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a b s t r a c t

The effect of substrate material pick up by the Cu wire tail on the hardness of the subsequently formed
free air ball (FAB) is investigated with scanning electron microscopy (SEM) and micro-hardness test. The
Cu wire bonds are made on Au metallization. Wire residue is not found on the imprint the tail bond leaves
on the metallization, but fracture of the substrate metallization is evident. SEM images of the Cu wire tail
end clearly show Au residue (pick up). The amount of Au pick up is estimated higher than 0.03% of the
volume of a subsequently formed 50 lm diameter FAB, exceeding typical impurity and dopant concen-
trations (0.01%). Lowering the impact force process parameter is found to strongly increase the amount
of substrate material pick up. Cu free air balls (50 lm in diameter) formed with an estimated Au pick up
volume of 50 lm3 are found to be between 1.2 HV and 4.3 HV softer than those without pick up. How-
ever, the hardness varies significantly more than that of FABs without pick up.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Increasing demands for improved reliability, finer pitch inter-
connection [1] and cost reduction of IC packages encourage the
use of Cu wire in the wire bonding process. The Cu wire to Al
pad bonding system (Cu/Al bonds) can have four times longer life
time than Au/Al bonds [2]. Thinner diameter Cu wire can be used
to obtain the same electrical property compared to when thicker
Au wire is used due to the lower electrical resistivity [3] and higher
tensile strength and stiffness of Cu [4].

Chip damages such as pad peeling, cratering, or dielectric layer
delamination have become major concerns in thermosonic Cu ball
bonding processes [5–9]. As low-k materials which are mechani-
cally weaker than SiO2 are applied as dielectric layers in order to
increase performance and decrease noise by cross talk in micro-
electronic devices, minimizing the chip damages becomes a
challenge.

Previous studies report that the ultrasonic power [5] and bond-
ing force [6] parameters have significant effects on chip damage
during wire bonding. Oxide free and uniform Cu free air ball
(FAB) formation is critical in the thermosonic Cu ball bonding pro-
ll rights reserved.
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cess because oxidized FABs can cause defective bonds, bond lift off,
and craters [10]. Harman [8] reported that the chip damage can oc-
cur sporadically in processes that otherwise produce reliable
bonds. Onuki et al. [11] reported that high purity and annealing
of FAB balls and shielding gas heating during electrical flame off
(EFO) can reduce the hardness of the FAB.

Despite a number of studies performed [12–14], there is still
lack of understanding of the sporadic occurrence of chip damage
in thermosonic wire bonding. Especially, no studies have been re-
ported on the possibility of metallization material been picked up
by the wire tail during breaking from the metallization and the ef-
fect of such pick up on the Cu wire FAB formation and ball bonding
process.

The present study provides evidence for substrate material
(pick up) being present at the end of wire tail and gives more de-
tails on the effect of process parameters on the amount of pick
up. The influence of the pick up material on the FAB hardness is
quantified.
2. Definition of tail and wedge bonds

Tail breaking is part of not only the wedge bonding process but
also the standard bond-off process used on each wire bonder to re-
move excess wire protruding from the capillary. Tail breaking pro-
duces a straight piece of wire with defined length (‘‘tail”)
protruding from the capillary suitable for subsequent FAB forma-
tion. The tail breaking force (TBF) was measured and optimized
using a proximity sensor attached to the wire clamp [15]. The tail
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bonding process is further investigated here using scanning elec-
tron microscope (SEM) images of imprints as illustrated in Fig. 1.
Careful bending 

Fig. 2. Illustration of bond-off process modification 1 (pick up).

Cu wire tail

100 µm
3. Experimental

3.1. Materials and equipment

An ESEC WB 3100 wire bonder is used with ball grid array (BGA)
substrates that have a Au/Ni (1 lm/5 lm) metallization to which
the wires are bonded. Cu and Au wires of 99.99% purity and
25 lm diameter, both available from MK Electron Co. Ltd., Yongin,
South Korea, are used for bonding. The capillary used has tip,
chamfer and hole diameters of 100 lm, 51 lm, and 35 lm, respec-
tively, and a chamfer angle of 90�.

All free air ball (FAB) samples have diameters of 50 lm and are
produced within a period of 30 min using a nominal substrate tem-
perature of 150 �C and a shielding gas mixture of 95% N2 and 5% H2.
The samples are removed from the bonder, mounted with epoxy at
ambient temperature, and cross-sectioned.
Fig. 3. Bond-off process without prior EFO fire exposing the tail end underside.

3.2. Tail bond process modifications

Three bond-off process modifications are made, serving the
respective purposes of providing pick up evidence, understanding
the pick up process better, and comparing the FABs produced with
and without pick up. Process modification 1 (PM1) is a standard
bond-off of the required wire end sample followed by a manual
bending operation, as shown in Fig. 2a–d. In Fig. 2a, after creating
a wire tail, the wire tail is manually bent using a stiff wire as a tool,
as indicated by the arrow in Fig. 2b. In the next step, a standard
wedge bond is formed. In Fig. 2c, the standard bond-off process
has left the bent wire piece on the metallization. In Fig. 2d, one
more bending operation is manually carried out, resulting in the
remaining wire standing perpendicular to the substrate and ready
for SEM observation. Examples of resulting samples are shown in
Fig. 3.

Process modification 2 (PM2) allows to study the flattened zone
of the wire that was pressed to the substrate and is illustrated in
Fig. 4a–h. In Fig. 4a, after creating a tail, it is carefully bent as
shown in Fig. 4b. In Fig. 4c, the ultrasound parameter is set to zero
to make a non-bonding bond-off (wedge bond) operation, creating
the flattened area on the wire piece which is now accessible. The
lack of ultrasound (US) results in the wire not sticking on the met-
allization as shown in Fig. 4d. In Fig. 4e, the wire is bent again, and
a normal, successful bond-off is performed with US, bonding force
(BF), and impact force (IF) of 60%, 450 mN, and 1000 mN, respec-
tively. Due to the US level used, the bent wire piece remains
bonded on the metallization Fig. 4f and is then broken Fig. 4g.
The remaining wire piece is bent one more time to expose the ini-
tial contact area of the wire piece for SEM observation as shown in
Fig. 4h.

Process modification 3 (PM3) aims to obtain FABs without sub-
strate material pick up. The FAB diameters with and without pick
up are not different [16]. The bond-off process is modified as illus-
trated in Fig. 5a–f. In Fig. 5a, a single EFO is carried out to produce a
50 lm diameter FAB. In Fig. 5b, a ball is bonded using the normal
bond-off operation without bending the wire. In Fig. 5c, during
the subsequent wire breaking operation, the wire breaks in the
heat-affected zone above the ball. A tail without any pick up is pro-
duced. In Fig. 5d, an EFO is made to the wire material which had no
physical contact to the substrate metallization. In Fig. 5e, the
resulting FAB will be bent over manually to allow for a normal
bond-off. In Fig. 5f, a normal bond-off is made. The FAB sample is
fixed to the substrate and ready for inspection.
3.3. Characterization

SEM in backscatter electron (BSE) mode is used to identify and
quantify the material remaining on the imprint (bond-off site) after
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tail breaking. Energy dispersive X-ray (EDX) is used to analyze the
presence of materials on the tail bond imprint.

A Leco DM-400 Micro-hardness tester is used to make up to
three indentations per cross-sectioned FAB. The holding time is
15 s. The Vickers Hardness (HV) is calculated with HV = 1.854 �
F/D2, where F = 50 mN is the applied indentation force and D is
the area of indentation measured with an optical microscope with
image-pro software (Media cybernetics, Bethesda, MD, USA). An
example of a cross-sectioned FAB with indentation marks is shown
in Fig. 6.
4. Results and discussion

4.1. Pick up of substrate metallization material by wire tail

The SEM image of an imprint area A as defined in Fig. 1 is shown
in Fig. 7, showing ductile fractures indicated by a. The BSE image of
a similar sample produced with the same process is shown in Fig. 8
and confirms that no Cu residue piece is left on the substrate and
that the fracture occurs inside the substrate material. The study
of BSE images of wire tails confirms that substrate material is
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Fig. 10. EDX result of white area indicated by arrow in Fig. 9.

J. Lee et al. / Microelectronics Reliability 51 (2011) 30–37 33
picked up by the Cu wire as shown by the bright colored residues
in Fig. 9. The EDX result shown in Fig. 10 confirms that the white
areas in Fig. 9 are Au. IF, US, BF, bonding time (BT), and bonding
temperature (T) are used that equal to 1000 mN, 80%, 500 mN,
25 ms, and 150 �C, respectively. The unit ‘‘%” is used for the US
parameter, and is proportional to the peak to peak vibration ampli-
tude, APP , measured at the center of the transducer tip: US [%] = APP

[nm]/26.6 [nm/%].
4.2. Influence of process parameters on pick up

Two types of experiments are carried out to study the effects of
bonding parameters on the amount of pick up. The first corre-
sponds to a force only process, and the second to an ultrasonic fric-
tion process which combines force with ultrasound. The force only
process does not result in successful bonding and is studied here
only as a reference for the ultrasonic friction process. Ultrasound
is a prerequisite for strong bonding quality if the substrate temper-
ature is below 200 �C due to the shear stresses and wear produced
at the interface [17].
4.3. Force without ultrasound

Bonds are made without ultrasound to study Au pick up caused
by only Cu deformation. The tail bond process used is PM2. The IF
value is varied from 200 mN to 1200 mN in 200 mN steps while US,
BF, BT, and T are fixed to 0%, 0 mN, 5 ms, and 150 �C, respectively.

The wire contact area (WCA) is investigated with BSE as shown
in Fig. 11a–d which are the samples after application of IFs of 200,
600, 800, and 1200 mN, respectively. Au pick up is found on the Cu
wire with each tested IF value and its size is about 1 lm.

The wire deformation (WD), width of WCA, is measured as indi-
cated by arrows and the dashed line across the WCA in Fig. 11a.
The value of WD produced with IF = 200 mN is small. As IF is in-
creased to 600 mN, circular substructures are observed on the
WCA (Fig. 11b) and illustrated in Fig. 12a. With IF = 800 mN, the
WCA is elongated toward the wedge bond as indicated by A
(Fig. 11c).
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The substructures have an elongated shape with IF of 1200 mN
(Fig. 11d) towards both wire directions, while circular substruc-
tures remain in the centre as indicated by B. This observation is
illustrated in Fig. 12b and discussed using the illustrations in
Fig. 13a and b. With low IF, Cu wire deformation occurs mainly
along the IF direction (normal force) as shown in Fig. 13a. As IF in-
creases, the wire is further deformed and pushed to the wire direc-
tions creating a lateral material flow component as illustrated in
Fig. 13b, amplified by the angles between capillary tip surface
and substrate. This material flow causes the elongated shapes of
the imprint structures.
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In contrast to Au metallization, material pick up is not observed
on the Cu tail if Ag metallization (Fig. 14) and the following bond-
ing parameters are used: US = 0%, IF = 800 mN, BF = 0 mN, BT =
5 ms, and T = 220 �C. The thickness of the Ag metallization is 8 lm.

4.4. Ultrasound with force

To obtain a stable tail breaking force (TBF), the BF is recom-
mended to be under tight control [18], e.g. by fixing it to BF =
450 mN, while US and IF are varied for the following study. Other
bonding parameters are BT = 25 ms and T = 150 �C. PM1 is further
used to quantify the amount of Au pick up with various US param-
eters. The bonding parameters selected are all combinations of
IF = [400, 700, 100] mN with US = [0, 50, 55, 60, 65, 70]%.

The area covered by Au pick up material is quantified with the
analysis software of the SEM (JEOL, Tokyo, Japan). Fig. 15 shows the
measured area of Au pick up, revealing the strong effect of IF. Each
value given is the average of 10 samples. The errorbars represent
e ¼ r=ð

ffiffiffiffiffiffiffiffiffiffiffiffi

n� 1
p

Þ where r is the standard deviation and n is the
number of measurements.

As IF is increased, the area of Au pick up decreases. With IF =
400 mN, the Au pick up area increases �30% as US is increased
from 50% to 60% and then tends to fluctuate for US between 60%
and 70%. With IF higher than 700 mN, no influence of US on Au pick
is observed. Fig. 16a and b are example SEM images showing pick
up obtained with IF of 400 mN and 1000 mN, respectively. US, BF,
BT, and T are 60%, 450 mN, 25 mN, and 150 �C, respectively.
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The relatively high amount of Au pick up observed with
IF = 400 mN may be due to the type of deformation the wire expe-
riences. The total WD is the sum of impact type deformation (ID),
and ultrasound enhanced deformation (UED), WD = ID + UED. Dur-
ing UED, ultrasonic friction occurs at the interface as the wire de-
forms. The friction forces not only produce additional interfacial
wear, but also additional stress in the wire, allowing to achieve lar-
ger plastic deformation with less force.

An example measurement is shown in Fig. 17 for which bonding
parameters used are IF, US, BF, BT, and T of 800 mN, 0%, 0 mN, 5 ms,
10µm

WD

Fig. 17. SEM image showing an example measurement of the wire deformation.
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Table 1
FAB micro-hardness compared to zero pick up FABs: t-values for FABs obtained after
bond-off with IF of 400 and 1000 mN. The sample size is 30.

IF (mN) t-value Significant difference

400 2.20 Yes
1000 0.91 No
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and 150 �C. Fig. 18 shows experimental results of the WD obtained
with various US values between 0% and 70% and a low and a high IF
value. With the higher IF = 1000 mN, ID is 30 lm and UED adds
only 2.5 lm more with US = 70%. In contrast, with the lower
IF = 400 mN, ID is about 19 lm and UED adds 11 lm (>50%) more
with US = 70%. For such relatively low IF values, ultrasound plays
a dominant role in wire deformation. Compared to ID, UED is as-
sumed to produce more interfacial wear due to the US present in
the process. Therefore, it can be concluded that UED can play an
important role in Au pick up.

4.5. Effect of Au pick up on FAB hardness

The two IF values 400 mN and 1000 mN are selected to produce
Cu FABs with higher and lower amounts of Au pick up, respec-
tively. FABs without pick up are produced with PM3 and used for
reference. The FAB hardness results are shown in Fig. 19. The aver-
age hardness decreases as the amount of Au pick up is increased.
The FAB hardness average and standard deviation values measured
for zero, low, and high amounts of pick up are 76.8 ± 3.4 HV,
75.5 ± 7.14 HV, and 74 ± 6.0 HV, respectively. The t-test results of
the micro-hardness are summarized in Table 1. It indicates that
the hardness of FAB is significantly (95% confidence level) reduced
by the Au pick up if IF = 400 mN. The standard deviations with Au
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Fig. 19. Hardness comparison of Cu FABs with various amounts of Au pick up
(sample size 30).
pick up are significantly larger than that without pick up. This
might be due to the relatively large variation of the Au pick up
amounts observed for a given set of bonding parameters. The dis-
tribution shape of Au in the FAB is not known. Impurities might
accumulate on the ball surface during melting and solidification.
In such a case, hardness measurements on FAB cross sections
would not be sensitive to impurities. However, when investigating
the surface of FAB before cross-sectioning with EDX, no Au was
obvious on the surface. In this investigation, an uniform distribu-
tion of Au is assumed. For future research, finding how Au is dis-
tributed in the FAB would be an interesting topic.

In theory, Cu hardens upon addition of Au as a dopant [19].
However, standard Cu bonding wire already has a variety of dopant
elements with hardening effects. The additional Au can interfere
with the previously present dopant elements during melting and
solidification in the EFO process, possibly resulting in less harden-
ing. A small amount of dopant addition in Cu wire can change the
FAB hardness [20]. This would appear as the bit of softening ob-
served here compared to the case without Au pick up.

It is known that the higher hardness of Cu balls compared to
that of Au balls may cause chip damage [6,8,11,21]. Onuki [11] re-
ported that with decreasing ball hardness, chip damage decreases
and disappears when the hardness of the ball decreases to a certain
value. Hence, hardness values can be used for upper specification
limit (USL) for chip cratering.

Using the hardness data of Fig. 19, values of process capability
index (cpk) are calculated for each set of results using cpk ¼
ðUSL� HHVÞ=3r where HHV is the average hardness.

To visualize the effect of the standard deviation on process
capability, cpk values with various values for USL are shown in
Fig. 20. For cpkHV > 2, a USL higher than 119 HV and 110 HV for
IF = 1000 mN and IF = 400 mN, respectively, is sufficient. Assuming
that chip damage occurs as soon as the FAB hardness is above USL,
it can be concluded that in spite of reducing the average FAB hard-
ness, substrate material pick up by the Cu wire tail increases the
probability of chip damage. This is due to the larger FAB hardness
standard deviation.
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Fig. 20. Cpk values calculated from data in Fig. 19 as USL is increased.
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4.6. Pick up volume estimation

The estimated volumetric fractions of Au in the 50 lm diameter
Cu FABs obtained with IF = 400 mN and IF = 1000 mN, assuming an
average pick up thickness = 0.5 lm as derived from Fig. 21, are
0.08% and 0.03%, respectively. As the wire used is rated 99.99%
pure Cu, it contains less than 0.01% (100 ppm) impurities. The esti-
mated Au contents from pick up exceeds this specified impurity
content. The relative Au content increases as the FAB diameter de-
creases as extrapolated in Fig. 22. For a FAB that is 35 lm in diam-
eter, the Au content can be 0.23% according to this extrapolation.

5. Conclusions

1. The Cu wire tail always picks up Au from the substrate during
the tail breaking process.

2. The lower the impact force, the more ultrasound enhanced
deformation dominates over impact deformation, enhances
the interfacial wear during bonding, and increasing the amount
of Au pick up on the Cu tail.
3. The amount of Au pick up estimated in the Cu FAB exceeds the
typical impurity and dopant levels in the wire.

4. Compared with FABs obtained without pick up, FABs with Au
pick up have a lower average FAB hardness, but a wider stan-
dard deviation. Therefore, Au pick up in Cu FAB can lead to more
FABs that are exceptionally hard and subsequently to more chip
damage.
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