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Microstructure Evolution of Al-1% Si Bonding Wire
for Microelectronic Reliability
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In order to determine the reliability of Al-1% Si bonding wires, the microstructure of an annealed wire,
including grain morphology and secondary phases, was investigated by conventional transmission electron
microscopy (TEM) and high-resolution electron microscopy (HREM). The grains are extremely long and
thin parallel to the drawn direction, and the average grain size is about 600 nm to 700 nm. Nano-sized
thin plate-like Si crystals of about 10 nm length and a few monolayers thickness were observed, and their
crystallography and morphology are discussed in this paper.
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1. INTRODUCTION

Al-Si bonding wires are used to interconnect chips in
microelectronic devices such as RF power transistors. Figure
1 is a typical image of Al-Si bonding wires used in a chip,
which may contain many RF power transistors. Generally, in
order to ensure that uniform, high-quality Al-Si bonding
wires can be obtained, about 1% Si is added to high-purity
aluminum to strengthen it.[1] Previous research on Al-Si bulk
materials[2] has shown that the Si-phase precipitates grow to
about 20 nm and that they have a round shape during the
annealing process. However, further growth results in plate-
like structure Si-phase precipitates in the Al matrix: {111}Si,
which are known to be formed parallel to {111}Al, {100}Al,
and {110}Al.

[3,4] Nakagawa et al.[5] have investigated the Al-
1.2% Si bulk alloy in the early stage of annealing, and con-
cluded that the Si clusters, after rapid cooling, act as nuclei
for the Si-phase precipitates. Moreover, since the drawing
and annealing processes in producing the Al-Si bonding
wires yield a textured structure at the given temperatures,
microstructural properties seem to be sensitive to and influ-
enced by thermomechanical processes. Liu et al.[6] have
reported that the strength of Al-1.2% Si bonding wire is
greater than the bulk material whose strength results from
nanoparticle (Si) hardening and texture strengthening. Con-
sequently, the microstructural properties of bonding wire
effected by heating the area adjacent to the formed ball dur-

ing the bonding process can be expected to be much differ-
ent from those of bulk materials. Therefore, microstructural
properties can be directly correlated to bonding reliability,
one of the important characteristics of bonding wires.[7]

Although some metallurgical and mechanical properties of
Al-Si bonding wires have been reported,[8,9] there have been
few detailed studies on their microstructural characteris-
tics.[6,10] Transmission electron microscopy (TEM) is a valu-
able technique that enables microstructural characteristics to
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Fig. 1. Optical micrograph of Al-Si bonding wires in a device contain-
ing many RF power transistors. The wire diameter is about 30 µm.



100 H.g-G. Kim et al.: Microstructure Evolution of Al-1% Si Bonding Wire for Microelectronic Reliability

Electron. Mater. Lett. Vol. 5, No. 3 (2009)

be ascertained in real space.[11-13] The purpose of the present
study was to investigate the microstructural characteristics,
including the grain morphology and precipitates, of annealed
Al-1% Si bonding wires by means of conventional TEM,
high-resolution electron microscopy (HREM), and image
processing techniques.

2. EXPERIMENTAL PROCEDURE

Al-1% Si ingots were cast by melting, in air, 99.99% Al
and 99.99%Si in a high-purity alumina crucible. The ingots
obtained were then homogenized by annealing, peeled
mechanically, hot forged, and cold drawn with intermediate
annealing to produce wire of 32 µm diameter. The Al-1% Si
bonding wires subsequently were heat treated at 553 K for 2
s, then rapidly cooled to 273 K. Specimens for TEM obser-
vation were prepared by two different methods, one parallel
to the drawn direction (D.D.), and the other perpendicular to
the drawn direction (T.D.). The specimen preparation
method for observation along the D.D. is shown in Figs. 2(a)
and (b). About 200 Al-Si bonding wires and epoxy resin
were put into a brass tube of 3 mmφ outer diameter and 2
mmφ inner diameter. Given that there were many pores
between the bonding wires, the epoxy resin was hardened
for several hours to reduce these pores. A disk of about 0.5
mm thickness was cut from the tube, mechanically polished
to about 30 µm in thickness, and then dimpled to 20 µm in
the center. Both sides of the disk were reinforced with grids

of 3 mmφ diameter with a 1 mmφ hole, and then the disk
was thinned by Ar ion milling until it became electron-trans-
parent. Specimen for the observation of the T.D. cross-sec-
tion was prepared as shown in Figs. 2(c) and (d). About
thirty wires were arranged on the center of a grid and
adhered with epoxy resin. The grid was reinforced with
another grid and thinned by Ar ion milling. TEM observa-
tions of the microstructural characteristics, including the
grain morphology were carried out under a JEOL-2000EX
microscope at 200 kV. The microstructural characteristics of
the precipitates were investigated under a JEM-ARM 1300S
electron microscope at 1250 kV.

3. RESULTS AND DISCUSSION

Figure 3(a) shows a bright-field image of the D.D. cross-
sectional view of a bonding wire thinned by ion milling. The
grains of the wire are very fine. The average size of the
grains is approximately 600 nm to 700 nm. The large black
rectangle of Fig. 3(a) encompasses an enlarged image of the
dislocation loop that is thought to be the result of heavy
deformation and the secondary phases, indicated by arrows,
within the small black rectangle. The secondary phases are
fine and uniform, and they interact with dislocations, result-

Fig. 2. Illustration of TEM specimen preparation: (a) and (b), Al-Si
bonding wires are inserted into brass tubes, and a disk including Al-Si
bonding wires is reinforced with a grid for observation of D.D. cross-
section; (c) and (d), Al-Si bonding wires are arranged on grid and
adhered with epoxy resin for TEM observation of T.D. cross-section.

Fig. 3. (a) Bright-field image of D.D. cross-sectional view of wire
thinned by ion milling, (b) Bright-field image of center of wire cross-
section observed perpendicular to drawn direction (T.D. cross-sec-
tional view).
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ing effectively in enhanced wire strength. Figure 3(b) shows
a bright-field image of the center of the T.D. cross-sectional
view. The grains are extremely long and thin parallel to the
drawn direction, and the average grain size perpendicular to
the drawn direction is about 600 nm to 700 nm. This grain
size corresponds to that shown in Fig. 3(a). As is evident in
the image, there was no change in grain size over the entire
area. The large black rectangle of Fig. 3(b) encompasses an
enlarged image of the dark-contrast secondary phases, of
less than 15 nm size, indicated by the arrows within the
small black rectangle. Since the long axis of the fine grains
in Fig. 3(b) is in the <111> direction in the diffraction pat-
terns (not shown), it is clear that a <111> texture is formed
parallel to the drawn direction by the drawing. The deviation
from the <111> direction of some adjacent grains is only a
few degrees. The annealed structure is of fine texture and
grains of <111> orientation. The crystal structure of the sec-
ondary phases could not be identified unambiguously from
the conventional TEM observations; to obtain further struc-
tural information, HREM observations, therefore, were car-
ried out. Figure 4(a) shows an HREM image, taken with the
incident beam along the [011]Al zone axis, of the same spec-
imen shown in Fig. 3(a). The moiré fringe region (A) as well
as a small area with white contrast (B) is clearly observed.
Figure 4(b) shows an image of the moiré fringe region
formed by interference between Al and precipitate reflec-
tions, which region is encompassed by the white rectangle
(A) shown enlarged in Fig. 4(a). These moiré fringes are

nearly parallel to the (11 ) plane of the Al matrix. The
fringe spacing measured on this image is about 0.91 nm. Fig-
ure 4(c) shows an enlarged image of the plate-like strain con-
trast features, encompassed by the white rectangle (B) in Fig.
4(a). This contrast is due to the local strain between the Al
matrix and the precipitate in the annealed sample. The orien-
tation of the plate-like small area of strain contrast to the
matrix is parallel to {111}Al ; the atomic arrangement of the
interface between the small area of white contrast and the
matrix closely corresponds to the arrangement of the matrix.
Therefore, the plate-like small area of white contrast and the
Al matrix are coherent. The distance between two neighbor-
ing atoms in the small area of white contrast is shorter than
that for {111}Al, and a distorted region exists in the interface
between the small area of white contrast and the matrix. A
different set of moiré fringes was observed in other second-
ary phases in the same specimen, as shown in Fig. 5(a). The
fringes, again, are nearly parallel to the (11 ) plane, with a
fringe spacing of 0.92 nm. Figure 5(b) shows a Fourier-fil-
tered image of Fig. 5(a) using all of the fundamental reflec-
tions. It is well known that when an incident electron beam
passing through a specimen encounters an interface between
two crystals of different lattice constants, it can give rise to
moiré fringes in a TEM image.[12] If both the crystals of the
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Fig. 4. (a) HREM image of specimen annealed at 553 K after quench-
ing to 273 K. A small area with white contrast (A) and a moiré fringe
region (B) can be seen, (b) Enlarged image of moiré fringe region
formed by interference between Al- and Si-phase precipitate reflec-
tions, corresponding to white rectangular region A in Fig. 5(a), (c)
Enlarged image of plate-like strain contrast features corresponding to
region encompassed by white rectangle B in Fig. 5(a).

Fig. 5. (a) HREM image of Si-phase precipitate taken from annealed
specimen. The moiré fringes are almost parallel to the (11 )Al plane,
(b) Fourier-filtered image of HREM image in Fig. 5(a).
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Al matrix and those of the secondary phase have parallel
reflecting planes with different lattice constants, parallel
moiré fringes result. The spacing for parallel moiré
fringes, D, can be calculated from the following equation:
D = dS · dAl / (dS - dAl), where dS is the interplanar spacing of
the secondary phase and dAl is the interplanar spacing of the
Al matrix. If possible lattice contractions in the secondary
phases due to surface stress are ignored it is reasonable to
assume that the interplanar spacing of (111)Al of the dAl is
equal to that of pure Al, owing to the low solubility for Si.
Using this value (0.233 nm) as a reference, the interplanar
spacing of the secondary phase calculated from Fig. 5(a)
equals 0.312 nm. This is consistent with the interplanar spac-
ing of {111}Si. Thus, it is concluded that the moiré fringes
arise due to a lattice mismatch between the Al matrix and Si
crystals. Further information on the secondary phase was
gleaned from the diffractogram shown in Fig. 6, which was
obtained by a digital Fourier analysis of Fig. 5(a). Only weak
streaks parallel to (111)Al are seen with the Al matrix reflec-
tions in Fig. 6. This might be caused by lattice distortion of
the Al matrix in the <111> direction as well as the thin plate-
like morphology of the Si crystal. Figure 6 also shows that
the weak extra spots with {111}Si are observed along the
vector from the 000 spot to the diffraction spots on {111}Al.
This indicates that the moiré regions are parallel to the moiré
pattern from the {111}Si and {111}Al planes. Therefore, it can
be concluded that Si crystals of about 10 nm length and a
few monolayers in thickness are formed in the thin plate-like
Si structure on the (111)Al plane in both the small area with
white contrast and in the moiré regions. When the Si phase
precipitates are coherent with the Al matrix, the atomic size
difference has a large influence on the morphology of the
precipitates. However, when the Si-phase precipitates and
the Al matrix are incoherent, the precipitates are influenced

by the interface energy and tend to have a round-shaped
morphology.[14] From the experimental results, we observed
areas where the small areas with white contrast and {111}Al

are coherent with each other at an annealing time of 2 sec.
The difference of the atomic radii between the Al matrix and
the Si crystals is about 4.2%. This is a very small difference
compared to the values for the Al-Cu bulk alloys,[15] which
form disc-shaped GP-zones with the coherency in the
matrix. The precipitate that forms the surrounding distortion
in the matrix forms along the direction parallel to the small-
est elastic anisotropic constant of the matrix with the largest
direction of distortion.[16] The plate-like Si-phase precipitates
that are formed during the annealing stage become coherent
in Al-1% Si bonding wires, and the {111}Al is one of the pre-
ferred crystallographic planes for reducing the elastic aniso-
tropic constant in the matrix, which in turn leads to a
reduction in the anisotropic distortion energy.

4. CONCLUSIONS

Key components of the reliability of Al-Si bonding wires
used in microelectronic devices, the crystallography and
morphology of nano-sized secondary phases were investi-
gated in a specimen annealed at 553 K for 2 s and observed
under conventional TEM as well as HREM. The grains are
extremely long and thin parallel to the drawn direction ; the
average grain size perpendicular to the drawn direction is
about 600 nm to 700 nm. Plate-like Si crystals of about 10
nm length and a few monolayers in thickness were observed
in the (111)Al plane. The influence of Si crystals of diamond
structure on the mechanical properties of bonding wires and
their possible growth mechanisms under the annealing pro-
cess will be addressed in subsequent papers.
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