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Abstract

The effect of bonding duration and substrate temperature on the nano-scale interfacial
structure for bonding strength were investigated using high resolution transmission
electron microscopy. It shows that intermetallic compound crystallization correlates
with bonding duration, as a longer duration is applied, alumina fragmentation
becomes pervasive, resulting in continuous alloy interfaces and robust bonds. In
addition, a substrate temperature (i.e. 175°C) promotes the fracture of alumina, and
simultaneously contributes to the interfacial temperature, accelerating interdiffusion
and facilitating the formation of intermetallic compounds, therefore increasing
bonding strength. The compound formed during bonding is CuAl,, regardless of the

bonding parameters applied.

Keywords: Copper ball bonding; interfacial structure; alumina; intermetallic

compounds; bonding duration; substrate temperature.
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1. Introduction

There is growing interest in Cu wire bonding for fine pitch application due to cost
saving and better mechanical and electrical properties. In this process, a thin copper
wire is bonded to an aluminum metallization pad using a combination of ultrasonic
energy, pressure (~150 MPa) and heat (150°C~220°C). It is a complex process, and
the physics has not been fully understood. However, many efforts have been made to
study and explain the process [1-16]. In general, three experimental approaches have
been used to investigate the mechanisms of the bond formation. The first one
concentrates on experimentally in situ measurements of interfacial temperature during
bonding [1-3]. The second one considers an explanation of characteristics of the
observed footprints on the bond pads or the bottom of bonds [4-9]. The third one is
based on the cross-sectional characterization of the interfacial microstructure in wire
bonds [10-12]. The main proposed theories include melting [13], fretting [14] and
micro-slip [15, 16]. Melting was postulated that ultrasonic vibration caused rubbing
between a wire and a pad, resulting in significant increase of the interfacial
temperature, so melting took place in local areas, leading to bonding [13]. However,
there are a quantity of experimental evidences to show that although there is a
temperature rise, it does not approach the melting point of the materials. For example,
the highest measured interfacial temperature during bonding by far is 320°C [3], and it
is far below the melting point of bonding materials (Al 660°C, Au 1063°C and Cu
1083°C). In addition, bonding was successfully performed in liquid nitrogen at 77 K
and without any bubbles being observed, implying that temperature rise is not a must
for bonding [1, 17]. Furthermore, a TEM examination of the bond interface indicated
no evidence of melting [18]. The fretting theory was proposed by Hulst [14] who

argued that interfacial sliding between a wire and a pad cleaning and heating surface
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is a key for bonding. However, a measurement of the movement of the wire during
bonding using a laser interferometer by Wilson [19] showed that the wire position
remained fixed relative to the substrate during bonding, although the capillary tool
moved with an amplitude of 0.5-2.5 um, so bonding can be successful even when
there is no interfacial motion. In addition, the sliding model predicted preferential
bonding at the centre of the interface; however it was reported that bonding initiated
near the periphery [4, 20]. Chen [15] introduced Mindlin’s microslip theory [16] to
explain the interfacial characteristics of wire bonds. In the proposed model, the central
contact region was termed an elastic or non-slip region, while the outer contact area
was represented as an exhibiting slip, termed a microslip. This fits the commonly
observed pattern of the bonds where bonding predominated at the edge of the contact
area rather than at the centre. All those mechanisms assume that removal of a
ubiquitous native alumina overlayer is essential for successful bonding as it acts as a
barrier to diffusion, and recently, this has been verified experimentally in our previous
work by high resolution transmission electron microscopy (HRTEM) [10]. It showed
that the ultrasonic vibration under certain pressure and heat partially fragments the
native alumina layer (~10 nm thick), providing the pathways for Cu-Al interdiffusion.
This promotes formation of the intermetallic compounds (IMCs) and consequently
improves the bonding strength significantly. On the other hand, the influence of
bonding parameters - ultrasonic power, bonding force, bonding duration and substrate
temperature - on bonding strength were well documented [8, 21-23]. Nonetheless, a
full account of the underlying mechanistic aspects has not been presented, since there
were few reports on interfacial structural changes due to variation of bonding

parameters.



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

In this paper, the effects of bonding duration and substrate temperature on the
hehaviour of the interfacial microstuructre (alumina, IMCs, defects, etc) was
investigated using dual beam focused ion beam (FIB) and HRTEM. A relationship

between those parameters, interfacial sturcutre and bonding strength is established.

2. Experimental Methods

Thermosonic copper ball bonding was conduced with an ASM Eagle 60AP
ball/wedge automatic bonder. The copper wire (99.99 wt.%) was 20 um in diameter
with a break strength of 4.3-9.2 gf (1 gf = 9.8 mN) and an elongation of 5-15%. The
aluminium pad is 1 um thick on SiO,/Si. An electrical flame off (EFO) process with a
48 mA current, 4500 V gap voltage and 290 s discharge time produced a free air ball
(FAB) at the copper wire tip. Specifically, a shielding gas (95% N;- 5% H;) with the
gas flow rate of 0.6 I/min was utilized to prevent the oxidation of copper during EFO
ball formation. After cooling, the copper ball was transferred onto the bond pad to
form the Cu/Al bond using a combination of a normal force, transverse ultrasonic
vibration and heat. Three bonding duration settings (levels BT1, BT2 and BT3) (Table
1) and three substrate temperature settings (ST1, ST2 and ST3) (Table 2) were
selected so that their effects on the interfacial structure and bonding strength could be
studied. To reduce post-thermal effects on interfacial characteristics, the bonded
samples were removed immediately from the work stage, but inevitably maintained at

substrate temperature for ~5 s.

Cross-sections of the Cu/Al bonds were prepared by FIB for scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) analysis. All TEM

samples were selected from the central regions of the interface, an example of which
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is shown in Fig. 1. The nanostructure at the interface, including alumina and IMCs,
were investigated by TEM combined with energy dispersive X-ray spectrometry
(EDX). TEM analysis was carried out using a JEOL 2100F system at 200 kV. A
microprobe beam (0.7 nm diameter) was used for composition analysis with EDX in
scanning (S)TEM mode. Fast Fourier transformation (FFT) of lattice images

calculated using ImageJ 1.42q [24] was utilized to identify Cu-Al IMCs.

The shear tests were conducted with a DAGE 4000 micro-tester at a tool height of 3
pm and a tool movement speed of 4 um/s. To avoid the effect of squeezed Al pad on
bonding force, the shear tests were performed to the vertical direction of the ultrasonic
vibration during wire bonding. The load that causes the fracture of the bonds is termed
shear force. The shear strength was obtained as pressure, i.e. shear force per unit area.
The dimension of the bonds were defined by two parameters - ball diameter D and

ball height H. D = (D, +Dg)/2, where D, and D are the diameters of the mashed

ball along and vertical to the direction of the ultrasonic vibration, respectively. The
ball diameter is usually used to roughly represent the bonding area. The ball height H
is the distance between the top surface of the bond pad and the edge of the mashed

ball. The values of D, , Dy, and H were recorded by Olympus STM6 optical

microscopy. 20 bonds were measured at every condition.

3. Results and discussions
3.1 Effect of bonding duration
Shear tests were performed to evaluate the bonding strength as a function of bonding

duration and the results are given in Table 3. There is a trend of shear strength
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increases with increasing bonding duration. A slight increase of ball diameter D and

decrease of ball height H are seen as the bonding duration increases.

In order to understand the underlying mechanism of bonding duration dependence of
bonding strength, the interfacial structure formed with different bonding duration
levels was examined by electron microscopy. Figs. 2 a-c show the overview of the
interfaces with three levels of bonding duration. There is no significant difference in
the interfacial structure at micro-scale, as observed by SEM at the magnification level
shown in Fig. 2. In order to characterize the interfacial structure at nano-scale and
verify the difference due to the variation of bonding duration, TEM analysis was

performed.

A typical TEM image of the Cu-Al interface produced with a short bonding duration
(Level-BT1) is given in Fig. 3a which shows that only a few IMC particles are formed
and they are approximately 20 nm thick. One location of the IMC particle (region A,
Fig. 3a) with ordered atomic arrays was selected and the lattice image was collected
(Fig. 3b). FFT analysis was consistent with CuAl, [001] (Fm-3m, a = 5.9988 A) [25]
joined with Al (Fm-3m, a = 4.0496 A) [26]. In the regions where IMCs are absent, a
continuous and compact layer 5~10 nm thick is situated between the copper ball and
the aluminium pad (Fig. 3c). The STEM - EDX results (Table 4) show that the main
constituents of this layer are aluminium and oxygen, indicating the existence of

alumina film which remains intact after bonding.

As longer bonding duration is applied, more IMCs are formed along the interface. In

particular, a standard value (Level-BT2) results in an almost continuous layer of IMCs
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(30-40 nm thick) in regions that were examined (Fig. 4a). Fig. 4b gives a higher
magnification TEM image taken in region A of Fig. 4a, which presents the
morphology of IMC particles. The IMC particles have a conchoidal interface linked to
Al and almost linear interface with Cu, indicating the growth of those IMCs is
dependent on the interdiffusion of Cu, i.e. Cu diffuse through IMCs to reacts with Al
at the IMC/AI interface. STEM-EDX results (Table 4) show that the IMC is an
aluminium-rich alloy. As a further confirmation, a lattice image (Fig. 4c) was collect
in region A-1 of Fig. 4b and FFT is consistent with CuAl, [001] (Fm-3m, a = 5.9988

A).

As proposed in our previous work [10], the initial formation of IMCs depends on the
oxide rupture by ultrasonic vibration at certain pressures and temperatures. The effect
of bonding duration on the removal of the oxide layer can be described by an equation
developed for a contact surface pair in relative motion [27]:

d:txk%P (1)

where d is the depth of material worn, t is time, P is the mean or nominal pressure,
H is the hardness of the material, k is the wear-coefficient constant, and v is the
sliding velocity. Thereby, an increased bonding duration will lead to more sufficient
removal of the oxide layer on the aluminium pad, and therefore more IMCs will be
formed, resulting in a significant increase in the bonding strength. In addition, a
longer interdiffusion results in thicker IMCs in Cu-Al bonds (from 20 nm for level-
BT1 to 30-40 nm for level-BT2), which may also benefit to the bonding strength.

However, the intermetallic phase remains the same as CuAl,.
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3.2 Effect of substrate temperature
A slightly increased bond deformation (larger ball diameter and smaller ball height) is
seen by a higher substrate temperature (Table 5). Moreover, There is an obvious trend

of shear strength with an increase in substrate temperature.

At room temperature (Level-ST1), the alumina occupies almost the interfacial regions
(Fig. 5a), as confirmed by a high magnification TEM image (Fig. 5b) which further
shows that the alumina layer is uniform and compact. The integration of the alumina
acts as a barrier to interdiffusion of Cu and Al, so IMCs is unlikely to form in those
regions. However, if the alumina layer is fragmented, the formation of IMCs is
possible. Only a few IMC particles are formed during bonding at room temperature
(Fig. 5a). Such IMCs are approximately 20 nm thick, as shown in Fig. 5c, taken from
region B in Fig. 5a. As mentioned earlier, although the bonded samples were removed
immediately after bonding from the work stage, they were inevitably maintained at
the substrate temperature for ~5 s. Wire bonding at room temperature was performed
with the particular aim of eliminating that post annealing. The presence of IMCs
indicates that nucleation and growth of IMCs take place during bonding, although the
quantity of IMCs is small at room temperature. However, A 175°C (Level-ST2, i.e.
standard bonding parameters) results in an almost continuous IMC layer in regions
that were examined (Fig. 4a). It is inferred that pre-heating of substrate promotes the
fracture of alumina. Moreover, a pre-temperature will contribute to the actual Cu-Al
interfacial temperature, accelerating interdiffusion of Cu and Al and facilitating the
formation of IMCs. The formation of IMCs significantly increases the bonding

strength.
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According to the equilibrium phase diagram of the Cu-Al system [28], at least five
intermetallic compounds - CuAly(0), CuAl(nz), CusAls((2), CuzAly(8) and CugAls(y1) -
possibly exist. However, only CuAl, is formed during bonding. Using the model of
Pretorius et al. [29, 30], as introduced in Section 3.3.3, with the effective
concentration of 17 at.% Cu 83 at.% Al, the effective heats of formation for CuAl,,
CuAl and CugAl, are estimated to be -6.1 kJ/mol, -5.1 kJ/mol and -4.1 kJ/mol,
respectively; therefore, CuAl; is the favoured phase to be formed. This is consistent
with the results in this study that CuAl, nucleates during bonding, which is also in
agreement with a previous TEM study by Drozdov et al. [11]. In addition, from the
crystallographic point of view, the more atoms there are in a unit cell, the more
difficult and less energetically favourable it is to crystallize. CuAl, (tetragonal,
14/mcm) [31, 32] has 12 atoms per unit cell and a short range order, and is more likely
to be formed than CuAl (monoclinic, C12/m1, 20 atoms per unit cell) [33] and CugAl,
(cubic, P4-3m, 52 atoms per unit cell) [34]. Thus, it is reasonable to believe that
CuAl; nucleates first during wire bonding. Such initial IMC layer will grow if the
bonds undergo post thermal annealing, and CugAl, and CuAl may emerge, as has been
reported that CugAl, and/or CuAl were also formed after annealing depending on
annealing conditions by electron diffraction [35] and Micro X-ray diffraction analysis
[36]. In thin-film studies (where Al and Cu films were deposited one by one without
breaking the vacuum) X-ray diffraction and Rutherford backscattering spectrometry
found that CuAl, was formed initially [37, 38], while elsewhere CuAl, and CugAl,

[39-41] reportedly grew simultaneously.

4. Conclusion
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The effects of bonding duration and substrate temperature on interfacial
microstructure and bonding strength were investigated to establish a bonding process -
microstructure - property relationship. The obtained results show that:

(1) IMC crystallization correlates with bonding duration, as a longer duration is
applied, alumina fragmentation becomes pervasive resulting in continuous
alloy interfaces and therefore stronger bonds;

(2) The interfacial structure and bonding strength are also dependent on substrate
temperature. Only a few IMCs are formed during bonding at room temperature,
while elsewhere there are uniform layers of alumina. Pre-heating of substrate
promotes the fracture of alumina, and simultaneously contributes to the actual
interfacial temperature, accelerating interdiffusion and facilitating the
formation of IMCs, therefore increasing bonding strength; and

(3) The compound formed during bonding is CuAl,, regardless of the bonding

parameters applied. The Cu-Al bonds is void-free in the as-bonded state.
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Table 1 Bonding parameters for three levels of bonding duration*.

Bonding parameters LeveI-BTl Level-BT2 LeveI-BT3
(short duration) (standard) (long duration)
Standby power**, DAC 12 (210.0 nm)*** 12 (210.0 nm) 12 (210.0 nm)
Contact power, DAC**** 10 (175.0 nm) 10 (175.0 nm) 10 (175.0 nm)
Contact force, mN 220 220 220
Contact duration, s 0.001 0.003 0.005
Bonding power, DAC 36 (630.0 nm) 36 (630.0 nm) 36 (630.0 nm)
Bonding force, mN 180 180 180
Bonding duration, s 0.002 0.006 0.010
Substrate temperature, °C 175 175 175

* A whole bonding duration consists of two basic stages: (i) contact stage and (ii) bonding stage.
During the contact stage, a high bonding force and a low ultrasonic power are usually employed
to cause big plastic deformation of the balls; during the bonding stage, a low bonding force and a

high ultrasonic power are used to ensure robust bonds. Interdiffusion and IMC formation take

place during the latter stage, so the bond strength is mainly determined by the bonding stage.

**  Standby power is ultrasonic power used before a ball is attached to a pad.

***  Ultrasonic amplitudes of the capillary tip are listed in brackets.

**** DAC is an ASM internal energy unit. It is the abbreviation of digital to analog conversion.
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379 Table 2 Bonding parameters for three levels of substrate temperature.

Bonding parameters Level-ST1 LeveI-ST20 LeveI-OST3
(room temperature) (standard, 175°C) (300°C)
Standby power, DAC 12 (210.0 nm) 12 (210.0 nm) 12 (210.0 nm)
Contact power, DAC 10 (175.0 nm) 10 (175.0 nm) 10 (175.0 nm)
Contact force, mN 220 220 220
Contact duration, s 0.003 0.003 0.003
Bonding power, DAC 36 (630.0 nm) 36 (630.0 nm) 36 (630.0 nm)
Bonding force, mN 180 180 180
Bonding duration, s 0.006 0.006 0.006
Substrate temperature, °C 25 175 300

380
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Table 3 Effect of bonding duration on bond dimension, shear force and shear strength.

Level BD1 (short duration) Level BD2 (standard duration) Level BD3 (long duration)
: Ball Ball ~ Shear force, Shear . Ball Ball Shear Shear . Ball Ball Shear Shear
diameter, height. um f strength,  diameter, heieht. um  force. af strength,  diameter, height. um force. af strength,
ght, p g MPa m ght, 9t " \ipa um ght, p 9t " \Pa
Min 37.2 12.7 12.1 - 39.5 11.6 14.1 - 40.6 10.1 15.9 -
Max 39.7 14.2 14.8 - 40.9 12.9 17.4 - 44.8 115 20.9 -
Mean 38.4 13.4 13.5 116.6 40.1 12.2 15.5 122.8 42.9 10.9 18.8 130.1
STDEV*  1.08 0.42 0.62 - 0.49 0.45 0.65 - 0.70 0.56 1.06 -

*  Standard deviation for 20 measured samples.
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Table 4 STEM-EDX results for regions 1-3 in Fig. 3c and 4-8 in Fig. 4b. The precision of

EDX measurement of O is approximately £10%, and Al and Cu are approximately +2%.

Regions OKat.% Al K at.% CuKat.%
1 6 93 1
2 54 44 2
3 2 8 90
4 6 91 3
5 9 60 31
6 13 58 29
7 7 10 83
8 6 9 85
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Table 5 Effect of substrate temperature on bond dimension, shear force and shear strength.

Level-ST1 (room temperature) Level-ST2 (175°C) Level-ST3 (300°C)
Ball gl Shear Shear Bl Ball  Shear _onear  Ball Ball  Shear oM
diameter, heioht. um force. of strength,  diameter, heicht. um_ force. of strength,  diameter, heicht. um_ force. of strength,
ght, p 9t \1pa ght, p 9 MPa m ght, p 9t \Pa
Min 37.4 11.7 7.2 - 39.5 11.6 14.1 - 39.1 10.7 19.1 -
Max 40.9 135 9.5 - 40.9 12.9 17.4 - 44.5 121 23.9 -
Mean 39.1 12.6 8.3 69.2 40.1 12.2 155 122.8 42.8 115 21.2 147.4
STDEV* 0.81 0.53 0.80 - 0.49 0.45 0.65 - 0.89 0.45 1.32 -
* Standard deviation for 20 measured samples.
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List of figure captions

Fig. 1 Region-specific TEM sample preparation using FIB.

Fig. 2 SEM images showing the overview of the Cu-Al interfaces with three levels of
bonding duration: (a) Level-BT1; (b) Level-BT2; (c) Level-BT3. *A layer of
Pt was deposited in order to obtain a cleaner cross section.

Fig. 3 (a) TEM image presenting interfacial morphology of the Cu-Al bond with a
short bonding duration (Level-BT1 in Table 1 for detailed bonding parameters);
(b) lattice image and Fourier reconstructed pattern of region A in (a) with
CuAl; [001] linked to the Al pad; (c) details of region B in (a) showing a 5-10
nm thick alumina layer between the copper ball and the aluminium pad.

Fig. 4 (a) TEM image presenting interfacial morphology of the Cu-Al bond with a
standard bonding parameters (Level-BT2 in Table 1 for detailed bonding
parameters); (b) details of regions A in (a) showing the morphology of IMC
particles; (c) lattice image and Fourier reconstructed pattern of region A-1 in (b)
with CuAl; [001].

Fig. 5 (a) TEM images showing an overview of the Cu-Al interface formed at room
temperature; (b) details of region A in (a) presenting a uniform layer of
alumina between the copper ball and the aluminium pad; (c) details of region B

in (a) presenting approximately 20-nm-thick IMC particles.
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Fig. 5

24



