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The effects of the process parameters of ultrasonic power and normal bonding
force on bond formation at ambient temperatures have been investigated with
scanmng electron microscopy (SEM) and energy-dispersive x- ray (EDX) anal-
ysis. A model was developed based on classical microslip theory' to explain the
general phenomena observed in the evolution of bond footprints left on the
substrate. Modifications to the model are made due to the inherent differences
in geometry between ball-bonding and wedge-bonding. Classical microslip
theory describes circular contacts undergoing elastic deformation. It is shown
in this work that a similar microslip phenomenon occurs for elliptical wire-
to-flat contacts with plastically deformed wire. It is shown that relative motion
exists at the bonding interface as peripheral microslip at lower powers, tran-
sitioning into gross sliding at higher powers. With increased normal bonding
forces, the transition point into gross sliding occurs at higher ultrasonic bond-
ing powers. These results indicate that the bonding mechanisms in aluminum
wire wedge-bonding are very similar to those of gold ball-bonding, both on
copper substrate. In ultrasonic wedge-bonding onto copper substrates, the ultra-
sonic energy is essential in forming bonding by creating relative interfacial
motion, which removes the surface oxides.
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INTRODUCTION

Wire-bonding is the most utilized method for making
electrical interconnections from an integrated cir-
cuit (IC) to a substrate. Annually, more than 4 tril-
lion wire-bonds are made.? The flexibility and cost
effectiveness of wire-bonding make it widely accepted
in industry. Among the variations of wire-bonding
techniques, the predominant method used today is
thermosonic ball-bonding of gold wire onto alumi-
num metallization, but there are many applications
for another method called ultrasonic wedge-bonding.
For instance, in interconnecting power devices, ul-
trasonic Wedge-bondlng of large diameter alummum
wires is the preferred method? due to its low mate-
rial cost. Another advantage of aluminum wire wedge-
bonding is that the bonds on aluminum pads are
more reliable than those with gold wire. Ultrasonic
wedge-bonding uses a normal bond force simulta-
neously with ultrasonic energy to form the first and
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second bonds and, with aluminum wire, is usually
performed at ambient temperatures. However, de-
spite being both widely accepted in 1ndustry and an
older technology than ball-bonding,? there is a lack
of an understanding of the bonding mechamsms
compared to recent work in ball-bonding.®

Aluminum is the typical metallization used for
ICs. Recently, the industry is moving toward using
copper metallization,®” since it possesses better
electrical propertles than aluminum such as lower
electrical resistance.® However, the oxide that forms
on copper is more tenacious than that on alummum
and hence causes difficulties during wire bonding,?
which may result in poor bond strength. Although
an oxide layer also forms on aluminum, it does not
pose a large problem for bonding smce it is brittle
and easily breaks up and is dispersed.? Researchers
have shown that it is possible to produce reliable
ultrasonic wedge-bonds on copper with aluminum
wire at room temperature.

Currently, low-k materlals are becoming more com-
mon as insulation layers;”!? however, these materials
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are lacking the mechanical stability to survive the
wire-bonding process. In order to use the wire-bonding
process on low-k materials, damage to the low-k
material would need to be prevented and low stress
wire-bonding may be a solution. An improved pro-
cess understanding for wedge-bonding will help to
meet such current challenges.

This study focuses on the role of process parame-
ters in the ultrasonic wedge-bonding of aluminum
wire on copper substrate at ambient temperatures.
The bond footprints left on the substrate were ex-
amined with scanning electron microscopy (SEM)
for microwelded regions and changes in the mor-
phology of the substrate surface. A model for wedge-
bonding is reported and compared with an existing
model for ball-bonding.

Technical Background

Wire-bonding using typical process settings is gen-
erally accepted to be a solid-state joining process,
which is supported by various evidence such as bonds
made at liquid nitrogen temperatures'? and studies
of the bond interface with transmission electron
microscopy.'® A major requirement to form a metal-
lurgical bond is a relatively contaminant-free surface.
Without occurrence of melting in the wire-bonding
process, other methods of contaminant dispersal are
required in order to facilitate bonding.

Deformation is the main mechanism responsible
for the contaminant dispersal required for bond
formation in thermocompression (using heat and
pressure only) wire-bonding.'* The deformation
mechanism observed in thermocompression bonding
is similarly observed in pressure welding, in which
applied pressure and the subsequent deformation
breaks up the oxide layer.'® In ultrasonic wire-bonding,
ultrasonic energy is used in addition to pressure.
When a metal is irradiated with ultrasonic energy,
the yield stress decreases, and this is known as the
reversible ultrasonic softening effect.'® According to
some authors, the ultrasonic energy only acts to in-
crease the amount of deformation.*'? However, this
view was shown to be incomplete, as Zhou et al.l”
reported that bonds made with and without ultra-
sonic energy but possessing the same amount of
deformation showed different amounts of bonding
and strength. Clearly, this result shows that ultra-
sonic energy contributes to ultrasonic bonding in a
way other than by increased deformation alone. The ad-
ditional effect of ultrasonic energy may be the crea-
tion of relative motion between the wire and substrate,
as inferred by Mayer'® using in-situ microsensors.
Mayer showed that relative motion at the ball/sub-
strate interface was important in bond formation;
when no sliding occurred, there was no bonding at
ambient temperature.

The dynamic force supplied by the ultrasonic
transducer during bonding causes the bonding tip
and hence the wire/substrate faying interface to
move in a reciprocating manner with the amplitude
of the bonding tip oscillation being proportional to
the ultrasonic power applied.'® The relative motion
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that occurs at the faying interface will lead to wear
of material or contaminant similar to that described
by an equation developed for other contacting sur-
faces in relative motion (adapted from Ref. 20):
KPV

d=1txX i (1)
where d is the depth of wear, t is the time in relative
motion, K is the wear coefficient constant, P is the
mean pressure, V is the sliding velocity, and H is the
hardness of the material for which the depth of wear
is being calculated. A typical application of Eq. 1 is
for calculating wear in bearings. In ultrasonic bond-
ing, V is a function of ultrasonic power, frequency,
and compliance. This wear of material is termed
“fretting” when small oscillations are involved. A
relatively clean surface is necessary for bonding to
occur, and the wear of material by relative motion
can result in the required surface cleanliness. For
wire-bonds, d therefore is assumed to correlate with
the amount of bonding.

In ultrasonic wire-bonding, the bonding tool
applies a bonding force and ultrasonic vibration to
the wire/substrate combination, which may be sim-
plified as a contact pair under both normal and tan-
gential forces. Mindlin' studied the compliance of
two perfectly elastic spheres subjected to combined
normal force, N, and tangential force, S. When the
spheres are brought into contact with a normal force
N, the contact area is over a circle of radius a, and is
proportional to N2, Macroscopic gross sliding ini-
tiates when the tangential force exceeds a critical
value, wN, where g is the coefficient of static fric-
tion. However, with application of a tangential force
less than the critical value, a shear traction q is in-
troduced over the contact area. It was shown that
the traction would rise to infinity at the periphery
if no slip occurred. Obviously, an infinite traction
stress is not attainable, and therefore, in order to
relieve the stress, the contacting material at the
periphery will have to undergo slip, and under this
condition is termed “microslip.”

An equation was provided by Mindlin® to calcu-
late the size of the microslip region (Fig. 1a):

where a’ is the annulus inner radius, a is the con-
tact radius, and S < pgN. In Fig. 1, the ultrasound-
bonding force parameter space is illustrated. The
ultrasonic force is mainly directed tangentially to
the interface. There exists a separate regime of
microslip and a separate regime of gross sliding
demarcated by a transition line termed “line of fric-
tion” in Ref. 21. The slope of this line is propor-
tional to ps. Microslip and gross sliding exist below
and above the transition line, respectively. Illustra-
tion A in Fig. 1 shows that in the microslip regime,
microslip occurs at an annulus, a’ < r < a, on the
contact zone, while no slip occurs within the circle of
radius a’, i.e., the stationary region. As shown by
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Fig. 1. Schematic illustration of (A) stationary and microslip regions in
a circular contact undergoing microslip and (B) circular contact showing
area undergoing relative motion on the verge of gross sliding (@' = 0).

Eq. 2, the microslip annulus inner radius decreases
with increasing tangential force up to the point of
gross sliding (i.e., S = pgN) at which time the micro-
slip annulus inner radius has decreased to the cen-
ter of the contact circle and vanished, as shown by
illustration B in Fig. 1.

Johnson?? studied the effect of oscillating tangen-
tial forces on the surface of a metal plate in contact
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with a metal sphere and the evidence lends support
to Mindlin’s microslip theory.! It was shown by
Johnson that at low applied tangential forces, before
the onset of gross sliding, a fretted annulus due to
microslip was observed on the surface of the plate.
As the magnitude of the tangential force was in-
creased, the annulus inner radius moved inward un-
til it reached the center on the verge of gross sliding.
A similar phenomenon was observed by Lum et al.”
in their study of ultrasonic gold ball-bonding. A
transition from microslip to gross sliding with in-
creasing ultrasonic energy (tangential force) was
observed in the ball-bond. However, the authors
are not aware of reports on observations of similar
phenomena in wedge-bonding.

EXPERIMENTAL METHODS

25-pm-diameter aluminum wire (ALW-29S)
manufactured by Kulicke and Soffa Bonding Wire
(Willow Grove, PA) was used to wedge-bond on
1-mm-thick oxygen-free high conductivity copper
substrates supplied by Good Fellow Corporation
(Huntingdon, England). The substrates were metal-
lographically polished with Al,O3 up to a surface
finish of 0.05 wm prior to bonding so that the surface
roughness would be similar to that of thin film bond
pads. The wedge used was a Kulicke and Soffa part
number 4WNV0-2020-W5C-M00 with the geometry,
as shown in Fig. 2.

Wedge-bonding was performed with a Kulicke and
Soffa 4523D semiautomatic wedge-bonder (60 kHz
ultrasonic frequency) with the copper substrate
at ambient temperature. The first bond was chosen
to be studied. Various parametric conditions were
selected for the first bond, and ten bonds were made
at each combination of parameters. The normal
bonding forces used were low, medium, and high
forces of 35 gf, 50 gf, and 65 gf (1 gf = 9.81 mN),
respectively, with the bonding time held constant
at 30 ms. The ultrasonic powers used were 0 mW,
65 mW, 130 mW, 195 mW, and 260 mW. The second
bond was made with fixed parameters of 30 ms
bonding time, 35 gf normal bonding force, and an
ultrasonic power of 260 mW. An example wedge-
wedge wire-bond is shown in top view in Fig. 3.

Radius=2§ -

v

' ~ Hole 2=50

Back Radius=15

1 E8E

b)

Width=102

Fig. 2. Wedge geometry used in the study (all dimensions in micrometers): (a) side profile view of the tool and (b) underside of the tool.
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Fig. 3. SEM top view of the wedge-bond showing first bond, second
bond, and wire loop.

In order to facilitate more detailed understanding
of the bonding mechanisms, bond footprints were
examined. Two types of first bond bonding outcomes
were obtained, lifted off and sticking, as illustrated
in Fig. 4. If the bond was weak, it would result in
a lifted-off footprint on the substrate surface. Lifted-
off bonds would occur because the force acting on
the wire during the following looping step would
be greater than the strength of the first bond and
would lift the first bond off the substrate. On the
other hand, if the bond was sufficiently strong,
the first bond would remain on the substrate during
the looping step and would subsequently be sheared
perpendicular to the wire length with a DAGE 4000
shear tester at a tool height of 3 pm, as shown in
Fig. 5, to obtain the sheared footprint.

RESULTS

The bond quality as categorized by a simple sort-
ing model, with lifted-off wedge-bonds as poor qual-
ity and bonds remaining on the substrate (sticking)
as better quality, is shown in Fig. 6. The morpho-
logical features of the bond footprints were exam-
ined using SEM and the resulting micrographs
including energy-dispersive x-ray (EDX) results
are shown in Figs. 7-9. The presence of fractured
microwelds in the footprint indicated metallurgical
bonding and could be identified by the presence of
aluminum left from the wire. Fretted areas as caused
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Fig. 4. The two types of bonding outcomes resulting in footprints.
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Fig. 5. Schematic of the shearing procedure of a wedge-bond (not
to scale).

by interfacial motion from the application of ultra-
sonic power could also be observed. The fretted areas
may indicate areas with material removal but of an
insufficient quantity to result in bonding. The widths
of the footprints were measured and the results are
shown in Fig. 10. No value was determined at the
parametric combination 35 gf and 0 mW, as the foot-
print contrast was too low to allow measurement.

Bonds Made with Low Bonding Force

The effect of varying bonding power at a constant
normal bonding force of 35 gf was studied. At 0 mW
bonding power, no fretting was observed and all ten
bonds (or 100%) lifted off during bonding, as shown
in Fig. 6. The absence of fretting was an expected
result since there would be no ultrasonic motion when
no ultrasonic power was applied. Also, there was no
bonding observed, which indicated that compression
alone could not result in bonding.

When the bonding power was increased to 65 mW,
all ten bonds still lifted off. However, small distinct
fretted areas were now observed and were located
along an elliptical perimeter slightly inside of the
contact ellipse perimeter with no fretting in the cen-
ter area, as shown by the typical footprint in Fig. 7a.
The width of the footprint was about 14 pm (Fig. 10).

With an increase of bonding power to 130 mW,
stronger bonding was observed as only one of the
bonds lifted off during bonding. Fretted areas and
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Fig. 6. Percent lifted off versus ultrasonic power for normal bonding
forces of (a) 35 gf, (b) 50 gf, and (c) 65 gf. Hollow square symbols
indicate microslip condition, while solid square symbols indicate
gross sliding. Hollow triangles indicate no bonding. Ten samples
per data point.

bonding were clearly visible, as shown in Fig. 7b as
a secondary electron image of a sheared bond foot-
print. Bonded areas, as evidenced by the adherence
of aluminum, appear as bright areas in Fig. 7c,
which was an aluminum map using EDX analysis
of the same area. It is noted here that fretted areas
do not necessarily result in bonded areas since the
fretted areas in Fig. 7b do not always result in
bonded aluminum, as seen in Fig. 7c. From the bond
footprint, it can also be seen that the bonding mainly
occurred in an elliptical band, with minimal fretting
right at the contact periphery and footprint center.
The footprint width increased to about 22 pm.
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At an increased bonding power of 195 mW, none
of the bonds lifted off during bonding. As shown in
Fig. 7d, the bonded areas grew to cover the entire
footprint area except for an elliptical band at the
contact periphery.

At the highest bonding power used, 260 mW, there
were no lifted-off bonds. It can be seen in Fig. 7e
that the bonding occurred over the entire footprint
area except for an elliptical band at the contact pe-
riphery. Stronger bonding was evidenced by the
large piece of adhering aluminum remaining after
shearing. The footprint width was the largest in this
group at about 40 pm.

Bonds Made with High Bonding Forces

The effect of bonding power was further investi-
gated with a higher normal bonding force of 50 gf.
Without ultrasound, there was no fretting or bond-
ing observed and all ten bonds lifted off (Fig. 6).
With a bonding power of 65 mW, there was still no
fretting observed, as shown in Fig. 8a, and all bonds
lifted off. The absence of fretting was in contrast to
the bonds made with the lower bonding force (Fig. 7a).
The footprint width was measured to be about
24 pm (Fig. 10) and was significantly larger than the
14 pm measured for the bond made with the lower
normal bonding force.

Distinct bonded areas at the two ends of the foot-
print as well as along the sides at the outer periph-
ery were observed when the bonding power was
increased to 130 mW, as shown in Fig. 8b. All ten
bonds lifted off, which is in contrast with the bonds
made at this same power, but at the lower bonding
force, which had only one bond lifted off. It can be
observed in Fig. 8b that there existed minimal fret-
ting right at the periphery, but the fretting occurred
slightly inside the outer periphery with no fretting
in the center area. This absence of fretting in the
center area is contrasted with the bonds made at
this same power but at lower bonding force (Fig. 7b),
which showed fretting at the center area and also
had a greater amount of overall fretting.

With a further increase of bonding power to
195 mW, fretted areas were observed across the
entire footprint area except for an elliptical band
at the periphery, as shown in Fig. 8c. None of the
bonds lifted off at this bonding power (Fig. 6) and
the footprint width increased to about 35 pm (Fig. 10).

At the highest bonding power used, 260 mW, none
of the bonds lifted off during bonding. Figure 8d
shows a large piece of aluminum, which evidences
strong bonding. It is assumed that fretting had oc-
curred across the entire footprint area with the
exception of an elliptical band at the periphery.
The width of the footprint increased to about 47 pm.

Finally, the effect of bonding power was investi-
gated with the highest normal bonding force used,
65 gf. The footprints are shown in Fig. 9 and indi-
cate a continuation of the trends observed in the
results for the lower normal bonding forces. For
example, increased normal bonding force increased
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Fig. 7. Bond footprints made with N = 35 gf at various ultrasonic powers: (a) lifted-off bond footprint made at 65 mW, and sheared bond footprints
made at (b) 130 mW, (c) EDX aluminum map of the same bond (130 mW) showing aluminum as bright areas, (d) 195 mW, and (e) 260 mW.

the minimum power required for the onset of fret-
ting in the center area from 130 mW, to 195 mW,
and to 260 mW for normal bonding forces of 35 gf,
50 gf, and 65 gf, respectively. Similarly, the mini-
mum bonding power required for bond sticking in-
creased from 130 mW for the lowest bonding force
to 195 mW for the higher bonding forces. The bond
sticking initiation value of 195 mW for the highest
normal bonding force used, 65 gf, stands out as
an exception because bond sticking was achieved
in the microslip regime, whereas in the other para-
metric combinations, bond sticking was observed
only in the gross sliding regime (Fig. 6). The maxi-
mum footprint width for a constant ultrasonic bond-
ing power increased with increased normal bonding
force (Fig. 10).

DISCUSSION
Bond Footprint Evolution

With an increasing tangential force, a transition
from microslip into gross sliding will occur, as pre-
dicted by Mindlin’s classical microslip theory for
perfectly elastic spherical contacts.! A similar tran-
sition was observed for ultrasonic ball-bonding on

copper substrates® and also in this study of wedge-
bonding even though the wires involved in both
cases were plastically deformed.

The evolution of the footprint morphology for
wedge-bonding was found to be very similar to that
of ball-bonding. However, the contact areas were
elliptical compared to the circular contact areas in
ball-bonding. It was shown in the results that in
wedge-bonding, a transition from microslip into
gross sliding still occurred, similar to that reported
for ball-bonding. Figure 11 shows such a bond de-
velopment model for wedge-bonding and illustrates
the footprint morphology transitioning from micro-
slip into gross sliding with an increasing tangential
force (ultrasonic power). In this generalized model,
ball-bonding, as described in Ref. 5, is the special
case where the minor and major axes of the ellipse
are equal. In Fig. 11, the outer ellipse represents the
contact ellipse, the shaded areas indicate the occur-
rence of relative motion, and the darkness of the
shading indicates bonding density (amount of bond-
ing occurring over the area, with darker shading
representing higher density). In the following, the
results of the tests performed with 50 gf normal bond-
ing force are discussed.
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Fig. 8. Bond footprints made with N = 50 gf at various ultrasonic powers. Lifted-off bond footprints made at (a) 65 mW and (b) 130 mW. Sheared
bond footprints made at (c) 195 mW and (d) 260 mW.
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Fig. 9. Bond footprints made with N = 65 gf at various ultrasonic powers. Lifted-off bond footprints made at (a) no ultrasonic energy and (b) 130
mW. Sheared bond footprints made at (c) 195 mW and (d) 260 mW.
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Fig. 12. Suggested normal stress distribution at the wire/substrate
interface for (a) wedge-bonding and (b) ball-bonding.
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At low ultrasonic power, microslip will initiate at
the periphery and does not reach the center of the
footprint, as shown schematically in Fig. 11a. This
low power situation is observed for bonding per-
formed at 130 mW in which only an elliptical band
of bonding is observed slightly inside of the periph-
ery (Fig. 8b). From the edge of the band out to the
contact periphery, there is minimal bonding, which
is expected, due to the very low normal stress at
the periphery, as shown in Fig. 12a, resulting in the
wear of material (as shown by Eq. 1) and subsequent
bonding to be much less than in the area closer to-
ward the center of the footprint.

With an increase in ultrasonic bonding power to
195 mW, a change in footprint morphology is ob-
served (Fig. 8c). Fretted and bonded areas grow
toward the center of the footprint and now cover
the entire area, as shown schematically in Fig.
11b, and indicated a transition into the gross sliding
regime. The growth of the microslip elliptical annu-
lus toward the footprint center with increased bond-
ing power is similar to that predicted by Eq. 2,
which is for circular contacts. The increase in the
footprint width at increased ultrasonic bonding
power is attributed to the increased wire deforma-
tion due to the increased ultrasonic softening effect
at higher bonding power. The elliptical band of min-

Increasing Ultrasonic Power

a) b) ¢)

Microslip

, Gross Sliding

- H .
.t H

Lt

Fig. 11. Schematic illustration of the change in footprint morphology
from microslip to gross sliding for increasing ultrasonic power.
Shaded areas indicate fretting while bonding density is indicated
by the darkness of the shaded area (darker means larger bonding
density).

imal fretting/bonding slightly inside of the contact
periphery was still observed, as shown in Fig. 8c.

With a further increase of bonding power to
260 mW, the bonding density increased. The higher
ultrasonic power increases bonding due to the in-
creased oxide removal, as predicted by Eq. 1. In
wedge-bonding, large amounts of bonding were ob-
served in the central area, which is contrasted with
the results obtained for a previous ball-bonding
study in Whlch the central area remained largely
unbonded.® This result leads to the conclusion that
the lower normal compressive force observed at the
center for ball-bonding (Fig. 12b) can cause the re-
duced center bonding since in wedge-bonding this
minimum does not exist and as a result the center
is largely bonded.

Winchell and Berg® proposed an ultrasonic bonding
mechanism for wedge-bonding as a wavelike motion
at the bond interface based on their ultrasonic wedge-
bonding experiments performed mainly on brittle
glass and silicon bonding substrates. They observed
what they described as cutting into the substrate at
the bond interface, which they proposed could only
have been created by wavelike motion. No such cut-
ting was observed in our studies. Further, they dis-
counted the friction or sliding mechanism based on
their observation of elliptically shaped footprints with
a consistently unbonded central region. The unbonded
central region is similar to what is observed in our
microslip regime. However, when power is increased
and the process transitions into the gross sliding re-
gime, the central region is bonded. Finally, they at-
tributed the bonding to the cleansing of the material
surfaces by the wavelike motion at the bond interface
and the resulting intimate metal-metal contact. In our
study, the cleansing of the surfaces is also shown to
be a requirement for metallic bonding; however, it is
accomplished by microslip and gross sliding phenom-
ena causing wear of the oxide layer.

Effect of Bonding Force

Figure 6 shows the percent liftoff versus bonding
power for varied normal bonding forces, and it is
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indicated where the microslip or gross sliding regime
was active by the hollow and filled square symbols,
respectively. It can be seen that with increased nor-
mal bonding force, the microslip to gross sliding tran-
sition value shifts toward higher ultrasonic power.
This observation agrees with what is predicted by
Eq. 2, which states that with increased normal force,
tangential force correspondingly needs to be in-
creased in order to achieve gross sliding.

It can also be seen from Fig. 6 that in order to
avoid bond liftoffs while increasing normal bonding
forces, the ultrasonic power also needs to be in-
creased. This is due to the shifting of the microslip
to gross sliding transition value toward higher bond-
ing powers with increasing normal bonding force. In
the microslip regime, the outcome was mostly lifted-
off bonds. To achieve significant amounts of bond-
ing, and therefore consistent bond sticking, the
bonding should be in the gross sliding regime. This
observation agrees well with the industrial practice
of using an increased ultrasonic power with an in-
creased normal bonding force.?® The test using the
parametric combination of 65 gf and 195 mW stands
out as an exception, as bond sticking is achieved
while being in the microslip regime close to the edge
of the transition line. It is proposed that there can
exist a transition area between the microslip and
gross sliding regimes where microslip prevails but
bond sticking is already possible even at ambient
temperature. This transition area is illustrated in
Fig. 13. It was observed that bond sticking also coin-
cides with additional ultrasonic deformation of the
wire, as evidenced by the footprint width measure-
ments shown in Fig. 10.

Effect of Ultrasonic Energy

Zhou et al.'” demonstrated in thermosonic gold
wire crescent bonding onto gold-plated Kovar that
similar amounts of wire deformation achieved with
and without ultrasonic energy show different amounts
and patterns of bonding. Therefore, the ultrasonic
energy may have an additional effect other than
increased deformation alone. The additional effect

300 - Bond Sticking
250 u
200 =

150

2
o
o

Ultrasonic Power [mW]
h
o
1

Transition Area

g T T T 1
30 40 50 60 70

Normal Bonding Force [gf]

Fig. 13. Postulation of a transition area with bond sticking in the
microslip regime, overlaid on the experimental parameter space.
Solid square symbols indicate gross sliding condition, while hollow
symbols indicate microslip.
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was suggested to be the creation of interfacial rela-
tive motion by the application of ultrasonic energy,
which is supported by the following discussion.

In this study, relatively large amounts of interfacial
wear (fretting) and bonding were observed for bonds
made with relatively low deformation (footprint width
of 22 pm) at 35 gf normal bonding force and 130 mW
bonding power, as shown in Fig. 7b. When compared
to a bonding test made with greater deformation (foot-
print width of 31 pm) but with no ultrasonic energy
(therefore requiring a higher normal bonding force of
65 gf), as shown in Fig. 9a, the effect of ultrasonic
energy on bonding is clearly demonstrated. The bond-
ing test made with no ultrasonic energy but having
a deformed width about 40% greater than the afore-
mentioned bond showed no bonding. This demon-
strates that deformation alone cannot result in
bonding for this specific application of bonding carried
out in an ambient atmosphere and temperature. Due
to the copper oxide, which is relatively ductile,? rela-
tive motion at the bonding interface created by the
application of ultrasonic energy is required for the
wearing away of the oxide and subsequent clean
metal to metal contact, which results in bonding.

SUMMARY AND CONCLUSIONS

Ultrasonic aluminum wedge-bonds were made on
copper substrates at ambient temperature over a
range of bonding parameters of ultrasonic power
and bonding force. The evolution of the bond foot-
print morphologies left on the copper substrate was
studied in detail with SEM. The major findings from
this study are summarized as follows.

o Classical microslip theory is based on circular
contacts undergoing elastic deformation. It was
shown in this study that a similar transition
from microslip to gross sliding occurred with
elliptical contacts of a plastically deformed
bonding wire on a flat.

o It was found that the evolution of bond footprint
morphologies are very similar for ultrasonic
gold ball-bonding on copper and ultrasonic alu-
minum wedge-bonding on copper. A model was
developed based on the existing ultrasonic ball-
bonding model to explain the general phenom-
ena observed in the evolution of bond footprints
during ultrasonic wedge-bonding.

e Relative motion at the bond interface is pro-
duced by the ultrasonic vibrations. It exists
as either microslip or gross sliding, with the
regime being active dependent upon the ultra-
sonic power and the normal bonding force used.
For any given normal bonding force, at lower
ultrasonic powers, the bonding is in the micro-
slip regime and with increased power transi-
tions into gross sliding.

e Increased normal bonding force shifts the
gross sliding transition toward higher bonding
powers, which indicates that for increased nor-
mal bonding force, higher power is required to
obtain satisfactory bonding.
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e It is the interfacial relative motion introduced
by the ultrasonic vibration that results in wear
of the copper oxide that will lead to intimate
metal to metal contact and bonding. In wedge-
bonding aluminum wire on copper substrates
at room temperature, deformation alone does
not result in bonding.

e While increased ultrasonic power grows the
microslip region toward the footprint center,
it also increases the total size of the footprint
due to the increased ultrasonic forces.

e Bond sticking was observed in the microslip
regime when relatively high force and ultra-
sonic parameters were used.

e The center of the contact area is completely
bonded at higher ultrasonic power levels in
the gross sliding regime. This agrees with what
is expected for two sliding bodies. This result
verifies that the unbonded circular re%ion ob-
served in a previous ball-bonding study” is due
to the ringlike geometry of the capillary.
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