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BACKGROUND

A small but statistically significant
number of die heel breaks in the 0.1 to
0.3g range were found on 1 1/4 mil Al, 1%
Si wire. These were found on 68 lead cer-
quad high-reliability integrated circuits
at two different assembly houses. Pull
strengths of four to five grams are normal
for these annealed wires.

The wires with low bond pull strengths
had all passed Mil Std 883 visual criteria,
temperature cycling (-65 C to + 175 C), and
burn-in (125 C for one week), yet were ob-
served to have varying degrees of die heel
cracks after bonding (Figures 1-4).

Bottom die heel cracks had not previ-
ously been reported. All of the low pull
break areas had a grainy structure and a
fine horizontal ductile line through the
middle without any apparent elongation
(Figure 5).
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All the fracture surfaces of the nor-
mal pulls had an overall ductile elongated
and shiny appearance (Figure 6).

The causes of the degradation were
investigated experimentally. A high-speed
movie taken at 10,000 pictures-per-second
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(PPS) during second bonding revealed the
presence of low-amplitude, high frequency
wire vibration and "captured® an actual die
heel break. To determine the frequency,
amplitude and distribution of vibrations
along the wires. It was necessary to use an
Image Conversion (IC) Camera in the streak
recording mode.

Considerable 60 kHz vibration is con-
sistently present at the die heel during
second bonding. This is the same frequency
as the vibration of the ultrasonic tool and
is well above the resonant frequency (10-15
kHz) of the wires. This vibration exer-
cises the 1lst bond area and can create the
possibility of embrittlement, leading to
heel cracks either visible or hidden. We
conclude that die heel damage is induced to
a varying degree in every wire, and that
any crack on the bottom of a lst bond heel
is a potential reliability problem.

ANALYSIS OF WIRE BREAKS

The wires with low pull strengths (<

1.0 g) were all observed to have the same
appearance at the die heel fracture on the
1st bond. They all had a brittle grainy
structure with a thin horizontal middle
line (Figure 5). In contrast, the normal
pulls had a shiny ductile surface with
good taffy-like elongation (Figure 6).

SEM analysis of approximately 10,000
first bond heel areas before wire pull re-
vealed varying degrees of brittle-looking
cracks starting at the bottom of the heel
area (see Figure 1-4). Brittle cracks in
this area have never been reported to date.
Ductile top heel cracks always have been
observed in AlSi ultrasonic wire bonding to
varying degrees, but they have not been
identified as affecting reliability.

OCCURRENCE OF THE PROBLEM
facilities

were discov-
strengths

At the two manufacturing
where these brittle fractures
ered, the wires with low pull
were erroneously explained as failing be-
cause of mechanical damage or wire pulling
errors because of their low occurrence (ap-
proximately 1 wire in 10,000).

The problem is of importance because
it has been associated with 3 different
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machine models, with wire from 4 different
vendors, and has involved approximately 6
bonding wedges. The only way to determine
if the problem is present is to SEM the
heel areas looking for the brittle struc-
ture on the first bond after wire pull
(shown in Figure 5).

INVESTIGATION
REPRODUCING THE FATIGUE LINE

The horizontal line in the middle of
the first-bond heel fracture area was re-
produced by cutting the wire at the second
bond area (without bonding) and flexing the
wire (at the bond heel) through 90 degree
excursions (see Figure 7-11).

AS BONDED
FIGURE 7

Figure 7 shows no cracking top or
bottom as bonded, but Figure 8 shows the
typical ductile crack present on AlSi wire
in the bond heel area

ONE 90 BEND
FIGURE 8

This is because under normal bonding
conditions, the wire does go through a high
amplitude, low frequency .excursion during
first bond lift-off and looping. The sec-
ond 90 degree bend shows a crack starting
at the bottom of the heel (Figure 9).

The third bend shows the two cracks
coming together (Figure 10) and during the
4th bend the wire broke, leaving a horizon-
tal line through the middle of the first
bond fractured area similar to the problem
breaks.
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The fractured surface,
not have the grainy surface,
with no elongation.
showed that these fractures were a fatigue
type failure.

however, did
but was shiny
This "paper clip test"

REPRODUCING THE GRAINY STRUCTURE

In order to reproduce the grainy stru-
cture and to determine the resonant fre-
quency of the wires, each of the wires in
the package was resonated as illustrated in
Figure 12.

A fixed alternating current of 100 maA
was passed through the wires over the fre-
quency range of 5 to 100 kHz. The envelope
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of mechanical vibrations visually were ob-
served when resonance occurred. Resonant
vibrations were found only in the range of
approximately 14 +/- 2 kHz, depending upon
wire length. During the test, several wir-
es fractured, and SEM photographs of their
break areas exhibited a grainy fractured
surface similar to the structure in the
problem wires. These results show thact iow
bond pulls were the result of a high fre-
quency, low amplitude fatigue type failure.

Because of the low occurrence and
difficulty of reproducing the bottom heel
cracks, an experiment was undertaken to
determine if ultrasonic bonding energy
could cause this type of break on a stan-
dard production bonding machine. By physi-
cally stopping the tool from compressing
the wire during the second bond and apply-
ing the ultrasonic energy to the wire,
breaks of character similar to the problem
fractures occurred. Both the fatigue line
and grainy structure were reproduced to-
gether with some wires having bottom heel
cracks.

PHOTOINSTRUMENTATION

High-speed mechanical movie cameras
first were employed at 500 PPS and 10,000
PPS during ultrasonic stimulation. - The
filming attempted to determine if the prob-
lem was resonant or forced vibration which
caused the brittle die heel breaks. The



amplitude of the vibrating wires was re- STREAK PHOTOGRAPHY
corded at both rates, but the frequency

could not be determined. - ™E  p— N

In order to satisfactorily resolve ‘\\\\////’ H
the vibrating wire frequency it was neces- T
sary to employ an IC camera. The advantage

‘ a v POLAROID FiLM ﬂ
of this electronic camera over a mechanical

camera is that there is no inertia at
start-up, so that with proper synchroniza- “~Fi] BoKne
tion, the camera is up to speed instantly CaacioE
when the event occurs. The IC camera also \\\
is inherently capable of recording at rates
far in excess of rotating prism cameras.

The camera was synchronized to link the 77777
photo record to specific points in time

relative to the application of second bond-
ing energy and to die heel wire breaks when
by chance they occurred.

2ng BOND

1st BOND

Although photo sequences taken in the FIGURE 13
framing mode (e.g. movies) are easier for
most people to conceptualize, they have
long information gaps between successive
exposures. Movies require large numbers of STREAK PHOTOGRAPHY
frames to be taken at rates which are high IMACON CAMERA
compared to the highest mechanical frequen-
Cy to be resolved. Operation of the IC
camera was limited to the streak recording T
mode which simply produced continuous os-
cilloscope-like plots of wire movement.

Mask

Elements Of Wire
Viewed By Imacon

. Subject Wire
To understand the technique of streak

photographic recording, consider that the
film in a conventional camera (Figure 13)
"sees" only a single point of interest Ll

along the length of the wire through a ///
narrow slit.

Slit Objectlive Lens
The image of the rest of the wire is
shielded from view. If the film is moved
horizontally across the back of the camera \
as the wire moves up and down, the contin- l&@—x—— Photo Cathode
N b A
uous exposure record shown will be pro- Y .
duced.

Figure 14 is a schematic diagram il-
lustrating how the IC camera makes a streak
recording.
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Horizontal
Electron Beam Deflection
Plates

The image of the visible element of
wire passes through the objective lens and
falls onto the photocathode where it liber-
ates electrons. These electrons are accel-
erated toward a phosphor screen which con-
verts their energy back into a point of
light. A ramp of voltage applied to the
deflection plates linearly sweeps the elec-
trons horizontally across the phosphor
screen. The electrons will also have ver-
tical motion due to wire vibration. The
combined motions "paint" a continuous path
on the screen. As with the oscilloscope, A
this electronic camera may be triggered ’j,,
precisely to "catch" the desired moment Recordin
during the event (application of ultrasonic - Camora’
energy). Standard film is used to record H
the result of the single sweep. -

FIGURE 14

Phosphos
Screen

Sweep Vollage
Generator

FUNCTIONAL EQUIVALENT OF
CATHODE RAY OSCILLOSCOPE

|

ELECTRONIC CAMERA
(width of the phosphor screen) is 70 mm,

The total optical magnification for and the IC tube has an optical magnifica-
the IMACON Camera was 32X. A 20X Leitz tion of 2.0. The width of the screen image
metallographic objective was employed for is therefore twice the slit width. The
its long working distance from the wire (to narrowest available slit is 0.001" (25 mi-
clear the obstruction of the ceramic pack- crometers), or approximately 0.07% of the
age) . The length of the streak record trace length. This equates to an ability
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to resolve approximately 140 cycles of 60
kHz vibration at the SLOWEST sweep speed of
100 microseconds/mm. Resolution of the IC
tube is approximately 12 line-pairs-per mm,
about 5 times greater than our worst-case
requirement. We could readily identify 60
kHz vibrations at extremely low amplitude
(approximately 0.001" peak-to-peak) at the
slowest sweep speed. The highest speed
employed was 25 microseconds-per-mm.

ELECTRONIC CAMERA RESULTS

The streak plot in Figure 15 illus-
trates the very high amplitude wire motion
(approximately 10 wire diameters) which
occurs behind the tool during the appli-
cation of the first bond ultrasonic energy.

VIBRATION ON WIRE AT THE HEEL OF THE 1st
BOND DURING ULTRASONICS OF THE 1st BOND

60 Khz VIBRATION FREQEUNCY
AMPLITUDE 10 WIRE DIA.

& B g a2 2 £ 4
6.5ms ACTUAL TIME DURING 825ms
1st BOND ULTHASCNK:g-ﬁ
60 Khz

Figure 16 is illustrative of the 60
kHz vibration having an amplitude of ap-
proximately 4 wire diameters in the verti-
cal direction which is observed all along
the wire.

VIBRATION ON WIRE NEAR THE HEEL OF
13t BOND AS SECOND BOND ULTRASONIC
S BEING APPLIED.

60 Khz VIBRATION FREQUENCY

WA ARy

sms AMPLITUDE 675 ms
ACTUAL TIME DURING 4 WIRE DIA,
2nd BOND ULTRASONICS
60 Khz

FIGURE 16

No vibration nodes were found along
the wire. The vibrations can be found
quite close to the heel. The vibrations
during the first and second bond are con-
sidered the major contributing factors in
brittle die heel breaks.
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The record in Figure 17 illustrates
that no 60 kHz energy is present on the
wire, or applied to the die heel, when the
wire is suitably decoupled from the bond
ultrasonics.

The wire demonstrates this same de-
coupling when adjacent wires are bonded,
another indication that only 60 kHz during
bonding produces the first bond embrittlem-
ent.

VIBRATION ON WIRE NEAR THE CENTER OF THE WIRE
AFTER SECOND BOND WAS COMPLETED.

AMPLTUDE
1 WIRE DIA.
NO VIBRATION

SLIT

2nd BOND

1st BOND
FIGURE 17

DISCUSSION

Low wire bond pulls, and therefore
detected brittle fractures, appear to occur
only sporadically, but then in groups of
significant numbers of units. It is postu-
lated that the low wire bond pull strengths
are the result of fatigue at the die heel
due to the interaction of bending of the
wire during looping and of high frequency,
low amplitude ultrasonic vibration during
first and second bonding.

The electronic camera showed consid-
erable 60 kHz vibration is present at the
die heel during first and second bonding.
This is the same frequency as the vibration
of the ultrasonic tool and is well above
the resonant frequency (10-15 kHz) of the
wires. This vibration exercises the 1st
bond area and can create the possibility of
embrittlement, leading to hidden heel
cracks. It is felt that the considerable
60 kHz energy transmitted from the ultra-
sonics bond to the die heel makes a major
contribution. It produces the requisite
vertical wire flexure to account for most
of the brittle fracture and for the forma-
tion of the *hinge" always found in the SEM
photographs. It does NOT appear that the
die heel is embrittled during the bonding
of adjacent wires.

We conclude that die heel damage is
induced by ultrasonic bonding to a varying
degree in every wire, and that any crack on
the bottom of a lst bond heel is a poten-
tial reliability problem.



