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Abstract In this study the interface morphology of a
model 99.999% (5N) Au wire bonded to Al pads in the
as-bonded state was examined by scanning/transmis-
sion electron microscopy with energy dispersive
spectroscopy. Specimens for transmission electron
microscopy were prepared using the lift-out method in
a dual-beam focused ion beam system. Analysis of the
bond microstructure was conducted as a function of the
Al pad content and as a function of the bonding tem-
perature. Additions of Si and Cu to the Al pad affect
the morphology and the uniformity of the interface. A
characteristic-void line is formed between two inter-
metallic regions with different morphologies in the
as-bonded samples. According to the morphological
analysis it was concluded that a liquid phase forms
during the bonding stage, and the void-line formed in
the intermetallic region is the result of shrinkage upon
solidification and not the Kirkendall effect.

Introduction

Wire-bonding is the one of the key industrial tech-
niques to connect semiconductor devices to the mac-
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roscopic circuit arranged on a circuit board [1]. Wire-
bonding provides an electric connection, for example,
of an aluminum pad on a silicon die to a lead frame.
The most commonly used system is high-purity Au
99.99% (4N) wires bonded to Al pads. A combination
of thermal and ultrasonic energies is employed to form
a bond between the Au wire and the Al pad, as well as
between the wire and the lead frame [1]. Given the
nominally low-temperature process (usually in the
range of 120-240 °C), it is usually assumed that the
bond is formed in the solid state via the formation of
intermetallics by solid-state diffusion [1].

During the wire bonding process an interface
region that is composed of Al and Au is formed [1-6].
Previous studies have shown that Al-Au intermetal-
lics are formed during the bonding stage and during
the subsequent packaging processes [7]. The Al-Au
intermetallics that were found to form during wire-
bonding and packaging processes of Au wire to pure
Al pads are the thermodynamically stable Al-Au
intermetallics [2, 4, 6]. In order to increase the
electromigration resistance of the Al pad, Si and Cu
are added [1]. The Si-Cu additions reduce the uni-
formity of the intermetallic coverage, and can influ-
ence which intermetallics are formed during the
bonding process [6-8].

The Al-Au intermetallic region of the bond contains
flaws in the form of voids. Previous studies of the
morphology of the interface region that is formed at
the bonding stage suggested that the flaws result from
contaminates and residual native oxide layers that
formed prior to bonding. The oxide layers are believed
to prevent complete contact between the Au ball bond
and the Al pad [2-5]. Other studies have suggested that
during the life-time of the device, growth of the



J Mater Sci (2007) 42:2334-2346

2335

intermetallic region occurs by diffusion, and due to the
different diffusion rates of Au and Al in the interme-
tallic phases, voids form in the intermetallic region
(Kirkendall effect) [3-6, 9, 10]. However, the size and
distribution of voids does not correlate with the char-
acteristic morphology associated with the Kirkendall
effect.

Previous analysis of wire-bonds has been mostly
done using energy dispersive spectroscopy (EDS)
combined with scanning electron microscopy (SEM)
[1-6]. The main disadvantage of this technique for
the characterization of Au-Al wire-bonds is the rel-
atively large volume of interaction which defines the
source of the EDS signal. The size of the interaction
volume can exceed the grain size of the Al-Au
intermetallics at the interface between the Au wire
and Al pad, which reduces the accuracy of the results
[11].

SEM-EDS analysis does not usually provide
information on the crystallographic structure of the
Al-Au intermetallic region that is formed during the
wire-bonding process, which in turn can have a sig-
nificant effect on volume changes and residual stres-
ses. In addition, flaws that are formed during phase
transformations in the bonding stage continue to
evolve during the life-time of the device, and can
lead to device failure. Therefore, in order to under-
stand and prevent failure that occurs during the life-
time of the device, it is important to understand the
microstructure that is formed during the initial ball-
bonding stage of the wire-bonding process. This kind
of analysis can be done using transmission and
scanning transmission electron microscopy (TEM and
STEM) combined with EDS analysis of thin foils,
which due to the smaller electron beam diameter and
interaction volume has a better spatial resolution
than SEM-EDS [11].

The main problem with TEM/STEM analysis of
wire-bonds is specimen preparation, which demands
site-specific analysis. In addition, conventional spec-
imen preparation can result in mechanical damage of
the interface region during polishing. These prob-
lems can be overcome by using a dual-beam focused
ion beam (FIB) system, which combines scanning
electron microscopy (SEM) with a scanning ion
beam [12]. In this way specific regions can be
located using SEM and SEM/TEM specimens pre-
pared without the application of mechanical forces.
The goal of this study was to understand the
processes that result in the initial formation of an
intermetallic region during the ball-bonding stage of
the wire-bonding process by applying advanced
electron microscopy techniques.

Experimental
Materials

Si wafers were diced and die attached prior to wire
bonding. Bonding was performed with a 120 kHz
Kulicke & Soffa model 8028 PPS automatic wire
bonder. A 17.8 um diameter Au wire of 99.999%
purity (5N) was used for wire bonding on an ink die
with 1 pm thick Al pads deposited on a thermally
grown SiO, layer. Two kinds of Al pads were exam-
ined: Al-1.0 wt.%Si and Al-0.1 wt%Si-0.5% Cu.

For subsequent characterization of the morphology
of conventionally wire-bonded samples, thermosonic
ball bonding of each Si die was performed at 165 °C for
an average time of less than ~30 s for each device, with
a maximum preheat and post-heat time of ~45 s at
150°C. The ball bond diameter was kept within
31 + 2 um. The bonding parameters were optimized
and checked using a ball shear test [1, 13]. The resul-
tant average bond shear force was 7.2 g.

The total time for each bond was ~140 ms. The time
for each of the steps in the bonding process, as sche-
matically described in Fig. 1, is as follows: free air ball
(FAB) formation of a Au ball by an electrical spark
required ~10-20 ms; the time to produce both the first
bond (on the Al pad) and the second bond (on the lead
frame) was ~20-30 ms with ~60-70 ms to extend the
wire between the pad and the lead (loop-time).

In order to analyze the microstructure formed only
during the application of ultrasonic energy and tem-
perature, a series of wire-bonds was prepared at
120 kHz. The temperatures of the pre and post bond-
ing sites were kept at 30 °C, and the temperature of
each die during the wire-bonding process was set at a
constant (known) temperature between 30 and 215 °C.
The die temperature was verified by direct measure-
ment using a thermocouple.

A 17.8 pm diameter Au wire of 99.999% purity (5N)
was used for wire bonding on a test die with a 1 pm
thick Al-0.1 wt%Si pad deposited on thermally grown
SiO,. The bonding parameters that were investigated
were the bond diameters and the shear force as a
function of the bonding temperature. The shear force
was analyzed by the ball shear-test and the sample size
was 20 bonds in each die. During the wire-bonding
process the die is exposed to the bonding temperature.
This can result in additional diffusion processes in the
bonded regions. Therefore, in order to understand the
morphology that is formed only during application of
the ultrasonic energy and temperature, S/TEM samples
were prepared from the very last bonded region on the
die.
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Characterization

The shear strength of the wire-bonds was measured
using a Dage4000 shear tester, using lateral movement
(parallel to the plane of the wafer) of a shear tool
positioned near the bond. The maximum shear value
was measured by a strain gauge transducer [1, 13].

The TEM samples were prepared from the wire-
bonded samples using the lift-out technique [12]. One
of the advantages of the dual-beam FIB is that no
mechanical force is applied during sample preparation,
and the analyzed region can be chosen using the SEM
mode of the system. The Au wires were cut using the
ion beam at a high current (21nA and 30 kV). A thin
lamella was prepared by rough milling (21 nA), fol-
lowed by additional milling at a lower current
(0.28 nA) to clean the surface of the cross-section from
redeposition that occurs during rough milling. The
lamella was attached to a W needle by Pt deposition
using a gas injection system, detached from the Si die
by ion milling and attached to a Mo grid by Pt depo-
sition. At this stage additional thinning was conducted
at a low current (28-93 pA) in order to achieve the
thickness required for TEM. The thickness was moni-
tored during thinning with a high angle annular dark
field (HAADF) STEM detector mounted in the FIB.
Thinning was stopped when regions in the sample that
contained high atomic number elements (e.g. Au)
generated a bright contrast in the HAADF-STEM
images [11].

Conventional TEM analysis was done at 200 kV
(JEOL 2000FX including a Thermo Noran super-thin
window Si(Li) EDS). Analytical TEM was conducted
using a Tecnai F20 G? field emission gun (FEG) TEM,
equipped with a HAADF STEM detector, operated
with a beam diameter of ~1 nm and a retractable EDS
(EDAX Energy Dispersive X-Ray Spectrometers with
sapphire Si(Li) detectors).

EDS analysis was conducted in two modes depend-
ing on the size of the analyzed region; EDS acquisition
while the electron beam was rastered over a defined
region, and point EDS analysis using ~1 nm diameter
electron beam. EDS quantification was done using the
Cliff-Lorimar approximation and calculated standards,
leading to ~20% error.

Results
Morphology of conventional bonds

The Al pads that are used for the wire-bonding process
usually contain Si and Cu in order to increase their
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Fig. 1 Schematic drawing of the different stages of wire bonding
process used to prepare samples in the present study

resistance to electromigration. This also results in
morphological changes of the Al-Au intermetallics that
are formed during the wire-bonding process [6]. In this
study the morphology of wire-bonding of SN Au wire
to Al-1.0wt.%Si and Al-1.0wt.%Si-0.5wt.%Cu was
analyzed.

Bonding to AI-1.0wt. %Si pads

Figure 2 is a bright field (BF) diffraction contrast TEM
micrograph of the interface region of a bond between a
5N Au wire and a Al-1.0wt.%Si pad. Intermetallics
were formed during the bonding process, containing
four distinct regions with different morphologies: The
region indicated as I is a thin layer with no distinct

Fig. 2 BF TEM micrograph presenting the morphology of the
interface region of a bond between the Au wire and a Al-
1.0wt.%Si pad. The Al pad has a white contrast, due to it’s
relatively low mass-thickness compared to Au
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Fig. 3 HAADF STEM micrograph of the interface region of the
bond between a Au wire and a Al-1.0wt.%Si pad, showing the
intermetallic region which contains a relatively high density of
fine voids

morphology; region II contains small elongated grains;
region III contains elongated anisotropic grains; and
region IV is a thin layer containing small almost
equiaxed grains. Regions III and IV are separated by a
line of flaws in the form of voids. The grain boundaries
of the intermetallic grains contain a high density of
small voids. The Au grains adjacent to the Al-Au layer
contain a high density of small dislocation loops caused
by Ga' ion radiation damage during TEM sample
preparation by FIB [14].

Figure 3 is a HAADF STEM micrograph of the Al-
Au intermetallic region. In this imaging mode mass-
thickness contrast is dominant. Therefore, a brighter
contrast is obtained from regions with a larger mean
atomic number [11]. The difference between the
atomic number of Au and Al results in large contrast
changes between the Al and the intermetallics, and in
the black contrast from the residual Al pad. The four
different regions that were identified in Fig. 2 are also
visible in Fig. 3. The dark contrast at the grain
boundaries in Fig. 3 results from the high density of
flaws in the form of voids. Voids are also located inside
some of the intermetallic grains. Region II also con-
tains a high density of voids. The BF TEM micrograph
in Fig. 2 showed that region IV is separated from re-
gion III by a line of voids. HAADF STEM (Fig. 3)
showed that voids are also present between region IV
and the Au adjacent to the intermetallic region.

Figure 3 demonstrates the relatively high density of
fine voids that are formed during the wire-bonding
process. The time required to form the bond is ~20-

Fig. 4 HAADF STEM micrograph of regions II and III in the
bond between a Au wire and a Al-1.0wt.%Si pad. EDS analysis
was conducted in the indicated regions

30 ms, and the total time of heating is ~2 min, which is
insufficient for void formation by the Kirkendall phe-
nomenon.

In order to understand if the morphological changes
are the result of compositional changes, EDS analysis
was conducted on the regions indicated on the HA-
ADF STEM micrograph in Fig. 4, and the results are
presented in Table 1, indicating that during the bond-
ing process Au-rich intermetallic phases are formed.

Due to the small size of regions I and IV, EDS point
analysis was conducted on the regions indicated in the
HAADF STEM micrographs presented in Figs. 5
and 6. The results of the EDS analysis from region IV
are summarized in Table 2, which indicates that the
amount of Au in region IV is greater than in region 111,
signifying that the void-line between region III and IV
is a border between two regions with a different com-
position.

The results of the EDS analysis of region I are
summarized in Table 3. The compositional changes
that are presented could result from drift of the spec-
imen and/or the electron beam during EDS analysis.
According to the EDS results from points 2 and 3, the

Table 1 EDS results of areas 1-3 in Fig. 4

1 2 3
Al (K) [at.%] 20 + 4 12+3 12+3
Au (L) [at.%] 76 = 11 83+ 12 87 + 13
Si (K) [at%] 4+1 4+1 1+£02
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Fig. 5 HAADF STEM micrograph of the bond between a Au
wire and a Al-1.0wt.%Si pad. EDS analysis was conducted at the
marked points

Region 11T

100 nm

Region 1

Fig. 6 HAADF STEM micrograph of the bond between a Au
wire and a Al-1.0wt.%Si pad. EDS analysis was conducted at the
marked points

Table 2 EDS results of points 1-5 in Fig. 5

1 2 3 4 5
Al (K) [at.%] © 3+1 6+1 7+1 10=x2
Au (L) [at.%] 9615 69+15 96+13 88«13 88+ 13
Si(K)[at.%] 3+06 1+02 4+1 4+1 2+04

middle of region I contains almost equal amounts of Al
and Au.

The structure of the intermetallics in region III was
analyzed by selected area electron diffraction (SAD).
Figure 7a is a BF TEM micrograph of the Al-Au
intermetallic region, where the indicated grain in

@ Springer

Table 3 EDS results of points 1-4 in Fig. 6

1 2 3 4
Al (K) [at.%]  63=13  43+9  44+9 23+8

Au (L) [at.%] 32+6 52+8 51+8 75+ 11
Si (K) [at.%] 2+04 3+1 2+04 2+ 0.4

region III is in a low-index zone axis. The SAD from
the indicated grain presented in Fig. 7b confirms the
Al;Aug hexagonal structure in a [1341] zone axis (see
appendix).

Bonding to Al-1.0wt. %Si—0.5wt. % Cu pads

Figure 8 presents a HAADF STEM micrograph of
the interface region of a bond between a SN Au wire
and a Al-1.0wt.%Si-0.5wt.%Cu pad. A relatively
high dislocation density is present in the Au region
adjacent to the intermetallics and to the Al pad,
which can be seen due to residual diffraction contrast
in the HAADF STEM micrograph. Islands of inter-
metallics are located along the interface, alongside
Au regions that did not react with the Al. Void-lines
are present inside the intermetallic islands, and in
addition, voids exist between the Au regions and the
intermetallic islands. This suggests that shrinkage
occurs upon the formation of the Al-Au intermet-
allics. Regions where no reaction occurred between
the Al and the Au have a smooth morphology
compared to the reacted region. A comparison of the
interface between the Au and Al and the interface
between the intermetallics and the Al pad suggest
that most of the intermetallic region is formed inside
the Au region.

EDS analysis was conducted on the areas indi-
cated in Fig. 9. The results are presented in Table 4.
Si and Cu are present in all of the analyzed regions,
which can stabilize Al-Au intermetallics that are not
present in the Al-Au binary equilibrium phase dia-
gram. A detectable decrease in Al content in the
intermetallics is found when bonding Au to a Al-
0.1wt.%Si pad compared to a Al-0.1wt.%Si—
0.5wt.% Cu pad.

Figure 10a presents a BF TEM micrograph of the
intermetallic region seen in Fig. 8. Two SADs in dif-
ferent zone axes were taken from the marked grain in
region II, and are presented in Figs. 10b and c. Both
SADs confirms the existence of the metastable cubic
form of AlAuy [15] (see appendix). According to these
results it can be understood that the presence of Si and
Cu in the Al pad affects the intermetallics that are
formed during the wire-bonding process.
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Fig. 7 (a) BF TEM
micrograph of the
intermetallic region of a Au
wire bonded to a Al-
1.0wt.%Si pad. The grain
indicated by a dashed line in
(a) is AlzAug, which was
confirmed by the SAD
presented in (b)

Au
Flaw-Line
- <X

Region III

Fig. 8 HAADF STEM micrograph of the interface between a
Au wire and a Al-1.0wt.%Si-0.5 wt%Cu pad, presenting the
formation of a non-uniform intermetallic region that contains
voids
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Fig. 9 HAADF STEM micrograph of the interface between a
Au wire and a Al-1.0wt.%Si-0.5 wt% Cu pad. EDS analysis was
conducted on the indicated areas

o
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1 2 3
Al (K) [at.%] 14+3 10+2 9+2
Au (L) [at.%] 83+ 13 84 +13 85 + 13
Si (K) [at.%] 3+1 3+1 4+1
Cu (K) [at.%] 0.7 02 2+05 2+05

Bonding without Pre and Post Heating

The conventional bonding process consists of several
stages of heating and ultrasonic vibration which result
in the morphology presented in Figs. 2-10. It is nor-
mally assumed that the initial intermetallic region is
formed by diffusion in the solid state, but both the
morphology and the composition of the intermetallic
region that are presented in this work do not fit con-
ventional diffusional growth due to the high density of
voids and the formation of high temperature inter-
metallics (AlAuy and AlzAug). This raises the question
whether the bonding process occurs at the nominal
bonding temperature, or whether a rise in the tem-
perature occurs with the application of the ultrasonic
energy combined with the latent heat released during
intermetallic formation.

The bonding process consists of three stages: pre-
heating of the Al pad; the wire-bonding stage where
the bond is formed by the application of ultrasonic and
thermal energy; followed by post-heating which is
designed to reduce residual stresses resulting from
plastic deformation that occurs during the wire-bonding
stage. The morphology that is presented in Figs. 2-10 is
the result of the application of heating and thermo-
sonic energy in the bonding and post-heating stages. In
order to understand the mechanism responsible for the
morphology of the bond, the influence of the post-
heating stage has to be eliminated. Therefore, bonding

@ Springer
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Fig. 10 (a) BF TEM
micrograph of the
intermetallic layer between a
Au wire and a Al-1.0wt.%Si-
0.5 wt%Cu pad. The two
SAD:s in (b) and (¢) confirm
the existence of the
metastable AIAu, cubic
phase

of 5N Au wire to a Al-1.0wt.%Si pad was done, where
the temperature of the pre and post-heating stage was
room temperature and the bonding temperature was
165 °C (as in the previous samples). During the
bonding stage the die is kept at the bonding tempera-
ture, which adds additional heating immediately sub-
sequent to the bonding stage. In order to minimize this
effect, the very last wire-bond that was joined on the
die was analyzed.

Figure 11 is a HAADF STEM micrograph present-
ing the morphology of the bond after bonding without
pre and post-heating, showing that during the appli-
cation of ultrasonic and thermal energy a ~200 nm
thick intermetallic region was formed. The interme-
tallic region contains a high density of flaws in the form
of voids inside the intermetallic grains and at the grain
boundaries. The morphology of the intermetallic
region has the same four characteristic regions seen in
the conventional wire-bonding process, where the
elongated grains in region III are separated by a line of
voids from region IV. According to this analysis the
characteristic void-line that is present in the intermetallic
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region is formed in the short time (~140 ms) of the
formation of the bond, and therefore can not be the
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Fig. 11 HAADF HRSTEM micrograph of the Al-Au interface
from a sample bonded without post-heating at a stage temper-
ature of 165 °C
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Fig. 12 HAADF HRSTEM micrograph of the intermetallic
region from a sample bonded at 165 °C, without post annealing.
EDS analysis was conducted from the indicated regions

Table 5 EDS results from areas 1-6 in Fig. 12

1 2 3 4 5 6
Al (K) 4+9 20+4 18+4 18x7 16+3 16+3
[at.%]
Au (L) 51+8 75+ 11 76 £ 11 77+ 11 78 £+ 12 79 + 12
[at.%]
Si (K) 51 61 61 51 6x1 5=+1
[at%]

result of long range diffusion processes such as void
formation by the Kirkendall effect.

EDS analysis was conducted on the different areas
indicated on the HAADF STEM micrograph in
Fig. 12, and the results are summarized in Table 5.
According to the EDS analysis Au rich intermetallics
that contain Si are formed during the wire-bonding
process. A comparison of the EDS results for the
composition of the intermetallic region that is formed
during the conventional wire-bonding process
(Tables 1-3) show that almost no compositional
changes occur during the post-heating stage, i.e. the
intermetallics formed during the bonding stage con-
tinue to grow during the post heating stage.

The influence of bonding temperature
on the formation of the intermetallic region

This work deals with the influence of temperature on the
final morphology of the intermetallic region and the
quality of the bond. Therefore a series of bonds was
prepared in which no additional heating was applied (the

T[°C]

Fig. 13 Ball diameters as a function of die temperature

same bonding parameters were used, optimized for
165 °C, throughout the test). The temperature of each
die was set to a constant temperature, starting with room
temperature (30 °C) up to 215 °C, while the tempera-
tures of the pre and post bonding sites were kept at
30 °C. Sheer test and ball size measurements as a func-
tion of the die temperature were conducted on each
sample. The results are presented in Figs. 13 and 14.

Figure 13 shows a direct relation between the ball
diameter and the die temperature. This suggests that
the die temperature increases the plastic deformation
that occurs during bonding, and as a result the total
contact area increases with bonding temperature.

The shear test results as a function of die tempera-
ture presented in Fig. 14 were derived from the mea-
sured load normalized by the measured bond area. The
results show a direct relation between the bond
strength and the temperature of the die. The normal-
ized shear per area values for a pad temperature of 30

28

26 .
24
22
c\'g 20 - "
g 18
E) 16 4
(o ]

14 . "

12 .
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T [°C]

Fig. 14 Shear strength as a function of die temperature
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and 215 °C were 11.7 and 26.1 g/mm?, respectively.
The strength of the bond increases due to the forma-
tion of the intermetallic region [1,2]. According to
these results the die temperature also provides energy
for Al-Au reaction in the bond region, which improves
the bond strength. These results also prove that milli-
seconds of heating are enough for the formation of Al-
Au intermetallics. Bonding at room temperature
(30 °C) results in a low shear strength, which means
that 120 kHz ultrasonic energy alone is insufficient for
Al-Au bonding, and additional energy should be ap-
plied to form a bond at room temperature.

As presented in Fig. 11, during the application of
heat and ultrasonic energy an intermetallic region is
formed at the interface between the Au ball and the Al
pad. According to the shear tests presented in Fig. 14
the strength of the bond increases with increase of the
bonding temperature. In order to understand the
morphological changes as a function of die tempera-
ture, SS'TEM-EDS analysis of a sample that was bon-
ded at a die temperature of 80 °C was analyzed. Since
during the bonding process the entire die is subjected
to the bonding temperature, which can cause addi-
tional reactions between the Al pad and the Au ball
subsequent to the bonding stage, a sample was pre-
pared from the last bond formed on the die. The
HAADF STEM micrograph in Fig. 15 presents the
morphology of the interface region of this bond.

A non-uniform reaction between the Au and Al,
accompanied by the formation of voids, is visible in
Fig. 15. EDS analysis confirmed that the dark regions

Au

Fig. 15 HAADF HRSTEM micrograph of the Al-Au interface
of a sample bonded without post-heating at a stage temperature
of 80 °C, presenting voids in the Au adjacent to the thin Al-Au
reaction region

@ Springer
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Fig. 16 HAADF HRSTEM micrograph of the Al-Au interface
of a sample bonded without post-heating at a stage temperature
of 80 °C. EDS analysis was conducted at the marked points

above the reaction regions in the Al are voids and not a
region rich in Al. The bright contrast of the reacted
region can be correlated with a large Au content in the
HAADF STEM micrograph. Since the reaction is not
uniform and the initial interface between the Au ball
and the Al pad is visible, it can be concluded that the
Al-Au reaction that occurred during the bonding
process occurred within the Al pad, and as a result
voids are formed in the Au, adjacent to the interface.

EDS analysis was conducted on the Al-Au region
adjacent to a void. Figure 16 is a HAADF STEM
micrograph of one of the voids at the interface. EDS
measurements were conducted at the indicated points,
and the results are summarized in Table 6.

The EDS results in Table 6 show a variation in the
elemental concentration of the Al-Au region. Regions
closer to the Al pad are richer with Al, and regions
closer to the Au ball are richer with Au, which cor-
roborates the change in contrast in the HAADF STEM
micrograph in Fig. 16. According to these results a
diffusion process occurs during the bonding stage
which results in the formation of a Al-Au region with a
composition gradient and local compositions exceeding
the solubility of Al in Au or Au in Al [16].

Immediately prior to bonding, the free air ball is
formed during a time interval of ~20-30 ms. As such,

Table 6 EDS results of points 1-5 in Fig. 16

1 2 3 4 5
Al [at.%] 316 54+11 29+6 7816 7415
Au [at.%] 96+10 46 +38 71+11 22+5 26 +4
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Fig. 17 BF TEM micrograph of the region indicated by the
schematic drawing in the inset, presenting the Al-Au reaction
region between the Al pad and the Au ball, and also the
morphology of the gold ball. The region delimitated by the
dashed line is a single Au grain, containing domains separated by
low-angle grain boundaries

one must ask whether sufficient time elapsed between
formation of the free air ball and the start of the
bonding process to solidify the liquid Au. Figure 17 is a
BF TEM micrograph of the Au ball bond after the
bonding process, from the region indicated by the
schematic drawing shown in the inset. The morphology
in Fig. 17 includes flat Au grains adjacent to the
intermetallic region, which contain a relatively high
density of dislocations. In addition, sub-grains have
formed inside the Au, suggesting that a recovery pro-
cess occurs during bonding by dislocation movement to
form low angle grain boundaries. The relatively high
density of dislocation loops present in the Au grains is
the result of radiation damage from the TEM sample
preparation process [14]. The morphology of the Au
region adjacent to the intermetallic region indicates
that this region was plastically deformed in the solid
state during the wire-bonding process.

Discussion

The Al-Au wire-bonding process is based on the fact
that during the application of heat and ultrasonic en-
ergy a reaction between the Al pad and the Au ball
occur which results in the formation of an Al-Au
intermetallic region that forms a strong bond [1]. The
temperature at which bonding occurs is lower than the
melting point of both Al (660 °C) and Au (1064 °C)
and therefore the bond is expected to form in the solid

state by a diffusion reaction between the Al and the Au

[1]-
The influence of Si and Cu additions to the Al pad

The S/TEM-EDS results show that the content of the
Al pad affects the formation of the Al-Au intermet-
allics during the wire-bonding process. The addition of
Cu and Si to the Al pad significantly affects the mor-
phology and uniformity of the intermetallic region.
Therefore, the formation and growth of the interme-
tallic region depends on the dopants that are added to
the commercial wires and pads, and intermetallic for-
mation can not be predicted by simple examination of
the binary phase diagrams.

EDS analysis of wire-bonds between 5N Au wire
and Al-1.0wt.%Si-0.5wt.%Cu pads indicate a higher
Au content in the Al-Au intermetallic region in com-
parison to intermetallics formed between a SN Au wire
and a Al-1.0wt.%Si pad. SAD studies of an interme-
tallic grain that contains Si and Cu confirm the struc-
ture of a metastable cubic form of AlAu,. This means
that the presence of Cu and Si, in addition to the non-
equilibrium cooling rates inherent to the wire-bonding
process, may stabilize metastable intermetallics.
Additions of Cu to the Al pad results not only in a non-
uniform intermetallic coverage of the interface, but
also in a different crystallographic structure of the
intermetallic region. This is also expected to affect the
formation and growth of the intermetallic region dur-
ing the life-time of the device.

Intermetallic formation as a function of the bonding
conditions

The intermetallic region that is formed under conven-
tional bonding conditions contains a high density of
flaws in the intermetallic grains and at the grain
boundaries. A characteristic flaw-line (void-line) is
usually present between two regions with different
morphologies, indicated as regions III and IV in
Figs. 2, 3 and 8. In order to understand whether the
source of these flaws is a diffusion process or local
reduction of volume due to the formation of inter-
metallics, a bond that was subjected to temperature
only during the wire-bonding stage was characterized.
This bond contained the same characteristic flaws that
are present in the intermetallic region of a conven-
tionally bonded sample. The time for a complete bond
is ~140 ms which does not permit long range diffusion
processes to occur (such as void formation by the
Kirkendall effect). Therefore it can be understood that
the flaws that are formed inside the intermetallic
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region are the result of volume changes due to the
formation of the Al-Au intermetallics. The morphol-
ogy of wire-bonds that were not subjected to heating
beyond the ball-bonding stage includes a characteristic
flaw line, formed during the bonding stage, which
continues to grow during the application of tempera-
ture at the post-heating stage.

Analysis of the shear strength of the bond as a
function of bonding temperature showed that an
increase of the bonding temperature results in an
increase of the bond strength, which according to the
STEM analysis results from the growth of the inter-
metallic region. This correlates with conventional wis-
dom that the bond strength results from the amount of
the intermetallics that are formed at the Al-Au inter-
face [1, 2]. A comparison between wire-bonds bonded
at 165 and 80 °C showed that at lower temperatures
the transformation to Al-Au intermetallics occurs only
in the Al pad, and the formation of intermetallics was
accompanied by the formation of voids in the Au ball.
Since the bonding time does not permit long range
diffusion and condensation of vacancies by the Kir-
kendall effect which results in voids, void formation
during the wire-bonding process must result from vol-
ume changes during intermetallic formation.

In order to understand the change in volume during
intermetallic formation, the amount of volume that the
atoms occupy in the lattice was calculated by the
atomic packing factor (A.P.F) of Al, Au, Alz;Aug and
AlAuy. Table 7 presents the density and A.P.F of the
pure metals and intermetallics that are formed at the
bond interface. Al and Au are face centered cubic
(FCC) metals with the highest packing density.
Transformation of the pure metals to Al-Au inter-
metallics with a lower A.P.F. results in an increase in
volume. In this case if the transformation of the pure
metals to the intermetallics occurs in the solid state, it
will not result in a reduction of volume as other studies
suggested [2, 17]. This raises the question whether the
transformation to the intermetallics occurs in the solid
state, following conventional wisdom [1], or rather an
increase in the temperature occurs during the bonding
process, resulting in local melting at the interface re-
gion during the bonding stage.

Table 7 The density [17] and A.P.F of Al, Au and the inter-
metallics formed during annealing

Density [g/cm’] APF
Au 19.33 0.74
Al 2.7 0.74
AlAuy 16.52 0.25
AleU.S (A13Au8) 14.94 0.72

@ Springer

Since in the case of wire-bonding at 80 °C intermet-
allics were formed only in the Al pad, a calculation of the
time that is needed for the formation of the intermetallic
region by diffusion at various temperatures can be done
using the semi-infinite rode approximation (Eq. 1),
which can correlate between the time that is needed to
form a Au-rich region inside the Al pad at various
temperatures in the solid state. Taking into account the
error in the EDS analysis, the finite atomic concentra-
tion of the Auin the Al pad wassetto C = 0.6 (atx = 0,
Co =1). According to the EDS analysis the length of the
intermetallic region where the concentration does not
change was set to x = 20 nm. The diffusion coefficient
for each temperature was calculated from Eq. 2 and data
from the literature [18]. The diffusion time was extracted
from equation 1 and estimated according to the char-
acteristic diffusion length x = v/Dt. According to these
results (Table 8), the time for the formation of the
intermetallic region at the bonding temperature and in
the solid state is orders of magnitude beyond the actual
process time.

X
C,=Cyl1l—erf| — 1
°< ! (NDr)) M)
164.3 - 103 212.3-10°
D = 0.025exp (— T) + 0.83 exp <— T)
(2)

Previous studies have shown that a rise in the
ultrasonic frequency during the wire-bonding process
helps to form a bond at lower temperatures [19]. This
means that ultrasonic energy may supply the activation
energy required to raise the temperature at the inter-
face region during the bonding stage to reach a liquid
state. The bonding process consists of ultrasonic energy
that generates phonon vibrations which can cause a
local increase in temperature. The presence of

Table 8 The time needed for the formation of a 20 nm region
containing 60at.% Au inside the solid Al, as a function of the
temperature

T [°C] D[em?*/sec] t= % l(eq. 1)

80 1.22x 1072 1.04 x 10" years  1.81 x 107 years
165 6.36 x 1072 200 years 346 years

175 1.74 x 107! 70 years 126 years

300 263x107Y7  42h 3 days

400 445 %10 15 min 36 min

500 201 %1072 205 35s

600 385x 1072 1s 19s

660 1.69x 10711 08s 04s
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impurities and defects in the lattice can add to phonon
generation, and therefore increase the temperature at
the interface during the bonding process [19]. A local
increase of the temperature during the ball-bonding
stage could conceivably result in a solid-liquid transi-
tion, and upon solidification flaws in the form of voids
could form.

If a liquid state occurs at the interface region
during the bonding stage, shrinkage will occur upon
solidification, which can result in the formation of
voids at the interface. For a solid-liquid transforma-
tion the solidification rate depends on the heat con-
ductivity of the metals. The conductivities of Al, Au
and the intermetallics are different [1], therefore upon
solidification the regions that are adjacent to the Au
and Al (region II and IV) should be the first to
solidify. The elongated grains in region III suggest
that the solidification time for this region is longer.
Therefore, volume changes that occur during the
solidification process of region III result in solidifica-
tion voids. The morphology of region I corresponds to
a diffusion gradient inside the Al that occurs during
formation of the Al-Au intermetallic region and the
subsequent solidification process.

When bonding occurs in a liquid state, flaws in the
form of cavities and small voids in the intermetallic
grains and at grain boundaries can be formed during
the solidification process due to the reduction in vol-
ume and the capture of gas in the liquid. This can
explain the high density of flaws found in the interface
region of the bond.

Summary & conclusions

The wire-bonding process consists of ultrasonic and
thermal energies that result in the formation of an
intermetallic region which helps in forming a strong
bond. S/TEM-EDS analysis showed that the morphol-
ogy and uniformity of the interface depends on the
content of the Al pad. Shear tests of samples bonded at
various die temperatures showed a linear connection
between the temperature and the strength of the bond.
S/TEM analysis showed that during the bonding stage,
ultrasonic and thermal activation can result in the
formation of a liquid state at the bond interface. Upon
solidification of the intermetallic region shrinkage
occurs, which results in solidification voids.

According to the S/TEM-EDS results it is concluded
that a correlation between the binary Al-Au phase
diagram and the processes that occur during the
bonding stage is incorrect due to the presence of
dopants from the Al pad in the intermetallics and the

cooling rate of the system that results in non equilib-
rium solidification.

Shear tests have shown that the bond strength
results from intermetallic formation at the bond
interface that forms by the application of both thermal
and ultrasonic energies which cause a rise in the tem-
perature. In addition to intermetallics that strengthen
the bond, voids are formed. Simple elimination of the
void-line by reducing the process temperature will
result in a reduction of the bond strength due to
insufficient intermetallic coverage at the interface.

The void-line is considered a main source for failure
by cracks during the life time of the device. Additional
work on the role of the void-line in failure that occurs
during the life-time of the device has been conducted,
and is presented in a companion paper (Karpel et al. in
press, J Mater Sci, 2007) where it is shown that expo-
sure to elevated temperatures results in crack forma-
tion at the intermetallic-Au interface, and not as a
result from growth of the void-line.

It is concluded that bonding parameters, such as the
die temperature and the post heating conditions, play
and important role in the microstructural evolution
that occurs during the life-time of the device, and
careful consideration of the thermal activation pro-
vided by the ultrasonic vibration and die temperature
has to be taken into account when bonding parameters
are selected.
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Appendix
Structure  Pearson Space Lattice Parame-
Type symbol Group ters [nm]
AL Aug Al Aug  hR44 R3c a=07724
[15] B ¢ =4.2083
AlAuyy W cl2 Im3m a=0324
(15]
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