaporized,
which could cause delamination between BPSG and the under-
lying oxide. However, in our case, the bonding temperature is
below 120 C, hence, the water content should not be one of the
root causes. In fact, if water content is one of the causes, a much
higher percentage of ABPO will be observed as its effect will be
on the entire chip as well.

Excessive fluorine in the oxide could diffuse out during
BPSG anneal and cause delamination between thermal oxide
and BPSG [11]. In fact, a high percentage of ABPO was ob-
served from production lots where fluorine peak was detected
using EDS on some bondpads. However, the occurrence of
excess fluorine only happened twice in the six months during
which the percentage of ABPO was high. Thus, the excessive
fluorine is unlikely to be a root cause for ABPO.

It has also been found that the peeling stress of a film on
substrate is a function of the elastic modulus, the thickness of
the film and substrate [12].

Therefore, one can see that the possible root causes of ABPO
that are wafer-fabrication related could be the B and P contents
of the BPSG and the thicknesses of the BPSG and SiO. In order
to examine their significance on the problem of ABPO, simula-
tion is employed, as will be discussed later in this work.

IV. FILMS STRESSESDUE TO WIRE BONDING PROCESS

Clatterbaughet al.[5] found that the thin film of BPSG is not
sufficiently robust to withstand any of the bonding parameters
used in their studies. They found that only the combination of
low bonding power, short dwell (bonding) time, high substrate
temperature, and high force were able to prevent cracking of
BPSG film.

In this work, many DOEs were performed to obtained the
best bonding parameters such that the percentage of ABPO can
be eliminated. Results showed that with the optimal bonding
parameters determined, some bonding machines were indeed
giving 0% of ABPO, while others showed finite number of
ABPO, though the number was much reduced with the optimal
setting.

Upon careful study of the differences among the bonding ma-
chines, we found that the software for the control of the bonding
tool movement has the greatest effect. For a particular bonding
machine, a 100-fold reduction in the percentage of ABPO was
observed after a change in the software that controls the move-

Fig. 3. Schematic illustration of the bonding tool movement before and after
the software change.

Fig. 4. Bonding ball showing skidding marks as indicated by the arrows.

ment of the bonding tool. The change in the movement of the
bonding tool with the new software is shown in Fig. 3.

On careful observation of the bonding balls, one also found
obvious skidding marks on balls before the software change.
The skidding marks are shown in Fig. 4. After the software
change, the skidding mark becomes less obvious. Thus, one of
the possible root causes will be the effect of this skidding due to
the movement of the bonding tool.

V. FINITE ELEMENT ANALYSIS

Now that the various possible root causes are identified, finite
element analysis is performed in order to study their effect on
the stress of the BPSG layer at the BPSG/SiOinterface.

A schematic of the problem is shown in Fig. 5. Since the
bonding ball is circular, the stress induced would be axisym-
metric. Hence, by using a cylindrical structure as shown in Fig. 5
to approximate the actual structure, the simulation problem can
be reduced to two dimensions.

In the analysis, all materials are assumed to be isotropic and
to deform elastically. Materials properties are listed in Table III
[13]–[16]. The assumption of elasticity in the simulation is justi-
fiable, as thinner film shows much less plasticity than thick film
[17]. In fact, high tensile strength is an important quality of thin
films. It has been shown that the occurrence of fracture is pre-
ceded by a local plastic deformation, but at least three quarters
of the deformation or elongation of the film are under elastic de-
formation when the film is fractured [18]. Thus, one can assume
elasticity to simplify the simulation greatly.
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TABLE III
MATERIAL PROPERTIES AND DIMENSIONS OF THE STRUCTURE

FOR FINITE ELEMENT ANALYSIS

Fig. 5. Schematic graph of the cylindrical structure approximate the
problem at hand (dimensions not to scale). (a) Three-dimensional view. (b)
Axisymmetrical cross section.

A general-purpose finite element analysis software (ANSYS)
is used for stress analysis. The element type is four-node ele-
ment PLANE42. The thermal effect does not need to be consid-
ered because the temperature difference between the bondpad
and the substrate is less than 1C [19].

Although the thermosonic gold ball bonding method is of the
annular ring type, Clatterbaughet al. [5] found that the stress
field for an annular ring type is similar to that for a circular
type of the same radius. Hence, one can further simplify the
simulation by considering the circular type of the bonding ball.

A. Model Formulation

The rectangular mesh for the specimen is shown in Fig. 6. It
consists of 60 columns of elements in the radial direction with
150, 5, 5, 1, and 10 rows of elements within the thicknesses (in
axial direction) of Si, SiO, BPSG, MoSi, and Al, respectively.
The location of the bonding ball is also shown in Fig. 6.

The boundary conditions used in this analysis are that the left
boundary of the mesh corresponds to the axis of symmetry and
therefore the displacements of all nodes at the boundary were
fixed in the radial direction. The bottom boundary is con-
strained for both radial and axial directions, hence, their
displacement was fixed also. At the top boundary, the locations
related to the contact radius are applied with a pressure corre-
sponding to the contact force.

Fig. 6. Meshes of the structure for finite element analysis. The left boundary
of the mesh corresponds to the axis of symmetry.

Fig. 7. Definitions of various stress components.

The various stress components computed in the simulation
are defined as shown in Fig. 7.

B. Identification of the Significant Stress Component

In order to identify the most significant stress component that
is responsible for the damage of the BPSG layer, we begin the
simulation with the effect of bonding force as it is known that
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TABLE IV
EFFECT OF B AND P CONTENTS IN BPSG ON THE PROPERTIES

OF BPSG FILM AND THE SHEAR STRESS INBPSG

Fig. 8. Effect of bonding force on the stresses in the BPSG.

Fig. 9. Effect of bonding ball radius on the stresses in the BPSG.

bonding force has an important effect on the BPSG damage.
Fig. 8 shows that the calculated shear stress increases lin-
early with the bonding force, while the normal stresses (and

) remain unchanged. The shear stress is also much higher
than the normal stresses. Thus, one might conclude that the
problem is due to shear stress rather than the normal stresses.

The result shown in Fig. 8 seems to be contradicted with
others’ work that higher bonding force is better for the BPSG
layer [5]. This is because in the simulation to obtain Fig. 8, the
ball diameter was assumed to be fixed. In the actual case, the
ball diameter increases with the force [5]. Fig. 9 shows that the
shear stress decreases drastically with the ball radius, while
other stress components have relatively negligible changes.
Since the decrease in shear stress with the ball radius is more
drastic than the increases in shear stress due to the bonding

TABLE V
EFFECT OFBPSG THICKNESS ON THESHEAR STRESS INBPSG

TABLE VI
EFFECT OFSiO THICKNESS ON THESHEAR STRESS INBPSG

force alone, the net result will be the decreasing shear stress as
a function of the bonding force.

From Figs. 8 and 9, one can easily see that it is the shear stress
that causes the BPSG to delaminate from SiO, and not the other
stress components. Hence, in the subsequent simulation, only
shear stress is considered.

C. Effect of Wafer Fabrication Related Factors

Let us now examine the effect of the three possible root causes
due to wafer fabrication processes on the shear stress in the
BPSG film during wire bonding. For the contents of B and P in
BPSG, they affect the Young’s modulus E of the BPSG film as
shown in Table IV. The ranges of B and P contents were chosen
such that they covered the entire engineering specification limits
for the B and P contents in the manufacturing of the wafers.

Table IV shows that this parameter does not affect the stresses
for the range considered. Hence, one can conclude that the B and
P contents are not critical for the problem at hand.

The next wafer-fabrication related parameters to be investi-
gated are the thicknesses of BPSG and SiO. Tables V and VI
show the effect of these parameters for the range of thicknesses
that covered the upper and lower engineering specifications of
these parameters. One can again see that these factors are not
significant.

Hence, with these analysis results, one can conclude that
wafer-fabrication parameters do not have significant contribu-
tion to the problem at hand.

D. Effect of Skidding

In order to study the effect of skidding, the actual skidding
force has to be determined. In this work, we determine the skid-
ding force by measuring the depth of the indentation caused by
the skidding using confocal scanning laser microscopy.

Confocal microscopy has been successfully used in medical
and biological applications to acquire depth or height informa-
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Fig. 10. Depth profile of the ball from confocal microscope (front view).

tion. It has also been used for fractographic analysis on die sur-
face cracks [20]. With this microscope, three-dimensional (3-D)
images and depth discrimination can be obtained [21]. For de-
tails on confocal microscopy, refer to [21].

The SEM micrograph of the ball with skidding marks was
shown in Fig. 4. The corresponding depth profile as obtained
from the confocal microscope is shown in Fig. 10. From the cor-
responding cross-sectional view, one can determine the vertical
depth of the indentation.

However, since the indentation is produced on the surface of
a formed bonding ball, the indentation is on a slope. Thus, the
actual indentation due to the skidding force needs to be calcu-
lated using geometry, and the slope of the indentation has to be
determined. Hence, we rotate the depth profile by 90as shown
in Fig. 11 to determine the slope. With the slope computed, the
actual indentation can be found.

Using this method, it is found that for units with bond pad
peeling, the average skidding depth is 9.6m. After software
upgrade to reduce the skidding force, the average skidding depth
is found to be 7.44 m.

Once the indentation depth is determined, the Vickers hard-
ness (HV) equation can be used to determine the skidding force
[22]:

HV (1)

where is the force in gf, and is the mean diagonal of in-
dentation in micrometers [22], which can be computed from the
indentation depth.

The typical HV value for the gold ball in wire bonding is 40
[23]. Since the temperature of the gold ball is at the substrate
temperature, i.e., 115C, the HV value at 115C is needed.
It is found that the HV for gold is not significantly sensitive to
the temperature [24], hence, the HV value of 40 is used in the
calculation.

With this HV value for gold, the resulting average force of
skidding for units with bond pad peeling is found to be 48.7 gf,
and that for units without bond pad peeling is found to be only
29.2 gf.

Fig. 11. Depth profile of the ball from confocal microscope (90view) for the
determination of the slope of indentation.

The induced shear stress due to skidding is then simulated
using ANSYS. In this case, the structure loses its axisymmetry
since the skidding force is acting only on one side of the bonding
ball, and a 3-D model is necessary. However, to reduce the com-
putational time, only a portion of the structure that includes the
skidding force is considered. The size of the portion is chosen to
be large enough so that further increments in size will not pro-
duce any appreciable changes in the stress distribution.

The simulated stress results showed that for units with
ABPO, the shear stress in BPSG due to the skidding force is
1.73 GPa, an unexpectedly large shear stress due to skidding
force. However, for units without ABPO, the shear stress in
BPSG is 1.29 GPa. A difference of approximately 440 MPa in
shear stress can be observed between units with and without
ABPO.

From the simulation, we can see the severe effect of the skid-
ding force. When the bonding tool movement software for all
the bonding machines is upgraded, the percentage of ABPO
drops to zero, indicating that skidding force is indeed the true
root cause of ABPO.

VI. CONCLUSION

ABPO was observed with a newly developed thermosonic
wirebonding process for the bonding of Au on Al bondpad in a
COB assembly. Though with the use of DOE, the percentage of
ABPO is much reduced with a proper combination of bonding
force and power, the percentage of ABPO did not go down to
zero.

With detailed failure analysis, it was found that ABPO is due
to the delamination of BPSG from the underlying SiOfilm.
Many possible root causes were identified, and with the help of
finite element analysis and confocal microscopy, the true root
cause of ABPO is found to be the skidding force as a result of
the constrained movement of the bonding tool. When the skid-
ding force is reduced by upgrading the software that controls the
bonding tool movement, the percentage of ABPO went down to
zero, indicating that the true root cause for ABPO was indeed
found.
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