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Abstract

Copper wire bonding has gained popularity due to its economic advantage and superior electrical performance. However, copper is
harder than gold, and replacing gold wire with copper wire introduces hardness related issues. This article reports investigations of the
properties including microhardness of the copper balls bonded using ¢25.4-um copper wire and different combinations of electronic-
flame-off (EFO) current and firing time settings with forming gas (5%H; and 95%N5) as the inert cover gas. FABs with an identical diam-
eter, obtained under different EFO firing conditions, were ball bonded with the same wire bonding parameters established using design of
experiments. Microhardness tests were then performed on the cross-section of the bonded balls. The study revealed that ultrasonic gen-
erator current is the most significant factor to increase the bonded mashed ball diameter, ball shear and shear per unit area and to
decrease the ball height. The microhardness of bonded copper balls is related to the EFO parameters, with FABs obtained by higher

EFO current being softer. The lower hardness is attributed to the higher maximum temperature during the FAB melting state.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In microelectronic products, electronic packaging plays
important roles such as supplying current to integrated cir-
cuit (IC) chips and distributing signals among microelec-
tronic devices. As IC fabrication advances rapidly,
electronic packaging faces new challenges [I-3]. The
never-ending requirement for better electrical performance
has led to significant advances in IC fabrication and elec-
tronic packaging [4-9]. Research on reliability of advanced
microelectronic devices has also become more important
[10,11].

Wire bonding is the most widely used interconnection
technology in microelectronic packaging. The miniature
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demand has sparked intensive interest in ultra-thin pack-
ages [12]. The wire-loop height is a dominating parameter
in reducing the thickness of ultra thin packages [13]. Cop-
per electroplating has also become the method of choice to
deposit on-chip interconnects because of the gap super-fill
capability, superior material properties and low line-resis-
tance [14].

High quality of wire bonds is vital to the performance of
an IC chip. A proper bonding-quality-control system is
desirable [15]. Parameter settings for successful wire bond-
ing depend on many factors, requiring expert knowledge to
optimize critical process characteristics [16]. The principal
parameters such as ultrasonic generator current, bonding
force, etc., can significantly affect wire-bonding quality [17].

In ultrasonic bonding, the use of ultrasound allows met-
als to be cold-welded [18]. The metal is first softened by the
ultrasonic energy, and then the bonding force deforms the
softened ball against the softened bonding pad [19]. A


mailto:mzwzhong@ntu.edu.sg

Z.W. Zhong et al. | Microelectronic Engineering 84 (2007) 368-374 369

decisive factor affecting the properties of the bond is the
vibrational behavior of the bonding tool called the capil-
lary [20]. Ultra-fine-pitch wire bonding [21] requires higher
stability and robustness of ultrasonic vibrations [22].

Copper and gold wires can be used for wire bonding.
Al-Si wires are also used for interconnection in microelec-
tronic devices [23]. Gold wire is more commonly used
because it does not oxidize readily. However, copper wire
bonding is gaining popularity [24]. A transition from Al
to Cu metallization is also in progress to improve the per-
formance of advanced ICs [25]. Copper wire is better than
gold wire in terms of production cost, electrical conductiv-
ity, and resistance to wire sweep [26]. However, copper wire
has not been widely used due to its poor bondability caused
by surface oxidation [27].

Copper wire bonding has bigger challenges than gold
wire bonding. Strain hardening of copper during bonding
makes it more difficult to be bonded on any surface
[28,29]. Bonding copper wires onto a copper bond-pad sur-
face is difficult because of the high tendency of the Cu met-
allization to oxidize. Less information exists for bonds
using Cu wire on Al cap and less is known about the inter-
metallic formation on the Cu—Al interface [26].

Studies found that copper free air balls (FABs) formed
in elevated shield gas with a temperature of 175 °C are
softer than those formed in room-temperature shield gas
[30]. Various FAB parameters affect the mechanical prop-
erties of gold FABs [31,32]. It is also necessary to study
the effects of these parameters on copper FABs. Copper
work hardens when it is compressed [33] and it exhibits a
larger strain hardening effect at a higher strain rate [34].

2. Experiments

A cherry pit bonding process [35] was used to ensure
that the FABs obtained were only spherical balls. Forming
gas (95%N, and 5%H,) was used to prevent copper oxida-
tion and to prevent oxygen from dissolving into the copper
during melting, which might lead to hardening of the cop-
per ball. The targeted FAB diameter was 46.5 um.

Optimum ball-bond parameters were obtained using the
DOE shown in Table 1 to ensure that a bonding process win-
dow was established instead of a single point process. EFO
current was 120 mA and EFO firing time was 206 us. Ultra-
sonic generator (USG) current setting, contact velocity (CV)
and bond force (BF) were the DOE factors and the bonded
mashed ball diameter (MBD), ball height and ball shear were
the bonding responses, where 1 gf = 9.8 mN.

Different combinations of EFO current and firing time
settings were used to obtain the same FAB diameter of
46.5 pm. These FABs with the same size, obtained under
different firing conditions with a range of low to high
EFO current, were ball bonded with the same ball bond
parameters. The bonded devices were then mounted in
epoxy resin, cross-sectioned in the normal metallographic
manner [6] along the longitudinal direction, and polished
with diamond suspensions of 6, 3 and 1 pm in size.

Table 1

Details of the ultrasonic generator (USG) current setting, contact velocity
(CV) and bond force (BF), and the bonding responses (mashed ball
diameter (MBD), ball height and ball shear)

Run CV (um/ USG BF MBD Height Shear
No. ms) (mA) (gf) (pum) (pm) (gf)
1 9.65 93 35 52.8 18.9 23.9
2 7.62 85 30 50.9 20.5 21.5
3 11.43 85 30 50.8 20.0 20.4
4 9.65 85 35 51.8 19.7 23.3
5 7.62 100 30 52.2 18.4 26.8
6 11.43 100 30 52.5 18.7 24.1
7 9.65 93 35 52.8 19.4 23.0
8 7.62 85 40 52.3 18.1 23.7
9 11.43 85 40 53.3 17.8 23.8
10 9.65 100 35 53.6 18.1 26.7
11 7.62 100 40 54.4 17.6 27.0
12 11.43 100 40 54.2 17.6 26.9
13 9.65 93 35 52.4 18.6 23.4
14 9.65 80 35 50.7 19.1 21.5
15 9.65 75 35 50.6 19.5 18.4
16 9.65 70 35 50.1 20.5 16.5
17 9.65 90 35 52.0 18.8 22.7
18 9.65 95 35 52.5 18.7 24.2

Vickers hardness measurements were performed along
the length of the polished cross-section of the bonded balls
using a Fischerscope HP100C hardness tester with a Vick-
ers indenter by applying a 10-mN load with a dwell time of
5's. The Vickers hardness of a material can be defined as
the resistance of the material to permanent deformation
[36]. The test uses a pointed diamond indenter and presses
it into the surface of the material to be tested. To ensure
accurate measurement of the hardness, indentations were
measured in a JEOL 6360A SEM (scanning electron micro-
scope). Vickers hardness values were calculated using the
following formula [37]:

Vickers Hardness (HV) = 1.854 (F/D?) (1)

where F is the applied load of the indenter with a unit of

kg-f, and D? is the area of the indentation with a unit of
2

mm~.

3. Results and discussion

The behaviour of a bonded gold ball and its heat
affected zone depend very much on the characteristics of
FAB formation [31], which is affected by the EFO param-
eter settings, mainly the EFO current level and its corre-
sponding firing time.

For copper wire bonding, there is a need to get the FAB
properties to that of gold FABs as close as possible,
because most bond-pad structures are developed to suit
the nature of gold wire bonding.

3.1. Bonding responses

Copper wiring bonding was conducted according to
Table 1. Measurements with a sample size of 16 were
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carried out to obtain the average values of MBD, ball
height and ball shear, and the results are also shown in
Table 1. Analysis of the results revealed that the increase
in ultrasonic generator current and bond force would result
in increased MBD and decreased ball height, while contact
velocity had little effect on these two responses. Increase in
ultrasonic generator current would increase ball shear but
increase in contact velocity would reduce this response.

The experiments did not produce any NSOP (non-stick-
ing on pad) defect with any of the parameter settings in
Table 1. A process window was formed with a contact
velocity of 9.65 pm/ms and a bond force of 35 gf as the
constant settings.

3.2. Effects of USG current

Figs. 1 and 2 show the effects of ultrasonic generator
current on MBD, ball height, ball shear and shear per unit
area. The MBD and the ball shear increased but the ball
height decreased with increased ultrasonic generator cur-
rent. The shear per unit area initially increased, got satu-
rated over a range and then increased again, when the
ultrasonic generator current increased.
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Fig. 1. Effects of ultrasonic generator (USG) current on MBD and ball
height.

30 0.021

-0.014

[\)
(e
]

!

Ball shear (gf)
SUA (gf/ pm®)

10 +0.007
A Shear
o SUA
0 T T T 0
65 75 85 95 105
USG current (mA)

Fig. 2. Effects of ultrasonic generator (USG) current on ball shear and
shear per unit area (SUA).

The shear per unit area represents how well the weld
between the copper and its aluminium bond pad of an IC
chip has been formed. Fig. 2 suggests that there could be
an optimum ultrasonic generator current setting in the
region of saturation of shear per unit area. Higher shear
per unit area could be achieved by using higher ultrasonic
generator current, but this might cause cratering on the
aluminium bond pad of the IC chip.

3.3. Effects of EFO current and firing time

Table 2 shows FAB sizes obtained using three EFO cur-
rent and firing time settings. The settings resulted in aver-
age FAB sizes that were close to the required FAB size
of 46.5 pm.

Fig. 3 shows the bonded MBDs and bonded ball heights
obtained using three ultrasonic generator (USG) current
settings (70, 90 and 100 mA) and the FABs formed using
the three (high, medium and low) EFO current settings,
and Fig. 4 shows the corresponding ball shear and shear
per unit area (SUA). In these figures, at each USG current
level for each response (size, height, shear or SUA), there
are three data indicating the responses corresponding to
the three EFO current settings.

As shown in Figs. 3 and 4, the three USG current set-
tings (70, 90 and 100 mA) had more significant effects on
the responses than the three (high, medium and low)

Table 2
Average FAB sizes obtained using three EFO current and firing time

settings

EFO ID EFO current (mA) Firing time (ps) FAB size (um)
High 105 243 46.73
Medium 60 476 46.54
Low 30 1248 46.55
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Fig. 3. Bonded MBDs and bonded ball heights obtained using three
ultrasonic generator (USG) current settings (70, 90 and 100 mA) and the
FABs formed using the three (high, medium and low) EFO current
settings.
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Fig. 4. Ball shear and shear per unit area (SUA) of the ball bonds
obtained using three ultrasonic generator (USG) current settings (70, 90
and 100 mA) and the FABs formed using the three (high, medium and
low) EFO current settings.

EFO current settings. Optical measurement of the ball
bonds and the shear measurement method could only dis-
tinguish the differences made by the USG current settings
but not that made by the three EFO current settings. There
was a need to employ a measuring method with higher res-
olution to quantify the effects of different EFO current lev-
els. This led to the use of Vickers hardness test, which is
reported in Section 3.4.

After the FAB has been squashed to the shape of the
ball bond by the initial contact velocity, the weld is formed
by application of ultrasonic and thermal energies together
with bonding force. The ultrasonic energy reduces the yield
stress of the copper ball and at the same time helps to form
the weld at the interface. Once a good weld is formed, there
should be no displacement at the interface, because it will
degrade the weld. As shown by Figs. 3 and 4, higher ultra-
sonic generator current resulted in more deformed ball
bonds and good welds with higher ball shear and shear
per unit area, with the process parameter settings
investigated.

3.4. Vickers hardness of ball bonds

Vickers hardness tests were conducted to quantify the
effects of different EFO current levels on the microhardness
of the ball bonds. Fig. 5 illustrates an example of indenta-
tions performed on the inner-chamfer area of the bonding
tool (Area 1, outlined in white broken lines) and the
smashed ball area (Area 2, outlined in white solid lines).

Figs. 6 and 7 show the Vickers hardness numbers (HV)
of the ball bonds obtained using ultrasonic generator cur-
rent =90 mA, contact velocity = 7.62 and 11.43 pm/ms,
respectively, and using the FABs formed using the three
(high, medium and low) EFO current settings shown in
Table 2. The average numbers of the Vickers hardness of
bonded balls formed at higher EFO current are lower than

Area 1

Fig. 5. Indentation locations for microhardness tests.
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Fig. 6. Vickers hardness numbers (HV) of the ball bonds obtained using
ultrasonic generator current = 90 mA, contact velocity = 7.62 pm/ms and
the FABs formed using the three (high, medium and low) EFO current
settings shown in Table 2.
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Fig. 7. Vickers hardness numbers (HV) of the ball bonds obtained using
ultrasonic generator current =90 mA, contact velocity = 11.43 pm/ms
and the FABs formed using the three (high, medium and low) EFO
current settings shown in Table 2.

those formed at lower EFO current. The average Vickers
hardness on the inner-chamfer area of the bonding tool
(Area 1) is slightly lower than that of the smashed ball area
(Area 2).
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There were measurement errors, which were inherent to
the hardness test and were included in the hardness values
shown in Figs. 6 and 7. Therefore, two ¢-tests were applied
to the results in Figs. 6 and 7 to statistically compare the
hardness values of Area 2 obtained with high EFO current
to those obtained with medium EFO current. The test
applied to the results in Fig. 6 revealed that there actually
was a highly significant difference (P-value = 0.008) between
the mean (114.26 HV) of the hardness values obtained with
high EFO current and that (120.82 HV) obtained with med-
ium EFO current. The estimated difference was 6.56 HV.
The test applied to the results in Fig. 7 revealed that there
actually was a very highly significant difference (P-
value < 0.001) between the mean (110.55 HV) of the hard-
ness values obtained with high EFO current and that
(119.83 HV) obtained with medium EFO current. The esti-
mated difference was 9.28 HV. As also shown in Fig. 3, the
processes with various EFO currents resulted in different
mashed (deformed) ball dimensions, which resulted in differ-
ent work-hardening levels and thus affected the Area-2 hard-
ness values of the processes with various EFO currents.

The smashed ball area (Area 2) was expected to have
higher hardness than the inner-chamfer area of the bonding
tool (Area 1), because it experienced more strain hardening
[28].

The ¢-test applied to the results in Fig. 7 confirmed that
the Vickers hardness of the balls bonded using FABs
formed at 105-mA EFO current was lower than that
formed at 60-mA EFO current, with a difference of approx-
imately 10 HV. Because all parameters were constant
except for the EFO firing conditions, it is reasonable to
deduce that the hardness decrease on the bonded balls is
attributed to the deformed ball dimensions, which resulted
from the higher EFO current setting.

To visualize the effect of the 10-HV hardness difference,
it is better to express it in terms of yield stress. A semi-
empirical relationship between HV and yield stress oy,
was proposed to be [29]:

0pp — 3.27 HV(Ol)n (2)

where 7 is a strain-hardening index.

This semi-empirical relationship indicates that the lower
the hardness (HV), the lower will be the yield stress (o).
This relationship enables the estimation of the yield stress
ratio by simply taking the ratio of hardness (HV) and
assuming that n is a constant. The calculation using the
ratio of hardness numbers for FABs formed at 60 mA
and 105 mA revealed a 9% reduction in yield stress. This
has the implication that the stress experienced on the bond
pad is lower when it is bonded with the copper FAB
formed at 105-mA EFO current compared with that
formed at 60 mA.

3.5. FABs formed by “high” EFO current

The copper FAB formed by “high” EFO current is a rel-
ative term, because it also heavily depends on the copper

wire diameter used. EFO current of 105 mA can be consid-
ered high for forming FABs using a copper wire diameter
of 25.4 um, but this could be low for forming FABs using
a copper wire diameter of 50.8 um. Therefore, using EFO
current as a standard index is not appropriate.

Fig. 8 shows the EFO firing conditions for obtaining a
FAB diameter of 46.5 um with 25.4-um (1 mil) wire and
obtaining a FAB diameter of 93 um with 50.8-pm (2 mil)
wire. 120 mA is “high” EFO current for 25.4-um (1 mil)
copper wire, but it is regarded as ‘“low” for 50.8-pm
(2 mil) copper wire.

For gold wire bonding, it has been shown numerically
that higher EFO current would result in higher maximum
FAB temperature [31]. It is deemed that the same mecha-
nism works for copper FABs, and it is the higher tempera-
ture that contributes to the lower hardness, during FAB
formation using higher EFO current.

During copper FAB formation, if the inert-gas is insuf-
ficient to provide totally volumetric coverage, oxidation
will take place during melting of the wire tail [38]. This will
result in a pointed FAB, because the surface tension will
significantly decrease due to oxidation of the surface layer
of the molten copper FAB [39].

An experiment using ¢50.8-um copper wire was per-
formed to confirm that a higher EFO current tends to
result in a higher temperature during FAB formation.
The experiment was the typical cherry pits bonding. Cop-
per FABs having the same diameter were obtained using
different combinations of EFO current and firing time set-
tings at a low flow rate (1.0 scfh) of forming gas. These
FABs were then inspected using the SEM to investigate
the roundness of the FABs. The results are shown in
Table 3.

Fig. 9 shows SEM pictures of the cherry bond pits for
the inspection of the FABs formed with 250-mA EFO cur-
rent, with mixture of spherical balls and pointed balls.

As shown by Table 3, there were more non-spherical
FABs formed by higher EFO current. This could be due
to the following reason: During copper FAB formation,
the maximum temperature of the copper ball can be very
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0 65 130 195 260
EFO current (mA)

Fig. 8. EFO firing conditions for obtaining a FAB diameter of 46.5 um
with 25.4-um (1 mil) wire and obtaining a FAB diameter of 93 pm with
50.8-pum (2 mil) wire.
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Table 3
Numbers of round FABs formed using different EFO current and firing
time settings

EFO current Firing time FAB diameter No. of round

(mA) (us) (hm) FABs
250 700 94.99 80/100
220 820 97.79 98/100
180 1050 100.85 100/100
150 1200 97.92 100/100
120 1500 97.27 100/100
90 2250 100.42 100/100
60 3500 94.99 100/100

Fig. 9. SEM pictures of the cherry bond pits for the inspection of the
FABs formed with 250-mA EFO current.

high. The sudden expanding in volume due to rise in tem-
perature at the molten FAB vicinity can be several times
that of the original volume. Therefore, if the flow rate is
not sufficiently high to provide a complete inert gas enve-
lope during the melting of the copper FAB, the oxygen in
the surrounding air may come in and oxidization of the
surface layer of the molten copper FAB takes place, result-
ing in a pointed FAB.

Table 3 shows that FABs formed at higher EFO current
had occasional pointed balls. Hence, it is reasonable to
assume that higher EFO current could result in higher tem-
perature during the melting of FABs. This is further sup-
ported by the fact that all FABs with similar diameters
formed at lower EFO current did not have pointed FABs.

Figs. 10 and 11 show the enlarged views of the SEM pic-
tures for the pointed FAB and the spherical FAB indicated
in Fig. 9, respectively. It can be seen that there was some
level of scaling at the region of the pointed ball, but the
spherical ball had a relatively smooth surface. The scaling
was most likely due to oxidization of the surface layer of
the molten copper FAB.

To have all FABs in the spherical form, to increase the
flow rate of the forming gas can be another solution. This

Fig. 10. SEM picture of a pointed FAB with a scaling surface.

S6rm BO0BBBG6

Fig. 11. SEM picture of a spherical FAB with a relatively smooth surface.

will provide volumetric coverage with sufficient inert gas
during copper FAB formation.

4. Conclusions

Ultrasonic generator current is the most significant fac-
tor to increase the bonded MBD, ball shear and shear per
unit area and to decrease the ball height. The microhard-
ness of bonded copper balls is related to the EFO parame-
ters, with FABs obtained by higher EFO current being
softer. The lower Vickers hardness is attributed to the
higher maximum temperature during the FAB melting
state. Higher EFO current results in a higher maximum
temperature of the copper FAB. Because EFO current
and firing time are closely related, it is more appropriate
to use firing time as an index. This would make it less
dependent on the diameter of the wire. Therefore, for cop-
per wire bonding, to achieve a softer FAB so as to mini-
mize the stress induced during ball bond impact, it is
recommended to have shorter firing time during FAB
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formation, use a lower contact velocity to minimize the
impact stress, and use a higher gas flow rate to provide suf-
ficient inert-gas coverage in order to avoid pointed FABs.
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