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Abstract

The Au—Al bonding joint was prepared by the parallel gap resistance microwelding. The microstructural evolution of Au—Al
bonds was investigated under thermal aging, and the mechanical properties of Au—Al intermetallic compounds (IMCs) were
computed by the first-principles calculations. We found that the Au—Al IMCs along with cracks grew during aging time
and temperature increasing. The formation of the cracks is explained by the Kirkendall effect, volumetric shrinkages and
thermal mismatch. Based on the experimental data, the growth of the IMC:s is fitted to the diffusion equation to describe the
performance degradation of Au—Al bonds. The Arrhenius relationship is introduced as the acceleration model to describe the
effects of thermal stress on lifetime. Furthermore, the Weibull-Arrhenius model is built by the combination of the Weibull
distribution and the Arrhenius relationship, which provide a method to estimate the lifetime distribution under work condition.

1 Introduction

Compared with tape-automated bonding and flip chip bond-
ing, wire bonding technology is used extensively in chip
interconnection filed because of its cost effectiveness [1].
Wire bonding can be divided into thermal compression
bonding, ultrasonic bonding and thermosonic bonding.
However, with the miniaturization of electronic packaging,
new challenges have emerged in integrated circuit packag-
ing technology, such as the increase in I/O numbers, reduc-
tion in bond pad pitch and emergence of alloyed gold wires
and copper wires [2-5]. Recently, the parallel gap resist-
ance microwelding, which is a high-speed solid-state weld-
ing process, came into the sight of researchers owing to its
short heating time, thermal concentration, and convenient
and suitable interconnection for dissimilar materials [6].
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Sharma et al. [7] studied parallel gap welding of precious
metal (Au, Ag, Pt) wires on thick gold substrates in micro-
electromechanical systems and analyzed the effects of weld-
ing voltage, duration, electrode gap and welding pressure
on the strength of joints. Liu et al.[6]. investigated the main
parameters (welding voltage, welding time and electrode
force) as well as the mechanical properties of the Cu wire/
Au plating pat joints using parallel gap resistance microw-
elding process. Simultaneously, this technology was widely
applied in the interconnection between wire and coating in
solar battery, sensors, relays and medical devices [8—10].

Nevertheless, these researches were mainly aggregated
on the welding process rather than the properties of bonding
joints. The reliability of bonding joint plays a vital role in
the normal operating of devices. The miniaturization is still
a key design tendency in electronics industry [11], meaning
that a large amount of Joule heat generated in devices is still
the momentous failure factor in the interconnection between
wire and chips. It is essential to investigate the failure mech-
anism of bonds under thermal stress. Besides, the lifetime
of electronic equipment is usually limited by the failure of
bonding joints. From the experimental data, we established
the stress-lifetime relationship to estimate the reliability of
the bonding joints.
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2 Experimental

The Al wire (diameter of 100 pm) was bonded on the Au pad
(thickness of 3 pm) using parallel gap resistance microweld-
ing. The welding current, time and electrode force are 200
A, 5 ms and 10 N, respectively. Each sample containing 6
bonding joints was manufactured under the same process.
12 samples were aged at 100 “C, 125 “C and 150 °C for 24 h,
120 h, 240 h and 360 h, respectively, with one sample as the
control group. The microstructures of bonding joints were
examined by SUPRA 55VP Scanning Electron Microscope
(SEM), and the compositions of the materials were con-
firmed by the energy-dispersive X-ray (EDX). The thickness
of IMCs layer was measured using Adobe Photoshop CS
5.0 software. The first-principles calculations were imple-
mented with Vienna Ab-initio Simulation Package (VASP)
codes [12]. For exchange correlation energy, the generalized
gradient approximation (GGA) of Perdew—Burke—Ernzerhof
(PBE) was chosen [13]. The Methfessel-Paxton technique
with 0.1 eV smearing determined the electronic occupancies.
The accuracy of energy convergence was set as 5x 10 eV/
atom and the valence electron configurations of Au and Al
were 5d'%6s" and 25%3p", respectively.

3 Results and discussion
3.1 Evolution of intermetallic compounds

Figure 1 shows two typical regions on the interface of the
initial Au—Al bonds. The upper part of black area and the
lower part of gray area are Cu phase and Al phase, respec-
tively. The distinct part in the middle is the Au layer. In
Fig. 1a, the Au layer is subjected to tremendous deformation
and the thickness is compressed to less than 1 pm due to the

high pressure during the bonding process. On the contrary,
the uniform Au layer can be seen in Fig. 1b. The results of
EDX (Table 1) illustrate that the whole Au layer has been
converted to the Au—Al IMCs and no significant changes
will generates during aging in the first case. Nevertheless,
IMCs emerge only near the Al side and grow rapidly during
aging in the latter case.

On the one hand, the primary Au—Al IMCs formed in the
bonding process grow with the increasing aging time. Fig-
ure 2 performs the IMCs evolution of bonding joints anneal-
ing at 125 °C for 24 h, 120 h, 240 h and 360 h. First, the
small punctate IMCs (Fig. 2a) transform into bulky IMCs
(Fig. 2b) with the aging time prolonging. There is a crack
on the interface between Al and Au phase in the meantime.
Then, the bulky IMCs grow transversely resulting in the
formation of lamellar IMCs (Fig. 2c). Finally, the flaws

Table 1 EDX results for point 1-15 in Au—Al bonds

Points AlK at % CuKat % AuL at %
1 75.73 3.38 20.89
2 26.78 12.81 60.41
3 12.07 63.71 24.22
4 16.01 - 83.99
5 - 6.23 93.77
6 - 19.71 80.29
7 23.52 2.67 73.81
8 - 5.14 94.86
9 - 11.29 88.71
10 22.26 3.11 74.64
11 22.34 3.58 74.08
12 29.72 4.81 65.47
13 32.76 2.18 65.06
14 77.51 1.25 21.23
15 2.34 7.96 89.70

Fig. 1 SEM images of two typical regions on the interface of initial Au—Al bonds
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Fig.2 SEM images of Au—Al bonds after aging a 24 h, b 120 h, ¢ 240 h, d 360 h at 125 °C

and IMCs grow continuously (Fig. 2d). On the other hand,
ambient temperature is also vital for IMCs growth. Figure 3
shows the Au—Al bonds after aging 240 h under different
temperatures. With the increasing aging temperature, the
thickness of IMC rises gradually, and the cracks become
larger. Especially, multilayer IMCs are found in Fig. 3c. Five
types of IMCs including Au,Al, Au,Al, AugAl;, AuAl and
AuAl, possibly exist based on the equilibrium phase diagram
of Au-Al [14]. EDX was applied (Fig. 4) to examine the
compositions of IMCs and the results are listed in Table 1.
The contents of points 7, 10 and 11 indicate the existence
of Au,Al near the Au layer, and the components of point
14 suggest the formation of AuAl, along Al side, which is
consistent with Xu et al. [15, 16]. The components of points
12 and 13 predict that a mixed phase consisted of AugAl,
and Au,Al is located between AuAl, and Au,Al layer. The
mechanic properties of IMCs are further computed by the
first-principles calculations. A stress—strain method [17] was
utilized to calculate the elastic matrices C;; of the Au-Al
IMC:s. The loaded strains on equilibrium lattice ranging from
— 0.2 to 0.2% with a step of 0.005% determine the changes
of total energy. However, the strains are loaded in different
ways for the variety of lattice structure, causing the diversity

of elastic matrices which are displayed in Table 2. The poly-
crystalline elastic modulus [bulk modulus (K), shear modu-
lus (G) and Young’s modulus (E)] and Poisson’s ratio v are
enumerated in Table 3, which are deduced from the values
of C;; based on the Voight-Reuss-Hill approximation [18,
19]. The properties of Au—Al IMCs are quite different from
the initial metal. Especially, the Young’s modulus of Au,Al
(111.04 GPa) and AuAl, (111.56 GPa) are particularly high,
indicating the high brittleness.

3.2 Formation of cracks

We find that the cracks expand with the growth of IMC on
the Al/Au interface, which are attributed to the Kirkendall
effect [20], volumetric shrinkages [21] and thermal mis-
match. In Au—Al system, the diffusion constant for Au atoms
spreading to Al metal is five orders of magnitude than the
inverse diffusion [22]. Consequently, the Au atoms quickly
diffuse to the Al metal, forming the Kirkendall voids which
will turn into cracks during aging. Besides, Xu et al. [21]
estimated that the intermetallic growth and phase transfor-
mation will result in volumetric shrinkage in Au—Al bonds.
During aging, significantly volumetric shrinkage arising
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Fig.3 SEM images of Au—Al bonds after aging 240 h at a 100 °C, b 125 °C, ¢ 150 °C

from rapid growth of IMCs develops large plastic stress [23]
in IMCs, which is contributed to the expansion of cracks.
The thermal expansion is controlled by the anharmonic
effect of lattice vibration, signifying that the bonding force
between atoms determines the coefficient of thermal expan-
sion (CTE). Meanwhile, Young’s modulus also depends on
the atomic bonding force [24]. From the calculation results
of Au-Al IMC, the CTE mismatch will occur after thermal
aging. Hence, the cracks are easily formed at the interface
between Au and IMC layer.

3.3 Reliability assessment

Along with the expansion of cracks, the growth of IMCs,
makes the performance of bonding joints degenerate. There-
fore, the thickness of IMCs layer is considered as the char-
acteristic parameter to evaluate the degradation degree. We
have measured the IMCs thickness of three bonds, and the
results of the measurement are printed in Table 4. Under
the premise of fixed thermal aging temperature, the growth
kinetics of IMCs layer can be estimated using the diffusion
equation [25, 26],

@ Springer
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where H is the thickness of IMCs layer, H,, is the initial
thickness, t means the aging time, D represents the diffu-
sion constant. For curve fitting, the diffusion equation is
rewritten as following,

Y =AX+B )

where Y=H, A =\/B, X= \/; and B=H,,. This equation
is individually fitted to the growth paths of IMCs layer at
each temperature level. The fitting results are plotted in
Fig. 4, and the coefficient estimated in diffusion equation
of bond 1 are summarized in Table 5. It can be found that
the diffusion constants increase with the aging tempera-
ture rising. In experiment, the diffusion constant of Au/Al
system was found to be 2.2E-18 m?/s at the temperature
of 130 °C [27]. In our estimation, the diffusion constant
is 2.832E-18 m%/s at 125 °C which is consistent with the
experimental data proving the credibility of this diffusion
equation.

The failure time is the time when the actual degrada-
tion path reaches the prespecified critical degradation level
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Table 2 The calculated elastic IMCs c, Cy Css Cu Css Ces Cp Cs s
constants of Au-Al IMCs GPa GPa GPa GPa GPa GPa GPa GPa GPa
Au,Al 138.41 138.41 138.41 26.52 26.52 26.52 122.46 122.46 122.46
Au,Al 184.61 158.87 202.22 39.59 41.79 36.70 84.34 89.23 102.15
AuAl, 13445 13445 134.45 65.41 65.41 65.41 90.86 90.86 90.86

during aging. In this study, we defined the failure time as
the time when the thickness of IMC layer reaches 3 pm on
account of the depletion of the initial 3-pm-thick Au layer.
We predict the failure time using the diffusion equation
because the IMCs layer did not reach the failure level at

100 °C and 125 °C. The estimated failure times at each tem-
perature are summarized in Table 6 for lifetime prediction.

From the diffusion equation, we get the failure times of each
thermal stress. A relationship should be built between each
temperature level and failure time to extrapolate the lifetime
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Table 3 The calculated mechanical properties of Au—Al IMCs

IMCs K/GPa G/GPa E/GPa v

Au,Al 127.77 16.42 47.24 0.44
Au,Al 121.06 41.21 111.04 0.35
AuAl, 105.39 42.14 111.56 0.32
Au 137.33 14.67 42.49 0.45
Al 83.33 23.92 65.50 0.37

Table 4 The thickness of IMCs layer in thermal aging

Temperature/C Thickness/um Time/h
24 120 240 360
100 Bond 1 043  0.87 1.14 1.19
Bond 2 040  0.88 1.18 1.31
Bond 3 0.57  0.96 1.38 1.52
125 Bond 1 0.47 1.51 1.76 1.90
Bond 2 0.48 1.10 1.64 1.98
Bond 3 0.61 1.66 2.07 231
150 Bond 1 290 346 407 4.65
Bond 2 266 330 3.64 414
Bond 3 3.15 352 404 475

Table 5 Parameters estimated in diffusion equation at each tempera-
ture

Temperature ('C) 100 125 150
Value of A 9.327E-10 1.683E-9 2.055E-9
Value of B 2.035E-7 1.396E-7 2.219E-6

Diffusion constant (m%s) ~ 8.699E-19  2.832E-18  4.223E-18

Table 6 The estimated failure time at of three bonds at each tempera-
ture

Temperature (C) 100 125 150
Bond 1 2497 h 802 h 40 h
Bond 2 1919 h 804 h 69 h
Bond 3 1561 h 559 h 23 h

under normal use condition or every interesting stress level.
Weibull distribution [28], as the popular lifetime distribution
in reliability test, is selected in the present study for the univer-
sality of its shape, especially the well-fitting with the lifetime
distribution of electronic equipment. And the cumulative fail-
ure function can be written as following,

F(@)=1-exp [_<£> ] (t,m,n>0) 3)

@ Springer

where 7 is the time, 7 is the scale parameter, m is the shape
parameter determining the structure of the distribution
curve. The shape parameter is closely related to the fail-
ure mechanism of bonding joints. That is, different value of
shape parameter results in variety of failure rate. When the
m is greater than, less than and equal to 1, the Weibull dis-
tribution has the increasing, decreasing and constant failure
rate, respectively. The growth rate of IMCs increases with
the aging temperature ascending which indicates the value of
m is more than 1. In addition, we assume the invariance of m
because of the changeless failure mechanism in all thermal
stress level. The scale parameter is also called characteris-
tic life (the failure probability is 63.2% at this time) which
has a relationship with thermal stress. For reliability test,
there are many typical physical stresses such as temperature,
mechanism load, voltage and humidity. These stresses all
have the corresponding acceleration model used to describe
the effects on the lifetime. The Arrhenius acceleration model
is generally employed to describe the relationship between
temperature and characteristic life. It can be presented as
[29],

E
n=Aexp () @
where E is the activation energy, k is the Boltzmann’s con-
stant (8.6171E-5 eV/C), A is the non-thermal constant and
T is the absolute Kelvin temperature.

For the purpose of lifetime prediction under normal use
condition, the Weibull-Arrhenius [30] model is constructed
according the relation between the characteristic life and
thermal stress as,

m

_r
Aexp(%)

Using the estimated failure lifetime of each temperature,
the parameters of Weibull-Arrhenius model can be evalu-
ated by the double logarithm linear method. The logarithm
of the formula (5) is taken twice as following,

F(H)=1—exp|- (t,m,n > 0) )

1 E
i —L [ -ma- £]
nnl_F(Z) m|ln(¢) — In T (6)
When the failure data is little, it is incorrect to replace
the frequency with probability. In this study, we utilize the
median rank estimation method to estimate the cumulative
failure probability, which is given by,

i~ 03
F@):;+04 Q)

where n is the total number of samples, i is the number of
failures at ¢, time. For the aim to predict the lifetime of the
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Fig.5 Fit of the Weibull-
Arrhenius model to the lifetime
at each temperature
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bonding joints under normal use condition, Eq. (6) is rewrit-
ten as,

t =Aexp <—_ lnln(nll— FU)) exp <k£T>

The parameters of this model are evaluated according to
the failure data in thermal aging. The estimated results are
plotted in Fig. 5, and the values of m, A and % are 352.1,
4.710E-4 and 5668, respectively. Assuming the working
temperature is 25 °C, the estimated lifetime of the bonding
joints is 85,730 h (9.79 years). The remaining life also can
be obtained by subtracting the actual service life from the
predicted lifetime under the working temperature.

®)

4 Conclusion

In this work, we found two typical regions in Au—Al bonding
joints using parallel gap resistance microwelding for the dif-
ference of bonding pressure. In one case, there is a uniform
Au layer. In another case, the Au layer has a tremendous
deformation. In the first case, the behavior of IMCs was
investigated under thermal aging. The punctate IMCs grow
into bulky IMCs and finally become lamellar IMCs with
time increasing. The lamellar IMCs are multilayer IMCs
including Au,Al, AuAl,, Au,Al and AugAl;. For further
understanding, the IMCs, the first-principle calculations
were performed, finding the notable mechanical changes
between initial metals and IMCs. There is a crack at the
interface between IMCs and Au layer, which is attributed
to the combination of the Kirkendall effect, volumetric
shrinkages and thermal mismatch. Assuming that the fail-
ure threshold of bonding joints is the thickness of IMC layer
reaching 3 pm, the lifetimes are estimated from the diffusion
equation. To extrapolate the lifetime under normal use con-
dition, the Weibull-Arrhenius is introduced, and the esti-
mated lifetime at 25 °C is 9.79 years.
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