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It is conventionally believed that wire bonding initiates at the periphery of the contact area and no bond-
ing occurs in the central area. However, this paper demonstrated that two bonding patterns exist, and are
determined by bonding processes. If a selected pre-ultrasonic energy is applied, intermetallic compounds
initiate in both peripheral and central area of bonds. However, if a pre-ultrasonic energy is absent, inter-
metallic compounds are only present at the peripheral area as conventionally reported. The application of
the pre-ultrasonic energy significantly improves bonding strength, from 66.8 to 94.5 MPa for 20 lm Au
wire bonds, due to the intermetallic compounds of greater structured integrity. Two different mecha-
nisms are respectively proposed to account for the intermetallic formation in the center and periphery
of the bond interface.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Wire bonding is a versatile interconnection technique in micro-
electronic packaging industry due to its nature of the process
including low cost, self-cleaning capability, high yield rate, flexibil-
ity and reliability. Over 90% interconnections of integrated circuits
(ICs) and other semiconductor chips are wire bonded [1]. A variety
of investigations have been carried out to reveal bonding mecha-
nism and effects of processes on bondability and reliability [2–6].
It is conventionally believed that wire bonding initiates near the
periphery and no bonding occurs in the central areas of the bonds
[7–13]. Harman et al. [7,8] applied a low ultrasonic power and
bonding force, so the wire does not stick on the pads, but leaves
footprints on the pads. They reported that the wire-to-pad micro-
joints initiate near the perimeter and spread towards the center of
the contact area with time. With a long bonding duration, the wire
could not be lifted up without tearing the pad. In such a case,
mechanical removal of the wire is obliged to view the footprints
on the pads. Lum et al. [9] employed this method to investigate
the effect of ultrasonic energy on the bond formation in ultrasonic
Al wedge bonding on Cu pads, and reported that bonding initiates
at the periphery and develops inwards with an increase in ultra-
sonic power. Zhou et al. [10] and Lum et al. [11] studied the foot-
prints of thermosonic gold ball bonding on Al pads and Cu pads,
respectively. Similar to ultrasonic wedge bonding, the ball-to-pad
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microjoints tend to be initially formed around the perimeter. Qi
et al. [14] observed the distribution of intermetallic compounds
(IMCs) on the gold ball bottom by etching the Al pads away and
proposed that bonding only occurs at the periphery of the bonds.
However, this paper found that bonding takes place in the central
area of bond interface as well as the periphery by adding a pre-
ultrasonic energy on the course of the initial ball-to-pad contact,
and the bonding strength accordingly increases significantly.
2. Materials and methods

Thermosonic gold/copper wire bonding was conducted with an
ASM Eagle 60AP ball/wedge automatic bonder. Both copper and
gold wires are 99.99 wt.% and 20 lm in diameter. The aluminium
pad is 1 lm thick on SiO2/Si. An electrical flame off (EFO) process
produced a free air ball (FAB) at the bonding wire tip. After cooling,
the gold or copper ball was transferred onto the Al pad to form the
bond using a combination of a normal force, transverse ultrasonic
vibration and heat (Table 1). A three-stage-bonding process is
developed: (i) standby stage, (ii) contact stage and (iii) bonding
stage. A standby stage is the initial stage when a ball is touched
on the bond pad (the ultrasonic energy added at this stage is
termed as pre-ultrasonic energy), followed by a contact stage and
a bonding stage. Parameter levels 1 and 2 are used for gold wire
bonding, with the former without a pre-ultrasonic power and the
latter possessing a pre-ultrasonic power. Parameter level 3 is em-
ployed for copper wire bonding with a pre-ultrasonic power.
Because ultrasonic power developed in the piezoceramic stack
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Table 1
Wire bonding parameters.a

Bonding parameters Au (level 1) Au (level 2) Cu (level 3)

Pre-ultrasonic power
(DAC)b

0 10
(175.0 nm)

12
(210.0 nm)

Contact power (DAC) 5 (87.5 nm) 5 (87.5 nm) 10
(175.0 nm)

Contact force (mN) 100 100 220
Contact duration (s) 0.002 0.002 0.003
Bonding power (DAC) 35

(612.5 nm)
35
(612.5 nm)

36
(630.0 nm)

Bonding force (mN) 80 80 180
Bonding duration (s) 0.006 0.006 0.006
Substrate temperature (�C) 175 175 175

a Ultrasonic amplitudes of the capillary tip are listed in brackets.
b DAC is an ASM internal energy unit. It is the abbreviation of digital to analog

conversion.

Fig. 2. Application of pre-ultrasonic power promotes IMCs of greater structured
integrity that increases shear force and shear strength. The error bars are the
standard deviation for 20 measured samples.

3156 H. Xu et al. / Microelectronic Engineering 88 (2011) 3155–3157
was transferred with loss, the actual ultrasonic amplitudes at the
capillary tip were measured by a laser interferometer (Table 1);
the ultrasonic frequency was maintained at 138 kHz.

Electron transparent cross-sections of the bonds were prepared
with a dual-beam FIB system (FEI Nova 600 NanoLab) and scanning
electron microscopy (SEM) was conducted in situ. TEM analysis
was performed using a JEOL 2100F system at 200 kV. Shear tests
were conducted with a DAGE 4000 microtester at a tool height of
3 lm to evaluate the bonding strength. The shear strength was ex-
pressed as shear force per unit area.
3. Results

3.1. Gold wire bonding

In Au–Al bonds produced without a pre-ultrasonic energy (level
1, Table 1), IMCs are only present at peripheral area of the interface
(Fig. 1a and a0), consistent with a serious of previous studies
[7–12]. However, if a pre-ultrasonic energy is applied (level 2,
Table 1), IMCs initiate at both peripheral and central area (Fig. 1b
and b0). The shear force and shear strength correspondingly in-
creases from 0.075 to 0.112 N and from 66.8 to 94.5 MPa, respec-
tively (Fig. 2).

3.2. Copper wire bonding

The Cu–Al interface formed with a pre-ultrasonic power (level
3, Table 1) can be generally divided into three zones in terms of
the amount of IMCs (Fig. 3). The central areas (Zone-1, Fig. 3a) con-
sist of an almost continuous layer of IMCs (Fig. 3b); the peripheral
areas (Zone-2, Fig. 3a) contain discontinuous IMCs particles
(Fig. 3c); the areas (Zone-3, Fig. 3a) between the center and periph-
Fig. 1. Dependence of IMC distribution on pre-ultrasonic energy: (a and a0) IMCs only at t
both the periphery and center with pre-ultrasonic energy. (See Table 1 for detailed para
ery are almost free of IMCs (Fig. 3d). This is similar to IMC distribu-
tion at the Au–Al interface produced with a pre-ultrasonic power
where IMCs are present at both central and periphery area, though
the Cu–Al IMCs (�30 nm) are much thinner than Au–Al IMCs
(�300 nm).

4. Discussions

The results show that in the bonds produced without a pre-
ultrasonic power (as for conventional process), IMCs are only pres-
ent at the periphery of the bond interface; however, by application
of a pre-ultrasonic power, IMCs initiate in both peripheral and cen-
tral area of bonds, which significantly improves bonding strength
(e.g. from 66.8 to 94.5 MPa for Au–Al bonds).

It is known that a ubiquitous native alumina overlayer is on the
aluminum pad and the nucleation of IMCs is associated with the
fragmentation of such oxide layer, since it acts as a barrier to dif-
fusion. Xu et al. [2,3] by high resolution transmission electron
microscopy (HRTEM) reported that the ultrasonic vibration under
certain pressure and heat partially fragments the native alumina
layer, providing the pathways for metal interdiffusion. This pro-
motes IMC formation (CuAl2 in Cu–Al bonds, Au4Al and AuAl2 in
Au–Al bonds) and consequently improves the bonding strength.
IMCs are absent in some areas where oxide layer remains. In this
study, we found that IMCs exist in both peripheral and central
interface, suggesting that the alumina layer was disrupted in both
areas. The formation of IMCs at the periphery is usually explained
by ‘‘microslip’’ theory. In such model for a compliance of two
he periphery of the bond interface without pre-ultrasonic energy; (b and b0) IMCs at
meters).



Fig. 3. Distribution of IMCs at Cu–Al interface: (a) general view of Cu–Al interface;
(b) details of Zone-1 in (a) showing almost continuous layer of IMCs in the central
interface; (c) details of Zone-2 in (a) showing discontinuous IMCs particles in the
peripheral interface; (d) details of Zone-3 in (a) showing almost no IMCs in the area
between center and periphery.
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perfectly elastic spheres subjected to both a normal force Pn and a
tangential force Pt [15,16],

PnðxÞ ¼
Pn

2pa3 ða
2 � x2Þ1=2

; ð1Þ
PtðxÞ ¼
Pt

2pa
ða2 � x2Þ1=2

; ð2Þ

where PtðxÞ and PtðxÞ are the distribution of Pn and Pt (that in wire
bonding are determined by bonding force and ultrasonic energy,
respectively) over the contact area respectively, x the radial coordi-
nate from the center of the contact area and a the radius of this area.
The magnitude of normal traction reduces from the center of the
contact surface to the edge, and that of the tangential traction rises
from one half of the average at the center to infinity at the edge,
therefore, there will be slip at the periphery and possibly stationary
in the center. The slip at the periphery causes the fracture of the
oxide, facilitating the IMC formation.

The ‘‘microslip’’ model deals with the normal and tangential
traction when two spheres are in contact and deformed. However,
the ball deformation process during bonding is a dynamic process,
including standby stage, contact stage and bonding stage, and the
‘‘microslip’’ model only explains the nature for the stages when
balls have been already mashed. During the initial contact of the
ball on the Al pad, the application of pre-ultrasonic power can dis-
rupt the oxide at the contact area – the central region of the bond
interface, consistent with the ‘‘fretting’’ theory [17]. However, if
the pre-ultrasonic power is not applied, no fretting occurs during
the initial stage of bonding, therefore, no IMCs form in the central
interface of the bonds, as conventionally observed. It is also noted
that a continuous layer of IMC may be produced if a high-level
ultrasonic power is applied during the whole bonding process.

5. Conclusion

The nucleation sites of IMCs during wire bonding are controlled
by bonding process. IMCs initiate at the periphery of the bond
interface and are absent in the center as conventional process pro-
ceeds without a pre-ultrasonic energy. However, application of a
pre-ultrasonic energy facilitates IMC formation in the central area
of the bond interface, which correspondingly increases the bonding
strength.
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