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Investigation on the Gold-Wire Bondability for the IC Device
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In order to develop a microstructure observing technique for wire-bonded interfaces, which is
important in the IC industry, thin films-of wire-bonded gold-aluminum samples were prepared by ion
milling and microtome techniques and observed by transmission electron microscopy (TEM). The
effect of organic contamination for wire-bonding and the dependence of wire-bondability on the thickness
of plated gold film and the plating method were also investigated by TEM and shear tests.  The results
obtained are as follows.

(1) In the films prepared with a microtome no amorphous phase is observed, whereas in the films
prepared by ion milling a large part of the intermetallic compound formed on the interface has become
amorphous. (2) At the whole interface of the cleaned samples the intermetallic-compound is observed,
whereas at the interface of the contaminated samples an organic contamination layer is observed instead
of the intermetallic-compound. The cleaned samples are generally higher in shear strength than the
contaminated samples. (3) Voids are produced by heating along the gold-intermetallic compound
interface.  The voids deteriorate the bond strength. (4) Without heat treatment the bond strength
does not depend on either the gold-film thickness or the plating method.  (5) The nickel (from the
substrate) concentration at the film surface increases with increasing heating period, and as a result the -
bond strength decreases. (6) The bond strength of samples bonded after heat treatment recovers when
a surface layer of the gold film is removed before wire-bonding.

From these results, a suitable technique for TEM observation of the wire-bonded interface and the
effects of contamination on wire-bondability are discussed.

1. Introduction

The wire-bonding is the most popular method for joining an electrode in an IC device
(or chip) with that in a circuit board.

A gold wire (20~30 #m in diameter) is passed through a press tool called ‘capillary’
and the end is melted by electric spark. Then a ball is formed at the end by surface
tension.  The ball is bonded by pressing to an aluminum electrode called ‘pad’ (1~2 ym in
thickness) in an IC device or to a gold-plated electrode in an circuit board heated to a
temperature in a range from 350 K to 400 K. The capillary is vibrated ultrasonically
during the bonding for improving the bondability. In the case of aluminum electrode, the
surface oxide layer of the electrode is broken by plastic deformation. Thus the newly
yielded active surface of the electrode can be well bonded with the wire”.

Since the wire-bonding is the key technology for IC assembling, many investigations
concerning the bonding mechanism have been reported®™®. Cold-welded bulk samples
have been used for those fundamental investigations and examined by means of X-ray
diffraction and electron probe microanalyser (EPMA) . The size of the electrode for
wire-bonding is usually 100 zm or less in diameter at present and becoming finer and finer.
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Since the area needed for the X-ray diffraction or EPMA is too large to study the very fine
wire-bonded interface, it is necessary to establish another technique to characterize the
very fine interface. TEM may be the most suitable technique for this purpose.
However, it is difficult to prepare a film for the TEM observation, because the bond is
fragile and has a multi-layer structure. As far as the authors know it has never been
reported concerning the high-resolution TEM observation of wire-bonded interface.

The organic contamination of the electrode surface due to the out-gas from the conduc-
tive bond which is used in the IC assembly process may reduce the bond-strength and
increase the electric resistance. This is another problem to be settled. The effect of
aluminum oxide on the gold-aluminum wire-bonding has been reported”. However, the
effect of organic contamination has never been reported. In this study, the effect was also
investigated by TEM and shear test. »

A gold film plated on a nickel-plated copper film is used as an electrode for a circuit
board. As the film is made thinner it is more advantageous in terms of cost’®. The
electroless plating is better than electroplating currently used for the plating™ 2.

In the current techniques, the thickness of the plated film is empirically recommended
to be more than 0.3 #um. However, the reasons why the plating method should be electro-
plating and the film thickness should be more than 0.3 #m have never been reported.

Therefore we further tried to make clear the dependence of wire~bondability on the
film-thickness and the film plating method, and establish the plating conditions most suitable
for the wire-bonding.

2. Experimental

2.1. Silicon chips with aluminum electrodes

Silicon chips were used as the substrates for the bonding.  The substrate had alumi-
num electrodes formed by means of evaporation.

In the IC assembling, chips are joined to the circuit board with epoxy adhesive.  Then
the joined assembly is heat-treated for curing of the adhesive. = Considering this practical
process, the chips were heat-treated in the out-gas atmosphere from the adhesive at 423 K
for 3.6 ks.  The chemical composition of the out-gas analysed by means of gas-chromatog-
raphy is shown in Table 1.

The effect of cleaning the surface on the bondability was also investigated. The
contamination layer was removed by an argon plasma-etcher (PC 10 FG type: Kyushu
Matsushita Electric Co., Ltd.).  The flux of argon gas was set to 4.2 #m?®/s, output of radio
frequency power 500 W, the etching period 60 s, and the temperature 383 K.

2.2. Circuit boards with gold plated electrodes

A copper film (of thickness 35 #m) laminated on the circuit board was used as a sub-
strate for gold plating. The substrate was plated with nickel by using the deoxidation
plating method. = The plated nickel film is useful as the diffusion barrier for the underlying
copper into the uppermost gold film to be described™.

The nickel plated substrates were further plated with gold. Three different plating
methods were used; substitution plating, deoxidation plating and electroplating. In the
substitution plating, gold (nobler metal) is precipitated by dissolving nickel (baser metal).
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Table 1  Gas chromatography of out gas from epoxy paste.

out gas weight/sample weight (%)
573K X 180s 603K X 180s 623K X 180s
Phenol CsHsOH 0.02 0.6 0.9
Mono epoxy OCH2CHOCH: 2.3 2.6 2.8
Acrolein CH:CHCHO 0.0018 0.0022 0.0029
Butyl aldehyde CHsCH:CHsCHO 0.0050 0.0027 0.0019
Methyl ethyl ketone CHsCOC:Hs 0.0033 0.0030 . 0.0030
Ethanol C2HsOH - — 0.0001
Toluene - CesHsCHs - 0.0001 0.0002 0.0004
Xylene : CeHa(CHs) 2 0.0001 0.0080 0.01
Carbon monoxide CO - 0.01 0.01
Carbon dioxide COz 0.16 0.24 0.37
Ammonia NHs 0.02 0.03 0.04
Water H=0 0.09 0.20 0.33
total 2.6 3.7 45
In this method, however, it is very Table 2  Thickness of gold film plated using three
difficult to plate a thick film, because the different methods'®.
reaction is driven by the difference in Method Thickness, ¢/ pm
electronegativity of metals and the reaction 0.17
stops when all the surface is substituted by
the nobler metal. Acoordingly, films of Electroplating 0.50
various thicknesses could not be plated, and 0.87
only one kind of film of thickness 0.05 g#m Substitution plating 0.07
could be prepared. 0.16
On the other hand, by using the de-
oxidation plating or electroplating, various Deoxidation plating 049
film-thicknesses could be plated. Since 0.99

one objective of this study was to observe
how wire-bondability depends on the film-thickness, gold films with three different
thicknesses, 0.15 #m, 0.5 #m and 0.8 xm, were intended to prepare. Film-thicknesses
measured by means of X-ray film-thickness gauge (SFT7000 type; Seiko Instruments Inc.)
are shown in Table 2.

2.3. Bonding test

A 99.99% pure gold wire 25 #m in diameter was used for wire-bonding.  An automatic
thermosonic wire-bonder: (HW 21 type; Kyushu Matsushita Electric Co., Ltd.) was used for
the wire-bonding.  An ultrasonic power of 55 mW was used, and a bonding pressure of 80
MPa was applied for a period of 20 ms at a temperature of 383 K.
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After the wire-bonding, the bond strength was measured by means of micro-shear
tester (PTR 100S type; Rhesca Co., Ltd.).  The shear strength values were considered as a
measure of the wire-bondability.

Cold-welded bulk samples were also investigated to compare with the wire-bonded
samples.  Both the aluminum and gold samples were cylindrical, 2.8 mm in diameter and
99.99% purity. They were joined by compression at room temperature by cold-welder
(KBM-5 type: Asahi Kinzoku Seiko Co., Ltd.).

2.4. TEM observation

Two techniques were used to prepare films for TEM observation. One is an ion
milling technique and the other a microtome technique. The ion milling was conducted
after mechanical polishing to about 50 #m thick, the acceleration voltage was set to 4 kV, the
current 0.4 mA, and the tilt angle 15 degree.  For the microtome technique, a microtome
(ultracut S type: Nissei Sangyo Co., Ltd.) was used. The thickness of the film prepared
with the microtome was about 15 nm. The films were observed by TEM at 400 kV and
200 kV using an electron microscope of JEM-4000EX type (JEOL Co., Ltd.). '

2.5. Heat-treatment

The contaminated chips and cleaned chips were heat-treated at 573 K for various
periods from 7.2 ks to 172.8 ks after the wire-bonding to investigate the effect of heating
on the bond strength.  After the heat-treatments, the growth of intermetallic-compounds
was observed on a cross section by scanning electron microscopy (SEM) (T-300 type: JEOL
Co., Ltd.) and the bond strength was measured by the shear tester.

Considering the practical process, samples with gold film were heat-treated in air at
473 K for various periods from O to 7.2 ks and then wire-bonded to observe the changes in
bond strength with the heat-treatment . After the heat-treatment, the samples were
analyzed by Auger electron spectroscopy (AES) (650 type; ULVAC-PHI INC.) and electron
spectroscopy for chemical analysis (ESCA) (850 type; Shimazu Co., Ltd.).

Cold-welded bulk samples were heat-treated in air at various termperatures from 473
K to 733 K for various periods from 7.2 ks to 90 ks and then analyzed by means of EMPA
(S-650 type: Hitachi Ltd.) to investigate how the intermetallic-compounds at the interface
changes with the heat-treatment. The residual stress near the cold-welded interface was
measured by position sensitive proportional counter (Rigaku Denki Ltd.) as a function of
heat-treatment time. ‘

3. Results and Discussion

3.1. TEM observations

Figure 1 shows a high resolution TEM image of the wire-bonded interface in a film
thinned by the ion milling. A large part of the intermetallic-compound is seen to be
amorphous.

Figure 2 is a high resolution TEM image of the cold-welded interface. = The specimen
was thinned by the ion milling. = Amorphous regions are again observed.  These observa-
tions suggest that the amorphous phase should not be particular to the wire-bonded inter-
face, but general. ‘

Figure 3 is a high resolution TEM image of a wire-bonded interface observed in a film



B 6 4 JUIH R 27 Ko B 6 BT 2 F 9% R i HF15%& B4y — 333 —

amorphous

interfac

_aluminum

Fig. 1 High resolution TEM micrograph of a gold- Fig. 2 High resolution TEM micrograph of a gold-

aluminum wire bonded interface.  The aluminum cold welded interface. The
specimen was thinned by ion milling'”. specimen was thinned by ion milling.

prepared with the microtome. In this case, no amorphous phase is observed. From
Figs. 1, 2 and 3, it is clear that the amorphous phase is formed by the ion milling.

The wire-bonded samples consisted of four components of gold ball of 30 zm, aluminum
electrode of 1 zm, silicon oxide layer of 0.6 #m and silicon chip of 300 #m in thickness. It
was difficult to obtain a sufficiently flat and thin film for TEM observation by ion milling.
Further, the ion milling changes the crystalline intermetallic-compounds to amorphous.
Consequently, the microtome method is more suitable technique to prepare a film for TEM
observation of the bonded interface.

3.2. Effect of organic contamination on wire bonding

Figure 4 shows fluorescence microscopic images of the aluminum electrodes for (a)
contaminated and (b) cleaned samples, respectively. Luminesced regions are observed on
the contaminated sample, whereas no luminesced region is seen on the plasma-etched
electrode.

Figure 5 shows the composition change determined by the Auger analysis as a function
of depth from the electrode surface for (a) contaminated and (b) cleaned samples.
Figures 4 and 5 show that the organic contamination is removed sufficiently by the plasma-
etching.
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Fig. 4 Fluorescence micrograph of the aluminum
electrode surface, (a) contaminated sample
and (b) cleaned sample.
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Fig. 3 High resolution TEM micrograph of a wire-
bonded inteface. The specimen was prepared
by the microtome technique'”.
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Figure 6 (a) shows a SEM micrograph Depth,d / nm

of a wire-bonded interface, where the alu- Fig. 5  Auger electron spectroscopy as a function
of depth, (a) contaminated aluminum elec-

minum electrode was cleaned by plasma-
trode and (b)cleaned aluminum electrode'.

etching.  An intermetallic-compound layer

is seen along the interface. Figures. 6

(c) and (d) show high resolution TEM micrographs at the regions indicated ‘¢’ and ‘d’ in
Fig. 6 (a), respectively. Figure 6 (c) shows the interface between the gold and the
intermetallic-compound and Fig. 6 (d) shows that between the intermetallic-compound and
the aluminum electrode.  Fine grains (about 10 nm in diameter) of intermetallic-compound
are seen at the interface.  Figures 6 (a), (c) and (d) suggest that the active surfaces of the
gold ball and aluminum electrode should have contacted with each other when removed the
organic contamination layer.

Figure 6 (b) shows a SEM micrograph of the wire-bonded interface, where the
aluminum electrode was contaminated.  No intermetallic-compound layer is seen.  Figure
6 (e) shows a high resolution TEM micrograph at the region indicated ‘e’ in Fig. 6 (b). A
foreign amorphous layer (about 15 nm in thickness) is seen along the interface.  The



























