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Interface evolution caused by thermal aging under different temperatures and
durations was investigated by means of scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). It was found that approximately
30-nm-thick and discontinuous Cu-Al intermetallic compounds (IMCs) were
present in the initial bonds before aging. Cu-Al IMCs grew under thermal
aging with increasing aging time. The growth kinetics of the Cu-Al IMCs was
correlated to the diffusion process during aging; their combined activation
energy was estimated to be 1.01 eV. Initially, Al-rich Cu-Al IMCs formed in
the as-bonded state and early stage of aging treatment. Cu9Al4 was identified
by selected-area electron diffraction (SAD) as the only type of Cu-Al IMC
present after thermal aging at 250�C for 100 h; this is attributed to the
relatively short supply of aluminum to the interfacial reaction.
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INTRODUCTION

Wire bonding is a key technique to provide elec-
trical interconnections between integrated circuit
(IC) chips and lead frames in microelectronics. The
most commonly used process is thermosonic bond-
ing of Au wire to Al metallization. However, this
bonding system can easily lead to formation of
Au-Al intermetallic compounds (IMCs).1–6 Such
IMCs are associated with Kirkendall voids, detri-
mentally affecting the reliability of components,
especially in high-power devices and fine-pitch
electronic applications. The use of Cu wire for
thermosonic ball bonding presents several advan-
tages over the use of Au wire, including significant
cost saving, higher electrical and thermal conduc-
tivity for faster die functionality, and better
mechanical properties.7–9 Furthermore, because of
the much slower IMC growth between the copper
wire and aluminum metallization, Cu-Al bonds

could potentially have a prolonged lifetime compared
with Au-Al bonds.

Formation of IMCs and potential voids and cracks
have a significant effect on the strength and reli-
ability of bonds. A proper amount of IMCs formed in
a wire bond increases the bonding strength, but
their excessive growth can result in performance
degradation of the bond. Increased growth of IMCs
can also result in greater brittleness and contact
resistance increase, leading to more heat generation
in service. This, in turn, accelerates the growth of
IMCs, finally causing failure of such bonds. In gold
wire bonding, Au-Al IMCs have been observed at
the interface in the as-bonded state, with a typical
thickness of 200 nm to 500 nm.10,11 Such initial
Au-Al IMCs grow quickly during moulding and
device operation due to thermally activated reactive
diffusion, causing mechanical and electrical failure,
known as ‘‘purple plague.’’1 Compared with the
rapid growth of Au-Al IMCs, the growth of Cu-Al
IMCs was reported to be much slower.12–14 Previous
scanning electron microscopy (SEM) studies of
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bonds in the as-bonded state.12,13 Studies by Kim
et al. showed that the growth rate of Cu-Al IMCs
between the copper and Al-1% Si-0.5% Cu metalli-
zation was approximately 1/10 of that for Au-Al
IMCs in the temperature range of 150�C to 300�C.14

The atomic properties of the elements (i.e., copper,
gold, and aluminum) could be used to explain the
large difference in the growth rates of IMCs. Com-
pared with an atom of Au, an atom of Cu has a
larger size misfit with aluminum and lower elec-
tronegativity, thus making the formation of Cu-Al
IMCs much more difficult than the formation of
Au-Al IMCs.13 However, the kinetics of Cu-Al IMCs,
including their activation energy, in thermosonic
Cu-Al bonds was not clearly documented, although
there were some studies on bulk and thin-film Cu-Al
couples.15–19

Different IMCs can be formed at the interface and
affect the reliability of bonds. IMCs with high melting
points (e.g., above 1000�C) are stable at interfaces
and should not significantly affect reliability. IMCs
with low melting points (e.g., below 500�C) are less
stable and their constituents will continue to dif-
fuse, which can affect reliability. According to
the binary phase diagram of the Cu-Al system,
five IMCs—CuAl2 (h phase), CuAl (g2 phase), Cu4Al3
(f2 phase), Cu3Al2 (d phase), and Cu9Al4 (c2 phase)—
can exist at temperatures below 300�C.

Previously, studies of the interfacial behavior of
Cu-Al bonds were mostly carried out using optical
microscopy (OM) and SEM with an energy-dispersive
x-ray spectrometer (EDX).10–13 It should be
noted that these techniques are not able to provide
detailed information on crystallographic structure,
therefore the expected intermetallic phases in Cu-Al
bonds were not clearly identified. Transmission
electron microscopy (TEM) is able to analyze the
Cu-Al bond interface on the nanoscale and identify
its crystallographic structure. The main challenge
for TEM analysis of a wire bond is associated with
specimen preparation since region-specific analysis
is necessary. In addition, conventional specimen
preparation can result in mechanical damage of the
interface region during polishing. These problems
can be overcome by using a dual-beam focused ion
beam (FIB) system, which combines SEM with a
scanning ion beam. In this way specific regions can
be located using SEM, and TEM specimen prepared
without the application of mechanical forces.

In this paper, we report the interfacial morphol-
ogy of copper bonds on aluminum metallization in
the as-bonded state, followed by the growth char-
acteristics of Cu-Al IMCs at high temperatures and
extended aging times. The growth kinetics of Cu-Al
IMCs is examined as well as the effect of aging
temperature and time on the morphology of IMCs.
Finally, the intermetallic compounds in the bonds
are identified by selected-area electron diffraction
(SAD) on specimens prepared by a dual-beam FIB
system. We also attempt to elucidate the mecha-
nism of interfacial reaction between the copper wire

and aluminum metallization during the bonding
process and thermal aging.

EXPERIMENTAL PROCEDURES

In our experimental studies, a copper wire
(99.99 wt.%) with a diameter of 50.8 lm was bon-
ded to a 3-lm-thick Al metallization pad on a silicon
chip using an ASM Eagle 60 ball/wedge automatic
bonder with an ultrasonic frequency of 138 kHz. An
electronic flame-off (EFO) process was applied to
produce a spherical ball at the end of copper wire as
the first step of the bonding cycle. The initial copper
ball was achieved with a current of 150 mA and a
gap voltage of 5500 V with a discharge time of
1.3 ms. In order to prevent the copper ball from
oxidizing in the EFO process, a protective shielding
gas—95% N2 + 5% H2—was supplied and main-
tained at a flow rate of 0.8 L/min. The copper ball
was then bonded to aluminum metallization using a
combination of heat, transverse ultrasonic vibra-
tion, and normal force. The detailed bonding
parameters are shown in Table I for the process
window optimized by means of pull/shear tests and
dimension tests.

In order to accelerate interfacial evolution and
ascertain the growth kinetics of Cu-Al IMCs, sam-
ples were thermally aged at 200�C for up to
121 days, at 250�C for up to 169 h, and at 300�C for
up to 16 h in nitrogen.

After thermal aging, cross-sectional samples were
prepared for SEM observation of IMC morphology.
Back-scatter electron (BSE) SEM images were
taken in order to highlight the presence of different
layers (i.e., Al, Cu-Al IMCs, and Cu). The common
metallographic procedure was performed to reveal
the cross-sectional microstructure: the bonds were
wet-ground with grit size 400, 600, 1000, and 2000
sandpaper, followed by polishing with 1.0-lm and
0.25-lm diamond suspensions on silk cloths. SEM
observations were performed using a HITACHI
S-4700 system. The average thickness of the IMCs
was obtained for each sample by measuring the
cross-sectional area of the layer over a certain
length on the SEM image using an image analyzer.

The microstructure of the Cu-Al bonds both in the
as-bonded state and after thermal aging were
investigated by cross-sectional TEM combined with
EDX. The TEM samples were prepared using FIB
with a lift-out technique.14 Mo lift-out TEM grids
were used to avoid x-ray energy overlaps with Cu.
TEM analysis was carried out using the JEOL
2100F system at 200 kV. A microprobe beam of

Table I. Optimized bonding parameters

Ultrasonic power (DAC) 90
Bonding force (gf) 110
Bonding time (ms) 28
Bonding temperature (�C) 220
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approximately 1 nm diameter was used for compo-
sition analysis with EDX. TEM–SAD was performed
to identify the type and structure of Cu-Al IMCs.

RESULTS AND DISCUSSION

Interfacial Morphology of Cu-Al Bonds
in As-Bonded State

Cu-Al bonds need to withstand thermal and
electrical impacts during device operation, espe-
cially at the interface; their initial states and mor-
phology are the key factors for their reliability.1

Figure 1 shows typical copper-wire ball bonds on
aluminum metallization obtained by means of
thermosonic bonding with optimized parameters
(Table I). The failure in the shear test typically
occurs in the mashed copper ball rather than at the
interface between the ball and the aluminum met-
allization pad (Fig. 2); in the pull test it typically
occurs as a neck break (Fig. 3), indicating that the
Cu-Al bond has high strength.

In order to ascertain the interfacial characteris-
tics of Cu-Al bonds in the as-bonded state, SEM and
TEM were employed. A cross-sectional SEM image
(Fig. 4) shows no visible IMCs at the interface at
such magnification. However, at higher resolution,
the bright-field (BF) TEM image (Fig. 5) shows
IMCs particles formed between aluminum and
copper. Those discontinuous IMC particles are
approximately 30 nm thick. Based on our previous
work, this very initial phase is CuAl2.20

Previous studies of Au-Al bonds based on SEM
and TEM observations revealed a 200-nm- to
500-nm-thick Au-Al IMC layer formed at the
interface during the thermosonic bonding stage
(175�C),10,11 although the mechanism of forma-
tion of Au-Al IMCs within several milliseconds
remains unclear. As for Cu-Al bonds, the above
morphological analysis showed only approximately
30-nm-thick and discontinuous Cu-Al IMCs at the

interface. No voids were observed near the Cu-Al
interface; as reported, some nanolevel voids were
found inside the Au-Al IMCs for the Au-Al system.11

Fig. 1. SEM image of typical copper wire ball bonds formed by
thermosonic bonding on aluminum metallization on an IC.

Fig. 2. Failure in mashed copper balls after shear test showing high
strength of Cu-Al bonds (average shear force 145 gf).

Fig. 3. Failure in necks after pull test, confirming good bondability
(average pull force 41 gf).

Fig. 4. Cross-sectional SEM image of Cu/Al interface in the as-
bonded state.
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The real interfacial temperature during the
bonding process is expected to account for the
bonding mechanism (at least to some extent).
The temperature rises up to 320�C based on in situ
measurements using thin-film thermocouples fab-
ricated by sputtering deposition.21 Based on the
Kuhlmann–Wilsdorf’s flash temperature model and
the theoretical analysis of frictional energy inten-
sity and real contact area, the calculated magnitude
of the temperature rise during the bonding was not
more than 321�C.22 Meanwhile, the morphology of
the Cu-Al interface (Figs. 4 and 5) shows no traces
of melting, so it can be assumed that thermosonic
copper bonding is a solid-state process.

It is well known that the relative motion induced
by ultrasonic vibration at the interface plays a very
important role in ultrasonic bonding.1 It can break
down surface contaminants and oxides. Thus, pure
contact interfaces are partially exposed and con-
tacted; interconnection is the result of IMCs forming
during the bonding process due to atomic interdif-
fusion.

Cu-Al IMCs Growth Kinetics During Thermal
Aging

To study the growth behavior of Cu-Al IMCs,
thermal aging with different temperatures and
durations was performed; the respective cross-
sectional BSE SEM images are shown in Figs. 6–8.
The basic structures observed at the central inter-
face are the layers of IMCs between the copper wire
and aluminum metallization which emerged due to
thermal aging. The types of IMCs and their forma-
tion sequence will be briefly discussed in the fol-
lowing section. In this section, IMC thickening is

observed and quantified based on the total thickness
of IMCs at the interface. As a result, the kinetics
data obtained are apparent ones based on combined
IMC growth behavior.

Figure 6a–d presents cross-sectional BSE SEM
images of Cu-Al IMCs formed after thermal aging at
200�C. Very little Cu-Al IMCs were observed at the
interface after 1 day of aging (Fig. 6a). Cu-Al IMCs
thickened when thermal aging continued but with a
low growth rate (Fig. 6b, c). Their thickness reached
�1.5 lm after a long exposure, i.e., 121 days
(Fig. 6d).

When aged at 250�C, as shown in Fig. 7a–d, IMCs
grew much faster than at 200�C. Evidently, the
layers of IMCs have formed after 25 h of aging. Al
metallization was consumed due to its reaction with
copper, and it completely disappeared after 169 h.

The morphological changes that occurred during
thermal aging at 300�C are shown in Fig. 8a–d. The
IMCs became obvious at the Cu/Al interface even
after only 1 h of aging, and IMCs increased rapidly

Fig. 5. BF TEM image presenting morphology of interface region of
Cu-Al bond.

Fig. 6. Cross-sectional BSE SEM of copper ball/Al metallization
interfaces after aging at 200�C for: (a) 1 day, very small IMCs
formed; (b) 4 days, a layer of IMCs formed; (c) 64 days, thicker
IMCs; and (d) 121 days, 1.5-lm-thick IMCs formed.
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with thermal treatment. Aluminum metallization
was almost consumed after only 16 h.

In a solid-state reaction analysis, the thickness x
of IMCs at aging time t was estimated using the
following equation15:

x� x1 ¼ Ktð Þ1=n; (1)

where K is the growth rate constant, x1 is a constant
related to the initial IMC thickness, and n is the
time index.

The magnitude of the growth rate constant of
IMCs changes for different types of Cu-Al IMCs; it
also depends on the neighboring phases, which
supply additional Cu and/or Al for continued com-
pound formation. However, it is extremely difficult
to measure the thickness of each individual IMC
layer, as they intertwine with each other. Therefore,
a combined growth rate constant and activation
energy for all potential Cu-Al IMCs formed in bonds
were introduced. Figure 9 shows the thickness of

Cu-Al IMCs for samples aged for various times at
200�C, 250�C, and 300�C. In general, the solid-state
growth of IMCs can follow linear or parabolic
growth kinetics. Linear growth implies that the
growth rate is limited by the reaction rate at growth
sites. In contrast, parabolic growth implies that the
growth is controlled by diffusion. It is obvious from
Fig. 9 that the growth of IMCs follows a parabolic
law (n = 2), suggesting that the Cu-Al IMCs growth
during thermal aging is a diffusion-controlled pro-
cess. Cu-Al IMCs grew faster at the earlier stage of
aging, and the process was more sensitive to the
aging temperature than to the aging time. The
growth rate constants for Cu-Al IMCs (Table II)
were calculated from the fitted parabolas in Fig. 9.

According to the classic kinetic theory, the value
of K is characterized by the temperature and acti-
vation energy, and it can be given by the Arrhenius
equation17,23,24:

K ¼ K0 exp � Q

RT

� �
; (2)

Fig. 7. Cross-sectional BSE SEM images of copper ball/Al metalli-
zation interfaces after aging at 250�C for: (a) 1 h; (b) 25 h; (c) 100 h;
and (d) 169 h. Al metallization thinned with increasing time and
disappeared after 169 h.

Fig. 8. Cross-sectional BSE SEM images of Cu-Al samples aged at
300�C for: (a) 1 h; (b) 4 h; (c) 9 h; and (d) 16 h.
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where K0 is a prefactor, Q is the activation energy
for intermetallic growth, R is the molar gas con-
stant, and T is absolute temperature.

An Arrhenius plot, as shown in Fig. 10, is
obtained from the data in Table II. The activation
energy, Q, can be calculated from the slope of a
curve of ln K versus 1/T. The obtained activation
energy was 1.01 eV, which was different from the
reported activation energy, 1.14 eV to 1.43 eV,
obtained for the bulk Cu/Al diffusion couples.25,26

A lower activation energy is generally considered
an indication of the formation of IMCs by short-
circuit diffusion via structural defects such as grain
boundaries and dislocations. Actually, the atomic
diffusion of Cu and Al through the IMCs is the main
defining process for the IMCs growth during ther-
mal aging. During diffusion, one atom moves into an
empty lattice position (vacancy), and another atom
moves into the empty position of the first. Therefore,
the diffusion rate of one metal into another is
dependent on the number of defects (e.g., vacancies,
dislocations, and grain boundaries) in the crystal
lattice. The more defects it has, the faster the dif-
fusion processes. The thermosonic bonding process
results in numerous lattice defects for Cu-Al bonds
due to large plastic deformations and high stresses,
thus, interdiffusion in thermosonic bonds is more
rapid than in bulk Cu/Al couples; this explains the

lower activation energy of Cu-Al IMCs in thermo-
sonic Cu-Al bonds. As a consequence, poorly bonded
bonds would fail more rapidly as IMCs grow more
quickly.

Identification of Cu-Al IMCs

Figure 11 presents a BF TEM image of the
interface region of a Cu-Al bond after thermal aging
for 1 h at 250�C. Two layers of IMCs are clearly
observed between copper and aluminum.

STEM–EDX was conducted to identify these IMC
layers. The results of EDX given in Table III from

Fig. 9. Cu-Al IMC growth in Cu-Al bonds under different thermal
aging times and temperatures.

Table II. Growth rate constants for IMCs in Cu-Al
bonds at different temperatures

T, Temperature (�C)
K, Growth Rate Constants

for Cu-Al IMCs (m2/s)

200 2.27 9 10�18

250 2.46 9 10�17

300 1.67 9 10�16

Fig. 10. ln K versus 1/T dependence.

Fig. 11. TEM image presenting two layers of IMCs in Cu-Al bond
after thermal aging at 250�C for 1 h.
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regions 1 and 2 of the IMC-1 layer indicate that the
ratio of Cu to Al was close to 1:1; however, an
approximate 9:4 Cu-to-Al ratio was found in
regions 3 and 4 of the IMC-2 layer. Therefore, the
two types of IMCs (CuAl and Cu9Al4) existed in the
layers of IMC-1 and IMC-2, respectively. It was also
found with EDX that oxygen is relatively rich at the
interface between the two IMCs (approximately
40 at.% to 50 at.%) in comparison with inside the
IMCs (approximately 10 at.%).

A TEM image of a sample after thermal aging for
100 h at 250�C is shown in Fig. 12. Two thicker
layers of IMCs existed between the copper and
aluminum.

Line-scanning TEM–EDX analysis was conducted
across those two layers of Cu-Al IMCs, and the
results are shown in Fig. 13. As there are no chan-
ges in the composition between the two layers of
IMCs, it indicates that there could be only one type
of IMC between the Cu and Al. The decrease of
intensity of all elements at the interface between

the two layers of IMCs indicates the presence of
voids.

Due to the inability to identify the crystallo-
graphic structure by means of TEM–EDX analysis,
further investigation was carried out by TEM–SAD,
with two diffraction patterns of Cu-Al IMCs for the
sample aged at 250�C for 100 h presented in
Fig. 14a and b. Cu9Al4 (p-43m, a = 0.870 nm) was
identified as the phase for both IMC layers. For the
sample aged at 250�C for 1 h, SAD results showed
that both IMCs are polycrystalline, although fur-
ther identification is still ongoing. However, it
should be noted that STEM–EDX suggested that
two layers of IMCs might be CuAl and Cu9Al4,
respectively. Previous work investigating interdif-
fusion in bulk copper–aluminum couples detected
all five equilibrium phases by microprobe analy-
sis,15 and observed CuAl2, CuAl and Cu9Al4 in thin-
film copper–aluminum couples.16,17

The presence of specific intermetallic phases can
depend on the relative amounts of metals present in
the initial composition. Bulk copper–aluminum
couples and thin-film couples with varying relative
amounts of metals could produce different com-
pounds. Consequently, for copper bonds on alumi-
num metallization, the amount of copper is much
higher than that of aluminum, producing copper-
rich IMCs, i.e., Cu9Al4. However, it is possible that
other phases are initially formed at the early stage
of diffusion but are dissolved or transferred to an-
other phase when one of the materials is consumed
in the diffusion process or reaction. We believe that,

Table III. STEM–EDX results of regions 1–6 in
Fig. 11

Regions O K (at.%) Al K (at.%) Cu K (at.%)

1 10.8 46.2 43.0
2 9.9 46.7 43.4
3 11.1 26.5 62.4
4 12.1 27.2 60.6
5 48.9 31.0 20.2
6 40.5 37.2 22.3

Fig. 12. TEM image of a Cu-Al bond after thermal aging at 250�C for
100 h.

Fig. 13. Results of line-scanning TEM–EDX across two layers of
IMCs in Fig. 12.

Fig. 14. SAD patterns of (a) IMC-1 and (b) IMC-2 in Fig. 12.
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in our Cu-Al bonded samples, CuAl2 was the initial
phase formed at scattered sites of the interface.
Upon aging treatment, CuAl phase formed as a
result of more Cu diffusion through the interface. At
the same time Cu9Al4 started to form adjacent to the
Cu side, probably due to the relative ease of its
nucleation. Once the thin Al layer was fully con-
sumed, the CuAl phase transformed into Cu9Al4.
This is evidenced by the coexistence of CuAl and
Cu9Al4 in the sample aged at 250�C for 1 h (Fig. 11).
However, CuAl finally transformed into Cu9Al4
when aluminum was consumed after 100 h
(Fig. 12).

CONCLUSIONS

TEM studies of interfacial features of Cu-Al bonds
in the as-bonded state showed that approximately
30-nm-thick and discontinuous Cu-Al IMCs were
formed. Thus, thermosonic copper wire bonding on
aluminum metallization is proposed to be metal-
lurgical and chemical bonding.

The evolution of Cu-Al IMCs was observed as a
result of thermal aging of Cu-Al bonds. The growth
of IMCs was found to follow a parabolic law, indi-
cating that it was controlled by the diffusion
mechanism. The combined activation energy calcu-
lated for the growth of Cu-Al IMCs was 1.01 eV,
which is smaller than reported values obtained for
bulk Cu/Al diffusion couples. An explanation was
given based on the fact that more defects were
generated in the thermosonic bonding process,
leading to faster interdiffusion in Cu-Al bonds.

Two types of Cu-Al IMCs (CuAl and Cu9Al4) were
present after 1 h of aging at 250�C. However,
Cu9Al4 was identified as the only IMC after 100 h of
aging at 250�C. Analysis showed that the relative
short supply of aluminum could be the cause of
formation of copper-rich IMCs, i.e., Cu9Al4.
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