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Abstract The purpose of this study is to understand

the morphological changes that occur during annealing

of Al–Au wire-bonds, by analyzing the interface region

of annealed model wire-bonded samples between 5N

(99.999%) Au wires and Al pads. Due to the small

length scale of the intermetallic region at the interface

of the bond, the analysis was done using scanning/

transmission electron microscopy combined with

energy dispersive spectroscopy. Samples were pre-

pared using a dual-beam focused ion beam system.

Microstructural characterization showed that during

annealing, a Au-rich intermetallic region was formed

under the bond and at the periphery of the bond. Two

types of failures occurred during annealing: crack for-

mation at the bond periphery due to an increase in

volume during intermetallic growth and the formation

of stresses; and oxidation of the AlAu4 phase adjacent

to the Au ball, which resulted in the formation of

continuous cracks between the Au ball and the inter-

metallic region. The characteristic void-line found in-

side the intermetallic region played no part in failure

that occurred during exposure to elevated tempera-

tures.

Introduction

Wire ball-bonding is one of the key industrial tech-

niques to connect a semiconductor chip to a mountable

package. The connection to the chip is usually made

between high purity (99.99%) Au wire and Al pads by

the application of temperature and ultrasonic vibra-

tions, which results in the formation of an Al–Au

intermetallic region at the bond interface [1].

Exposure to elevated working temperatures can

result in degradation of the electrical conductivity due

to growth of the intermetallic region, and even a con-

nection-failure due to the formation of cracks inside

the bond [1–5]. Since one of the main assumptions

regarding intermetallic formation during the wire-ball

bonding process is that it occurs in the solid state,

analysis of annealed thin Al–Au films is often used to

simulate the phase transformations that occur in the

Al–Au wire-bonding system during the device life

cycle [6–10]. This analysis showed that during anneal-

ing of thin Al–Au films, a sequence of thermodynam-

ically stable intermetallics are formed and continued to

grow during annealing.

A characteristic phenomenon in the annealed

intermetallic region of real Al–Au bonded systems is

the presence of a void-line. Under the assumption that

the intermetallic region forms in the solid-state, thin-

film analysis led to the conclusion that void formation

occurs due to the Kirkendall effect [2, 9, 11, 12], or due

to volume changes that occur during Al–Au interme-

tallic formation and growth, which result in the for-

mation of flaws in the intermetallic region [2, 3].

To date, most of the microstructural characteriza-

tion of wire bonds has been done using scanning

electron microscopy (SEM) combined with energy
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dispersive spectroscopy (EDS). SEM–EDS analysis of

samples annealed for different durations and at dif-

ferent annealing temperatures showed that Al–Au in-

termetallics, which are formed during the bonding

stage, continue to grow by diffusion during annealing.

Morphological changes in the Al–Au intermetallic

region were the main indication for the change in

composition of the intermetallics [1–9]. The length-

scale of most of the intermetallic regions in Al–Au

wire-bonds is sub-micron. At the same time, the lateral

resolution of SEM–EDS depends on the electron–

photon interaction volume, which, for the Al–Au sys-

tem, can reach a few microns [13, 14]. As such, the

lateral resolution of SEM–EDS is insufficient for

analysis of the intermetallic regions in Al–Au wire-

bonds. Therefore, the present work is based on analysis

of thin samples by scanning/transmission electron

microscopy (S/TEM) combined with EDS.

Conventional TEM specimen preparation tech-

niques cannot be applied to wire bonds due to the

requirement for site-specific analysis inside the bond

region. Therefore, in this study, TEM sample prep-

aration was conducted using a dual-beam focused ion

beam (FIB) system [15], which can provide both site-

specific analysis of a region in the bond and statis-

tical analysis of the different failure morphologies

that occur during extended exposure to elevated

temperatures.

Our previous work on as-bonded Al–Au wire-bonds

showed that a liquid state could form during wire

bonding [16]. Therefore, microstructural analysis of the

intermetallic region of annealed wire bonds has to be

conducted on real Al–Au wire-bonds, rather than

annealed Al–Au thin films. In this work, FIB and TEM

were applied to understand the morphological evolu-

tion of Al–Au wire-bonds as a function of thermal

annealing.

Experimental methods

Materials and processing

Uniform Al-1.0 wt.% Si pads (1 lm in thickness) were

deposited on thermally oxidized Si wafers. The Si

wafers were diced, and die-attached prior to wire

bonding. A 17.8 lm diameter model Au wire of

99.999% purity (5N) was used for wire bonding. Wire

bonding was performed on a K&S model 8028 PPS

automatic wire bonder. The ball bond diameter was

kept within 31 ± 2 lm. Thermosonic ball bonding of

each Si die was performed at 165 �C for an average

time of less than ~30 s for each set of bonds on a die,

with a maximum pre-heat and post-heat time of ~45 s

at 150 �C. The bonding parameters were optimized and

the resultant average bond shear force was 7.2 gr [1].

In addition to as-bonded samples, wire-bonds were

annealed for 30 min, 2, 24, 48, 72 and 100 h at 175 �C

in air without encapsulation. Thermal treatments were

used to simulate an accelerated thermal exposure

characteristic of device operation conditions.

Characterization

The TEM and SEM samples were prepared using a

FEI Strata 400s dual-beam FIB. SEM specimens were

prepared from the wire bonds by rough preliminary

cross-sectioning at an accelerating voltage of 30 kV

and a Ga+ ion beam current of 21 nA, followed by fine

polishing at an ion current of 93 pA. Subsequent ion

beam exposures at 93 pA were used to expose the

morphology of the intermetallic phases in the polished

cross-sections.

The morphology of the Au ball-bond was analyzed

prior to and after the wire bonding process from sec-

ondary electron (SE) micrographs generated from

scanning ion microscopy (SIM) at a Ga+ ion current of

93 pA. The contrast in SIM is influenced by the ion

channeling effect, where the amount of secondary

electrons that escape from the surface of the sample is

a function of the depth of penetration of the ion beam

inside the lattice. The depth of penetration depends on

the orientation of the crystal lattice, as presented

schematically in Fig. 1 [15].

Specimens for S/TEM were prepared from the wire

bond samples using the lift-out technique [15]. Rough

preliminary cross-sections were made at a Ga+ ion

current of 21 nA (30 kV), and fine polishing was done

at 93 pA. During the sample preparation for TEM,

Ga+ ion bombardment can result in the formation of a

high density of dislocation loops inside the Au grains

[17].

TEM analysis was done at 200 kV using a JEOL

2000FX equipped with EDS (Thermo Noran) and a

Tecnai F20 G2 FEG-TEM, equipped with a high angle

annular dark field (HAADF) STEM detector and EDS

(EDAX). EDS in the FEG-TEM was conducted using

a beam diameter of ~1 nm.

EDS analysis was done in STEM mode by scanning

a specific area inside a grain. In this way, the average

composition of each grain could be determined. For

regions with an extremely fine microstructure, EDS

point analysis was conducted using a ~1 nm diameter

electron beam. In order to improve the statistics from

point analysis, numerous points were analyzed in each

region. EDS quantification was made using the Cliff–
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Lorimar approximation with calculated standards for

calibration. Due to the lack of reference samples, the

error in this analysis can reach ~20%.

Results

Analysis of the morphology prior to annealing

The free air ball (FAB)

The first stage of the wire bonding process is the

formation of the Au FAB. This is described in Fig. 2 by

a schematic drawing and a SE SIM micrograph. During

this process, the wire tip is melted by an electrical

spark, and a round shape results from the surface

energy of the liquid Au. Solidification of the FAB

results in the formation of large grains in the FAB and

grain growth in the heat affected zone (HAZ) of the

adjacent wire, due to heat transfer during the solidifi-

cation process [1]. TEM analysis of the FAB region

(Fig. 3) shows the presence of large grains and a rela-

tively low dislocation density, due to the solidification

process. In addition to bend-contours in the bright field

(BF) diffraction contrast micrograph in Fig. 3, radia-

tion damage in the form of dislocation loops is easily

detected in the Au grains. The radiation damage is due

to the ion milling process used to prepare the TEM

specimens [17].

The as-bonded state

The bond region that is formed during the wire

bonding process is presented in the SE SIM micro-

graph in Fig. 4. The bond is based on the formation of

an intermetallic region at the Al–Au interface. As

shown in Fig. 4, an intermetallic region was not formed

in the periphery region of the bond. This can be

attributed to the fact that the periphery region is

formed by plastic deformation that squeezes the ball

out of the capillary during the wire bonding process.

Therefore, this region is subjected only to ultrasonic

vibration without the main component of the vertical

force that forms the bond under the center of the

capillary. This can result in the formation of a gap

between the Al pad and the Au ball along the

periphery [11].

The wire-bonding process results in plastic defor-

mation of the Au ball. The relatively large Au grains in

the Au ball and a smaller grain size in the area adjacent

to the intermetallic region are visible in Fig. 4. In order

to understand the morphological changes that occur

during the wire bonding process, the morphology of

the Au ball-bond was analyzed by TEM. Figure 5

presents a BF TEM micrograph of the Au ball in the

as-bonded state. The sample was prepared from the

center of the bond region (see inset in Fig. 5). A rel-

atively high density of dislocations are visible in the Au

adjacent to the Al–Au interface, with sub-grains

Fig. 1 A schematic drawing of the change in contrast due to the
orientation of the lattice during SIM. Grain 1 is oriented close to
a low-index zone axis, so the incident ions channel into the
crystal before significant inelastic scattering. As a result the
distance to the surface is greater than the mean-free-path of

secondary electrons, and the grain will appear with a dark
contrast. Grain 2 is not oriented in a low-index zone axis, so
secondary electrons produced by inelastic scattering of the
incident ions can escape from the surface and reach the detector,
resulting in a light contrast from this grain
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forming inside the Au ball. A comparison between the

morphology of the FAB (Fig. 3) and the morphology

of the Au after the bonding process indicates that the

relatively high density of the dislocations is a result of

plastic deformation during the bonding process.

The formation of sub-grains inside the large Au

grains indicates that a recovery process occurs during

the bonding process, by dislocation movement to form

low angle grain boundaries (LAGB), which cannot be

detected in the SE SIM mode.

A higher magnification BF TEM micrograph of the

bond region in the as-bonded state is presented in

Fig. 6. A void-line inside the intermetallic region that

Fig. 2 (a) Schematic drawing
of the morphology changes
that occur during FAB
formation; (b) Secondary
electron micrograph of a FAB
at the tip of a wire, presenting
the morphological changes
that occur during FAB
formation

Fig. 3 BF TEM micrograph of a 5N FAB presenting anisotropic
grains and a relatively low dislocation density

Fig. 4 SE SIM micrograph of a cross-section of an as-bonded
sample presenting the formation of an intermetallic region, and
the absence of an intermetallic region at the periphery of the
bond

Fig. 5 BF TEM micrograph of the region indicated by the
schematic drawing, presenting the Al–Au reaction region
between the Al pad and the Au ball, and also the grain
morphology of the gold ball. The dashed-line indicates a Au
grain containing low angle grain boundaries
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formed during the wire-bonding process is visible. Our

previous study suggests that a liquid forms during

bonding, which results in a local volume reduction

upon solidification, and the formation of voids in the

intermetallic region. Thus the characteristic void-line is

not related to a solid-state phase transformation that

occurs during annealing [16].

SEM analysis of annealed samples

A simulation of the morphological changes that occur

during the lifetime of the device was done by thermal

annealing at elevated temperatures for different dura-

tions of time. The purpose of this test was to accelerate

the metallurgical processes that occur during the life-

time of the device, which can result in bond failure. In

this study, the annealing temperature was set to

175 �C, and the annealing time was between 30 min

and 100 h.

The morphological changes that occur during

annealing are presented in the SEM micrographs in

Fig. 7a–d, from the regions indicated in the schematic

drawings in the insets of each micrograph. Figure 7a, b

present SE SEM micrographs of samples annealed for

30 min and 2 h, showing the Al–Au intermetallic

region that contains voids. The change in morphology

in the intermetallic region was attributed by Noolu

et al. to changes in the composition of the different

regions [3]. However, SEM-EDS analysis is not suit-

able for these systems due to the diameter of the

interaction volume that exceeds the length-scale of the

intermetallic region [13]. Therefore, in the present

study, quantitative EDS analysis was conducted by

S/TEM-EDS (see next section). The backscattered

electron (BSE) SEM micrograph of the bond annealed

for 24 h (Fig. 7c) shows the formation of a large void at

the periphery. The bright contrast from the interme-

tallic region indicates, in BSE mode, a larger average

value of the atomic number, which can be correlated

with a high Au content in the intermetallic region.

Figure 7d presents a SE SEM micrograph of a

cross-section of a bond annealed for 100 h at 175 �C,

showing the transformation of the peripheral void to a

crack between the intermetallic and the Au regions.

According to the SEM analysis of annealed samples,

annealing at 175 �C for up to 24 h does not result in

growth of the void-line that was formed during the

wire-bonding process, but rather in the formation and

growth of voids at the periphery of the bond, accom-

panied by growth of the intermetallic region in the Au

and the Al pad. Annealing for 100 h at 175 �C results

in the formation of cracks at the periphery region, ra-

ther than growth of the void-line.

S/TEM-EDS analysis of annealed samples

Samples annealed for 2 h at 175 �C

Two TEM samples were prepared from samples that

were annealed for 2 h at 175 �C and characterized by

S/TEM-EDS. The morphology of the Al–Au interme-

tallic region of sample #1 is presented in the HAADF

STEM micrograph in Fig. 8. Figure 10 presents the

morphology of regions III and IV in sample #2. The

morphology of the intermetallic region is composed of

four different regions, indicated as region I–IV. Region

I is a thin layer with no distinct morphology. Region II

contains large equiaxed grains, while region III con-

tains narrow elongated grains, and region IV contains

small equiaxed grains. Regions III and IV are sepa-

rated by the characteristic void-line.

EDS analysis was conducted on the areas indicated

in regions II and III in Fig. 8, and the results are

summarized in Table 1. According to the EDS results,

there is no change in the composition between regions

II and III, and the morphological changes are the result

of the initial intermetallic formation during the wire

bonding process [16].

Due to the relatively large error in the STEM-EDS

analysis, confirmation of the intermetallic structure

was done by selected area electron diffraction (SAD)

acquired from grains in the different regions. Fig. 9a

presents a BF TEM micrograph of regions I and II in

Fig. 6 BF TEM micrograph of the Al–Au region that is formed
during the wire bonding process
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sample #1. The SAD acquired from the grain indicated

by the dashed line is presented in Fig. 9b. The SAD

confirms the Al3Au8 structure in a ½�1�120� zone-axis.

Figure 10a presents a BF TEM micrograph of the

intermetallic phases in regions III and IV in sample #2,

which was annealed for 2 h at 175 �C. A SAD from the

grains, indicated by the dashed line in Fig. 10a, is

presented in Fig. 10b. The SAD confirms the existence

of Al3Au8 and AlAu4. According to the electron

diffraction analysis, regions II and III contain the

Al3Au8 intermetallic and region IV contains the AlAu4

intermetallic phase.

The growth mechanism of the intermetallic region

near the Al pad was analyzed by HAADF STEM-

EDS, as presented in Fig. 11a. A bright contrast from

the Al grain boundaries is visible, which suggests the

presence of excess Au at the Al grain boundaries. This

was confirmed by the EDS line-scan in Fig. 11b that

was conducted from the line indicated in Fig. 11a.

According to these results, the intermetallics in the Al

region are formed by grain boundary diffusion of Au.

Samples annealed for 72–100 hours at 175 �C

Figure 12a presents a BF TEM micrograph of the bond

periphery, from the region close to the substrate. The

results of the EDS analysis are summarized in Table 2

and indicate the presence of Au-rich intermetallics.

Point 1 and 2 are at the edge of the ball where residual

Al exists. EDS analysis from point 1 and 2 indicates

nearly equal amounts of Al and Au. Approximately

200 nm from the periphery, SAD from the grain indi-

cated by dashed lines in Fig. 12a confirms the presence

of Al3Au8 (Fig. 12b). This means that during anneal-

ing, Al3Au8 is formed by grain boundary diffusion of

Au in the Al pad, in the periphery region of the bond

where intermetallics were not formed inside the Au.

After annealing for 100 h at 175 �C, cracks started

to form inside the bond region. FIB-SEM analysis of

annealed bonds showed two stages of failure that occur

during annealing, as presented in Fig. 13. Figure 13a

Fig. 7 SEM micrographs of
cross-sections of samples
annealed for (a) 30 min (SE),
(b) 2 h (SE), (c) 24 h (BSE)
and (d) 100 h (SE)

Fig. 8 HAADF STEM micrograph of the Al–Au region is
sample #2. EDS analysis was conducted on the indicated areas
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shows a crack initiated at the periphery region of the

bond. Figure 13b shows a continuous crack that sepa-

rates the entire Au ball-bond from the intermetallic

region.

Figure 14 presents a HAADF STEM micrograph of

the periphery region of a bond containing a crack. The

crack propagates between the Al–Au intermetallic

region and the Au ball, and not inside the intermetallic

Table 1 EDS results of regions 1–6 in Fig. 8

1 2 3 4 5 6

Al (K)
[at.%]

12 ± 2 13 ± 3 12±3 12 ± 3 11 ± 2 13 ± 3

Au (L)
[at.%]

88 ± 13 88 ± 13 88 ± 3 88 ± 3 89 ± 13 88 ± 13

Fig. 9 (a) BF TEM
micrograph of regions I and II
in sample #2. (b) SAD from
the grain indicated by dashed
lines in (a) confirms the
Al3Au8 structure in a ½�1�120�
zone-axis

Fig. 11 (a) HAADF STEM
micrograph of region I and
the residual Al pad. (b) EDS
line-scan conducted on the
marked line in (a), indicating
an increase in Au
concentration at the Al grain
boundaries

Table 2 EDS results from the regions indicated in Fig. 12

Point 1 Point 2 Area 1 Area 2

Al (K) [at.%] 55 ± 11 47 ± 9 13 ± 3 13 ± 3
Au (L) [at.%] 52 ± 8 50 ± 8 81 ± 12 80 ± 2
Si (K) [at.%] 3 ± 1 3 ± 1 5 ± 1 5 ± 1

Fig. 10 (a) BF TEM
micrograph of region III and
IV in sample (#1) which was
annealed for 2 h. (b) SAD
from the grains indicated by
dashed lines in (a), confirming
the existence of the low-
temperature stable phase of
AlAu4 in a ½�122� zone axis,
and Al3Au8 in a ½2�1�10� zone
axis

J Mater Sci (2007) 42:2347–2357 2353

123



region by growth of the void-line. The characteristic

void-line that is formed during the wire-bonding pro-

cess and is present inside the intermetallic region, does

not play an obvious role in formation of the crack. The

large void at the bond periphery is directly connected

to the crack that is formed between the Au ball-bond

and the Al–Au intermetallics. EDS analysis, conducted

on the region around the void, showed that the large

void at the bond periphery formed inside the Au ball

region, and not inside the Al–Au intermetallic region.

The morphology of the void is in the form of a crack,

which suggests that the void is formed by mechanical

stresses rather than a diffusion process.

Figure 15 presents a BF TEM micrograph of the

lower crack region from a bond with a crack of the type

shown in Fig. 13b, where complete separation occurred

between the Au ball and the intermetallic region. A

SAD from the grain, marked by the dashed lines in

Fig. 15a, confirms the low temperature AlAu4 struc-

ture and traces of Al3Au8. Figure 16 presents a HA-

ADF STEM micrograph of the same region that is

Fig. 12 (a) BF TEM
micrograph from the
periphery region (indicated
by the schematic drawing in
the inset) of a sample
annealed for 72 h. EDS
analysis was conducted on the
marked regions (see Table 2).
(b) SAD from the grain
indicated by dashed lines in
(a) confirms the Al3Au8

structure in a [0001] zone axis

Fig. 13 (a) SE SEM micrograph of a cross-section of a sample
annealed for 100 h at 175 �C, showing cracks at the bond
periphery. (b) BSE SEM micrograph of a sample annealed under
the same conditions, showing complete separation of the Au ball
from the intermetallic region by a crack

Fig. 14 HAADF STEM micrograph of the periphery region
(indicated by the schematic drawing in the inset) showing a void-
line inside the intermetallic region, a large periphery void, and a
crack
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presented in Fig. 15. A dark contrast is present in the

crack region, which, in HAADF STEM mode, can be

associated with the presence of light atomic weight

elements. EDS analysis was conducted on the dark

regions in the crack (see Table 3), which indicates that

a diffusion process of Al out of the intermetallic region

results in the formation of Al2O3. The presence of a

brittle region between the intermetallics and the Au

ball results in crack formation by brittle fracture.

Figure 17 is a SE SEM micrograph of the crack re-

gion presented in Fig. 13b at a higher magnification.

The characteristic void-line is present inside the

intermetallic region under the crack, which means that

the formation of the void-line during the wire bonding

process does not result in the formation of a crack.

Discussion

During the wire bonding process, the bond is created

by the formation of intermetallics at the Al–Au inter-

face, due to the application of ultrasonic and thermal

energy [1]. An examination of the intermetallic region

that is formed during the wire-bonding process of Au

to Al (Fig. 1) showed that plastic deformation of the

initial FAB results in the formation of a periphery re-

gion that does not contain intermetallics. This can re-

sult in the formation of a bonding gap [11]. This means

that a direct connection is not achieved in the periph-

ery region of the bond. Therefore, growth of the

intermetallic region during annealing, which results in

Fig. 15 BF TEM micrograph
(a) of the lower part of the
crack presented in Fig. 13,
and a SAD (b) from the grain
indicated by the dashed line
in (a), confirms the presence
of AlAu4 and Al3Au8

Fig. 16 HAADF STEM micrograph of the lower crack region
that is presented in Fig. 15. EDS analysis conducted on the dark
regions (indicated by the arrow) indicates the presence of Al and
Al2O3 (see Table 3)

Fig. 17 SE SEM micrograph of the crack region of a bond
annealed for 100 h at 175 �C, with the type of failure shown in
Fig. 13b. The void line inside the intermetallic region, located
below the crack, is visible

Table 3 EDS results from the dark region on the surface of the
crack, indicated by the arrow in Fig. 16

Al (K) [at.%] 53 ± 8
Au (L) [at.%] 0.8 ± 0.2
O (K) [at.%] 44 ± 7
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volume changes [2, 3], can cause the formation of

stresses between the residual Au at the periphery re-

gion and the intermetallics in the bond region.

Analysis of the morphology of the Au ball-bond

and the intermetallic region that is formed during the

wire-bonding process, prior to the annealing treat-

ments, showed that the characteristic void-line that is

found inside the intermetallic region is formed during

the wire bonding process, which is a relatively fast

process. Therefore, void formation cannot occur as a

result of diffusion mechanisms such as the Kirkendall

phenomenon. Our previous work suggested that a

local solid–liquid transformation occurs during the

bond formation, and shrinkage of the intermetallic

region upon solidification results in the formation of

voids [16]. The present work deals with the question

of whether the formation of the void-line results in

failure by crack formation during annealing.

Microstructural analysis of samples annealed for 2 h

at 175 �C found Au rich intermetallics. SAD from

grains in the different intermetallic regions confirmed

the presence of Al3Au8 and AlAu4. No indication to

the formation of other thermodynamically stable in-

termetallics was found by this analysis. Our previous

work [16] showed that the microstructure of the

intermetallic region strongly depends on the Al pad

content, where the additions of Si and Cu to the Al pad

influence the microstructure of the intermetallics that

are formed during the bonding process.

The growth mechanism in the Al pad region was

found to occur by grain boundary diffusion of Au

through the Al, which is a relatively fast process in

comparison to bulk-diffusion. SEM analysis of the

interface regions of bonds annealed for 24 h (or more)

at 175 �C showed that during annealing, the Al pad

under the bond transforms into Au-rich intermetallics.

No transformation of Au to Al–Au intermetallics

occurred in the periphery region of the bond where the

intermetallic did not form during the wire bonding

process. This can be attributed to the formation of the

gap during the wire bonding process [11].

During annealing, a characteristic void is formed in

the periphery region of the bond between the Au and

the intermetallics (Figs. 7, 13a, and 14). This can be

attributed to volume changes that occur during the

formation of Al–Au intermetallics both in the Au

region and in the Al pad under the bond. 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, Al3Au8 and

AlAu4, as presented in Table 4. Al and Au are face

centered cubic (FCC) metals, having the highest

packing density, and their transformation to inter-

metallics with a lower A.P.F results in an increase in

volume of the system. It is likely that this increase in

volume results in local stresses, which in turn results

in the formation of a crack and separation between

the intermetallic region and the Au ball-bond, as

presented in Fig. 14.

Complete separation of the Au ball from the inter-

metallic region was identified after annealing for 100 h

at 175 �C (Fig. 13b). S/TEM-EDS analysis of the crack

region showed the presence of Al and Al2O3 at the

surface of the crack, above the AlAu4 grains. Surface

analysis of the aluminide intermetallic showed that

diffusion of Al to the surface occurs during annealing,

resulting in the formation of Al2O3 at free surfaces and

grain boundaries of the aluminide intermetallics. The

formation of Al2O3 is suspected to result in inter-

granular fracture [18, 19]. In the present study, the

diffusion of Al results in an Al layer between the

intermetallic region and the Au ball bond. The gap that

was formed during the wire bonding process can result

in the penetration of oxygen to the Al region and its

oxidation.

During extended annealing, the cracks are formed

and propagate between the Au and the intermetallic

region, and not by growth of the characteristic void-

line that was formed prior to annealing during the

bonding process. Failure by cracking can occur by two

mechanisms. The first is volume changes during

intermetallic formation that results in plastic defor-

mation of the Au ball-bond and the formation of a

crack initiated at the periphery region of the bond

(Fig. 13a). The second mechanism is oxidation of

the intermetallic surface after diffusion of Al from

the intermetallic to the Au-intermetallic interface. The

formation of a brittle region at the Au-intermetallic

interface can result in brittle facture, as presented in

Fig. 13b.

Summary and conclusions

During exposure to elevated temperatures, the inter-

metallic region at the interface of the bonds grows by

diffusion. The transformation of Al to an intermetallic

Table 4 The A.P.F of Al, Au
and the intermetallics that are
formed during annealing

A.P.F.

Al 0.74
Au 0.74
Al3Au8 0.25
AlAu4 0.72
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occurs by diffusion of Au through the Al grain

boundaries, which results in the formation of an

Au-rich intermetallic region both under the Au ball

and in the periphery region of the ball. The transfor-

mation to Al–Au intermetallics results in an increase of

volume and deformation of the Au ball. This can result

in stress-induced cracks at the periphery region of the

ball and degradation of the bond strength. In addition,

the formation of cracks results in the oxidation of the

intermetallic region adjacent to the Au ball, which in

turn results in the formation of a continuous crack. The

void-line that is found in the intermetallic region does

not take part in bond failure. Therefore, two mecha-

nisms are responsible for the degradation of the bond:

an increase of volume by intermetallic formation,

which results in stress induced cracks; and oxidation of

the interface between the Au and the intermetallics. In

order to overcome this failure, an increase of the Au

durability to plastic deformation should be achieved.
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Appendix

Structure
Type

Pearson
Symbol

Space
Group

Lattice parameters
(nm)

Al3Au8

[20]
Al3Au8 hR44 R3c a = 0.7724 c = 4.2083

AlAu4

[19]
AlAu4 cP20 P213 a = 0.6902
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