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Abstract: The morphology, chemical composition, mechanical properties of the interface reaction products and their
effects on the shear strength of the Au—Ge/Cu soldering joint were systematically investigated. The results showed that
a close-packed hexagonal (HCP) structure solid solution phase was formed at the interface after soldering at 400 °C for
5—60 min. The composition of the HCP phase varied among 78—46 at.% Cu, 9—42 at.% Au and ~12 at.% Ge. The
Young’s modulus and hardness of HCP phase were 105—-112 GPa and 4.3—4.7 GPa, respectively. The shear strength of
the 5 min soldering joint was 57 MPa; however, it increased to 68 MPa when the soldering time was prolonged to
60 min. The increasing shear strength can be ascribed to the formation of HCP ductile phase and its effect on depleting
the brittle (Ge) phase. It suggested that a HCP structured solid solution formed at the interface could enhance the shear

strength of the solder joint.

Key words: Au—Ge solder; interfacial reaction; solid solution; close-packed hexagonal structure; shear strength

1 Introduction

Soldering has been extensively utilized to
form interconnections between the electronic
components [1—4]. For decades, scientists and
engineers have worked diligently to achieve high
performance and reliability of soldering joints [5,6].
For instance, Sn-based [4,7] and Au-based [8,9]
solders, with melting points of 180—280 °C, are
designed to match the requirements of soldering
joints for most electronic products. However,
recently, high-frequency and high-power devices
applied at high temperatures approximately 300 °C
are becoming increasingly critical [10], which leads
to enormous demands for high-temperature solder
for electronic packages. The Au—28at.%Ge eutectic
alloy consisting of (Au) and (Ge) phases, has a

melting point of 361 °C [11,12]. It has favorable
mechanical, thermal, and electrical performances,
being an excellent candidate solder for use up to
approximately 300 °C [12—14].

However, the mechanical properties of
soldering joints and the reliability of electronic
products are crucially determined by the interfacial
reaction products between the solder and
substrate [15—17]. Generally, the soldering joint
presents excellent shear strength when the thin and
uniform intermetallic compounds (IMCs) layer is
formed at the interface [10,18—24]. For example,
when the uniform Ni,Ge and/or NiGe layer is
formed at the Au—Ge/Ni soldering joint, the shear
strength of the Au—Ge/Ni joint maintains at around
50 MPa [10,22,23]. The soldering joint will achieve
a higher shear strength when a ductile multi-
principal-element solid solution phase is formed
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at the interface [22,24]. However, the formation of
multi-principal-element solid solution reaction
product requires the multiplication of principal
elements of the substrate. It will dramatically
increase the complexity of the soldering joint and
soldering process, reducing the potential reliability
of the soldering joint.

Cu is the most common substrate in electronic
systems [15,25]. An interfacial reaction layer
containing large amounts of Cu, Au, and Ge is
commonly observed at the Au—Ge/Cu soldering
joint. Nevertheless, it has no indistinct interface
with either (Au) phase in Au—Ge solder or Cu
substrate. In addition, this Cu—Au—Ge phase
shows an extensive composition range [12,23,26].
Although it is reported as the &-(Au,Cu)sGe phase
roughly based on the chemical composition [12],
the phase type, thickness, morphology of the
reaction product, as well as its effects on the shear
strength of the soldering joint are still unclear. This
limits the application of Au—Ge-based solders and
the design of Au—Ge solder joints in the advanced
electronics industry.

Herein, the Cu substrate and Au—Ge eutectic
solder were bonded at 400 °C for various durations.
The close-packed hexagonal structure solid solution
interfacial reaction product, designated as HCP, was
found to form at the interface of the Au—Ge/Cu
joints during the soldering process. The morphology,
chemical composition, and mechanical properties of
this HCP phase and their effects on the shear
strength of the Au—Ge/Cu soldering joint were
systematically investigated. This is critical for
analyzing the interconnection between Au—Ge/Cu,
which further helps to design Au—Ge solders and
solder joints with outstanding mechanical
performance.

2 Experimental

The Au—Ge eutectic solder lugs, with
dimensions of 3 mm x 5 mm X 25 pum, from Beijing
Nonferrous Metals and Rare Earth Research
Institute of China, were used in the present work.
The cold-rolled Cu (>99.5 wt.%) sheet of 1.5 mm in

Table 1 Crystal structure properties of HCP phases [27]

thickness was cut into specimens with dimensions
of 33 mm X 5 mm X 1.5 mm. Before being used as
the substrates, the obtained Cu specimens were
mechanically polished, then cleaned with acetone in
an ultrasonic washer for 5 min. The Au—Ge solder
lug was placed into two Cu substrates, fixed with
Teflon tape to prepare the Au—Ge/Cu solder joint.
Finally, the Au—Ge/Cu joint was bonded in a
furnace (under H, atmosphere) at 400 °C for 5, 20,
and 60 min, respectively.

A RGM4100 universal mechanical machine
was used to measure the shear strength of the solder
joints, which operated at room temperature with a
tensile rate of 1 mm/min. The average shear
strength of each joint was based on at least three
independent measurements. A Shimadzu XRD—-6000
X-ray diffraction (XRD) instrument with a tube
voltage of 35 kV and a current of 200 mA was used
to measure the fractured surface of the joints to
obtain the phase constitution. The scanning rate and
angle range were set as 2 (°)/min and 20°-90°,
respectively. After being mechanically ground and
polished by an ion-beam polishing instrument
(Leica EM TIC 3X), the cross-sections of the joints
were characterized by a Tenscan Mira 3 scanning
electronic microscope (SEM) equipped with
electron backscattering diffraction (EBSD) detector
and energy dispersive X-ray (EDX) detector. The
scanning step and measured region for EBSD
measurement were 60nm and 25 pm x 25 pm,
respectively. The crystal structure properties of the
HCP phase used for EBSD measurement are listed
in Table 1 [27]. An ultra-nanoindentation tester
equipped with a Berkovich indenter (tip radius
R=50nm) was used to measure the mechanical
properties of the reaction products and solder
matrix in solder joints.

3 Results

3.1 Morphology of interfacial reaction product
layer
Figure 1(a) shows the joint after soldering at
400 °C for 5 min. The dark areas in the soldering
region are the (Ge) grains with an average diameter

Phase Symbol  Pearson symbol

Space group number

a/nm b/nm

cmm  o/(°) I /()

HCP  P63/mmc hP2 194

2.853  2.853 4.687 90 90 120

a, b and c are axial lengths; a, £ and y are interaxial angles
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of (5.0£1.6) um. Meanwhile, the bright matrix
is the (Au) phase, in the backscattered electron
(BSE) image. The Ge and Cu contents in this (Au)
phase are about 7 at.% and 30 at.%, respectively,
according to the EDX measurement. The grey
region near the Cu substrate will be the interfacial
reaction product. In combination with the
XRD pattern from the fracture surface of the
joint (Fig.2(a)) and the Au—Ge—Cu phase
diagram [28,29], the reaction product will be the
HCP solid solution. The EBSD phase distribution
(PD) map further verifies that the HCP layer in
5Smin solder joint is a uniform layer, of about
1.8 um in thickness, adjacent to the Cu substrate.
(Fig. 3(a)). This HCP layer contains a large amount
of Au, according to the element distribution maps
(Fig. 3(a)) corresponding to Fig.2(a). The EDX
results for a representative location show that the
chemical composition of the HCP is Cu—24Au—
12Ge. It should be noted that the volume fraction of
(Ge) in the solder matrix decreased from ~27.0 at.%
in Au—Ge eutectic [22] to ~18.6 at.% after 5 min
soldering since Cu dissolved in solder and HCP was
formed at the interface.

When prolonging the soldering time from 5 to
20 min, the reaction product near the Cu substrate is
still the HCP, according to the BSE image, XRD
pattern and EBSD measurement, as illustrated in

Figs. 1(b), 2(b) and 3(b), respectively. The EBSD
PD map corresponding to the selected square region
in Fig. 1(b) shows a uniform HCP layer near the Cu
substrate (Fig. 3(b)). The thickness of this HCP
layer increases from 1.8 to 5.6 um when the
soldering time increased from 5 to 20 min. The
average grain size of HCP rises to 2.9 um. In
addition, the (Ge) content decreases from
~18.6 at.% to ~8.1 at.%, and the average grain size
maintains at (5.743.1) um. The depletion of (Ge)
derives from two aspects. On the one hand, the
formed HCP layer at the interface contains a
constant 12 at.% Ge. On the other hand, the
dissolved Cu in the (Au) phase enhances the Ge
solubility in the (Au) matrix. As shown in Fig. 4,
the Ge content in (Au) increases from 3 at.% in
eutectic solder to 9 at.% in the solder joint.

The solder is almost depleted to form HCP
solid solution after 60 min soldering. Only a few
(Ge) particles, as low as 3.7 at.% of the total
soldering region, scatter in the solder joint near the
(Ge) particles, as illustrated in the BSE image
(Fig. 1(c)). Their average grain size still maintains
at (5.4+2.3) um. The XRD diffraction peak from the
(Au) phase is weaker than that from the HCP phase
(Fig. 2(c)). The EBSD PD map of the selected
square region near the substrate shows that HCP
is the main phase in the soldering region, yet a few

Fig. 1 BSE maps of Au—Ge/Cu joints after soldering for 5 min (a), 20 min (b), and 60 min (c)
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Fig. 2 XRD patterns of Au—Ge/Cu joints after soldering for 5 min (a), 20 min (b), and 60 min (c)



2452 Meng WANG, Jian PENG/Trans. Nonferrous Met. Soc. China 33(2023) 2449-2460

B o

B i

2

BGe) [I(Au) MCu WHCP Ay Cur— G ——

80| o 80 =
X X
S 60 S 60¢
5 -
g 401 401
@] &)
201 ' \ 201
—o—-.—o\._./._.,o—o—o
07 y./ ; : . : ] 2 /‘,/’ : . " : .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Ddistance/pm Ddistance/um

Fig. 4 Chemical composition profiles of Au—Ge/Cu joints after soldering for 20 min (a) and 60 min (b)

(Au) grains maintain in the middle of solder region 400 °C for 5-60 min. The average grain size and
(Fig. 3(c)). The HCP grains grow to 9.4 um in layer thickness increase with prolonging soldering
average diameter. The bulky HCP grains are formed  time. The Au—Ge eutectic solder is depleted to form
opposite to the Cu side, although the HCP grains
adjacent to the Cu substrate are still small.

In brief, the HCP solid solution phase is
formed at the Au—Ge/Cu interface after solderingat ~ (Au)H(Ge)+Cu—~HCP (1)

the HCP phase during the soldering process, as
shown in Reaction (1):
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However, the HCP layer shows a composition
gradient perpendicular to the interface, as illustrated
in Fig. 4. Figure 4(a) presents the chemical
composition profile towards the yellow arrow in the
20 min solder joint (Fig.2(b)). The HCP phase
formed adjacent to the Cu substrate shows high
Cu (59-82at.%) and Au (727 at.%) contents.
Especially, the Ge content in HCP maintains at
~12 at.%, which is higher than that of ~9 at.% in the
(Au) phase near the HCP layer. According to
the Au—Ge phase diagram, the Ge content in the
(Au) phase is 3 at.% [30]. However, the Cu was
dissolved in (Au) to form a continuous solid
solution, increasing the solubility of Ge in (Au) to
~9at% [29]. As shown in Fig. 4(a), the Cu
content in the (Au) phase can even be as high as
53 at.%.

The (Au) phase in the solder joint is almost
depleted to form the HCP layer after soldering for
60 min. The chemical composition profile of the
product layer shows that the HCP consists of
78—46 at.% Cu, 942 at.% Au and ~12 at.% Ge
(Fig. 4(b)). Similar to the 20 min solder joint, the
HCP also suggests an obvious composition gradient
perpendicular to the interface. This composition

2.5 ©
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gradient is in contrast to the face-centered cubic
structured product in the Au—Sn/CuNiAg solder
joint. The face-centered cubic structured product
at various locations of the joints soldered for

durations

various showed

similar

chemical

composition,

load (P)-depth (#) curves,

and

mechanical properties [31].

3.2 Mechanical properties of interfacial reaction
products

Corresponding to the composition gradient, the
HCP phase shows certain mechanical properties
gradient. Figure 5 illustrates the indentations at the
60 min soldered Au—Ge/Cu joint and relevant P—/
curves. The dark, red, and blue P—4 curves respond
to the A, B, and C indentations that are about 2, 5
and 8 um from the Cu substrate, respectively. The
hardness from A, B, and C indentations is 4.3, 4.4,
and 4.5 GPa, respectively, as listed in Table 2. It
indicates that the HCP phase near the Cu substrate,
with a low Au content, presents low hardness.
Similar to the hardness variation, the indentations
show similar Young’s modulus variation trend,
which are 105, 107 and 112 GPa for A, B, and C
indentations, accordingly.

2.5 (b)
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Fig. 5 Representation of indentations in 60 min solder joint (a) and representative P—h curves of indentations in joints

after soldering for 5 min (b), 20 min (c), and 60 min (d)
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Generally, the power law description (Eq. (2))
can be used to roughly illustrate the plastic
deformation behavior of ductile alloys. Hence, a
simple elastoplastic function was used to describe
the true stress—true strain curve as follows.

<
Ee ,foro<o,

o= g Y 2)
o, 1-l-—5p , foro > o,

Oy

where o is the stress; E is Young’s modulus; 7 is the
strain hardening exponent; o, is the initial yield
stress; &y is the corresponding yield strain; &, is the
nonlinear part of the total effective strain
accumulated beyond &,. The parameters of the
representative P—h responses, listed in Table 2, can
be used to calculate the yield strength (oy) and
strain hardening rate (n) by using the reverse
analysis method [33]. In Table 2, C is loading
curvature, dP,/dhA|,, is the initial unloading slope, /.
is the residual indentation depth after unloading, /im
is the maximum indentation depth, and P is the
maximum load. The estimated true stress—true strain
curves of the phases are presented in Fig. 6.
According to the estimated true stress—true
strain curves, in the joint after soldering for 60 min,
the A indentation has a shear strength of 302 MPa
and a strain hardening rate of 0.563. However, the
B indentation, about 5 um far away from the Cu
substrate, presents shear strength of 386 MPa and a
strain hardening rate of 0.532. The C indentation,
with the highest Au content in all three indentations,
shows the highest shear strength of 640 MPa, yet a
strain hardening rate of 0.368. It indicates that the

Meng WANG, Jian PENG/Trans. Nonferrous Met. Soc. China 33(2023) 2449-2460

HCP with higher Au content shows a high shear
strength but a low strain hardening rate.

The representative P-4 curves of the HCP
phase in the 5 min and 20 min solder joints are
shown in Figs. 5(a) and (b), respectively. The
indentations in both 5 min and 20 min solder joints
are about 2 um away from the Cu substrate. Their
Young’s modulus and hardness are 103, 4.7 and 105,
4.7 GPa, respectively, as listed in Table 2. The
estimated strain hardening rates from all three
indentations are 0.550—0.565. Meanwhile, the
estimated yield strengths are 302—424 MPa, as
shown in Fig. 6(d). It indicates that HCP near the
(about 2 um) presents
mechanical properties with the 60 min solder joint.

After the soldering process, the (Au) in the
solder matrix shows Young’s modulus of 97 GPa,
which is lower than that of the HCP phase. In
addition, the hardness of the (Au) is also lower than
that of the HCP phase in soldering. In the 5 min
solder joint, the Cu and Ge contents in the (Au)
are about 30at.% and 7 at.%, respectively. The
hardness from nano-indentation is 3.1 GPa. In
comparison, in the 20 min solder joint, the hardness
of the (Au) phase is about 4.2 GPa, for the (Au)
phase containing about 9at.% Ge and above
40 at.% Cu. However, Young’s modulus of (Au)
in eutectic Au—Ge solder was reported as only
78 GPa [32]. The hardness and Young’s modulus of
(Au) phase are sensitive to the Cu and Ge contents.
The dissolved Cu in the (Au) solder matrix during
the soldering process, accompanied by the
increased Ge solubility in (Au), increases the
hardness of the (Au) phase. It should be noted that

Cu substrate similar

Table 2 Parameters obtained from P—# curves for (Au), HCP, and (Ge) phases

Soldering time/min Phase  Young’s modulus/GPa Hardness/GPa C/GPa (dPu/dhls,)/(KN'-m™)  h/hm  Pw/N
Au—Ge eutectic (A) 781321 - - - - -
(Ge) 103 [32] - - - - -

HCP 103 4.7 84.4 75.2 0.773  0.002

> (Au) 97 3.1 63.1 88.9 0.844 0.002

HCP 105 4.7 84.3 74.8 0.776  0.002

20 (Au) 97 4.2 76.2 72.1 0.788 0.002

(Ge) 130 7.0 219 71.9 0.720  0.002

HCP (A) 105 4.3 78.8 79.0 0.794 0.002

60 HCP (B) 107 4.4 82.7 85.1 0.794 0.002

HCP (C) 112 4.5 85.2 75.0 0.819 0.002
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Fig. 6 Estimated true stress—true strain curves of phases in joints after soldering for 5 min (a), 20 min (b), 60 min (c),

and comparison of HCP curves (d)

the (Ge) phase demonstrates a diamond-structure,
which has a slight Au and Cu solution. Therefore,
the (Ge) in all the joints was treated as a brittle
phase with Young’s modulus of 130 GPa.

3.3 Shear behavior of soldering joint

To clarify the effects of the HCP layer on
enhancing the shear strength of the Au—Ge bonded
joint, the solder joints were shear fractured at room
temperature with a 1 mm/min tensile rate. Figure 7
shows the fractured surfaces of the joints. The
fracture occurs predominantly along the fragmented
bulk (Ge) grains in the solder matrix, showing a
brittle fractured surface after soldering for 5 min.
Interestingly, the crack along with the (Ge) grains is
closest to the Cu substrate. The brittle nature of
(Ge) responds to the cleavage fracture mechanism
of the solder joint. The Au—Ge eutectic solder
suggests brittle nature due to the high content of the
brittle (Ge) phase [14]. Although the fracture still
tends to develop along the (Ge) grains, the volume
fraction of (Ge) in the solder joint decreases from
18.6at.% to 8.1at% in 20min solder joint.

Therefore, the ductile fractured features can be
observed in the joint after soldering for 20 min. In
the case of the 60 min solder joint, the fracture
shows ductile fracture. This clearly illustrates that
prolonging soldering time is accompanied with the
transformation from a cleavage fracture to a ductile
fracture.

The shear strength evolution of the Au—Ge/Cu
joints is illustrated in Fig. 8. The shear strength of
the 5 min solder joint was 57 MPa, which increased
to 62 MPa after soldering for 20 min. The highest
shear strength of 68 MPa was achieved when the
soldering time was increased to 60 min. Apparently,
the shear strength of the Au—Ge/Cu joint increased
with increasing soldering time from 5 to 60 min,
which was higher than that of the Au—Ge/Cu—70Ni
joints of 59 MPa [22] and Au—Ge/Ni joints of
50 MPa [23], of which the Ni—Ge intermetallic
compounds (NiGe, NiGe and/or NisGes) were
formed at the interface. The highest shear strength
of the Au—Sn/Cu joint reached 69 MPa [34].
However, the brittle AussCuosSnzg phase were
formed at the interface of Au—Sn/Cu solder joints;
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Fig. 8 Shear strength of Au—Ge/Cu, Au—Sn/Cu [34] and
Au—Ge/Cu—70Ni [22] soldering joints

the grain boundaries of this IMC were fragile.
Therefore, the Au—Sn/Cu joint was dominated by
the intergranular fracture model, and their shear
strength decreased with the prolonged soldering
time [34]. This suggests that the shear strength of
the Au—Ge/Cu joints benefits from the formation of
the HCP phase.

(b)

©
Fig. 7 Fracture morphologies of Au—Ge/Cu joints after soldering for 5 min (a), 20 min (b), and 60 min (c)

4 Discussion

As mentioned above, the HCP layer was
formed at the interface in the joint after soldering
for 5-60 min. Figure 9 illustrates the interfacial
reaction in Au—Ge/Cu joints. Formation of the HCP
is accompanied by the depleted (Ge) and (Au)
solder matrix, enhanced shear strength of the
joint, as well as cleavage to ductile fracture
transformation.

To determine the effects of HCP, the finite
element (FE) models were employed to analyze the
stress distribution in the joints by using ANSYS
software (Fig. 10). The soldering region was
set as 100 um x 30 um as simplification. The HCP
was treated as a planer layer near the Cu substrate,
and the (Ge) particles were treated as random
distributing circles in the joint. The fraction, grain
size, and grain size deviation of the (Ge) particles
and thickness of the HCP layer from BSE and
EBSD measurements were used to build the FE
models. The estimated true stress—true strain curves
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Fig. 10 Au—Ge/Cu joints after applying constant shear strength of 40 MPa: (a) Reacted interface in FE models;

(b) Local stress concentration in HCP near substrate; (c) Equivalent plastic stress contour of bonded joints

from nanoindentations, as shown in Fig. 6, were
used as the material properties for FE models.

The ductile HCP released a local strain
concentration and changed the Ilocation and
maximum value of the strain localization under
shear stress (Fig. 10). After applying a constant
shear strength of 40 MPa on the models, the
maximum stress in the joint decreased with
increasing thickness of the HCP layer. After
bonding for 5 min, the thickness of the HCP layer
was approximately 1.8 um. The maximum stress in
the bonded joint was 637 MPa, and the maximum
equivalent plastic strain was observed in the HCP
layer near the corner. However, the maximum stress
decreased to 323 MPa when the thickness of the

HCP layer increased to ~5.6 um. It reached
171 MPa when the soldering time was increased to
60 min. Meanwhile, the maximum equivalent
plastic strain appeared in the plastic HCP. The
ductile reaction products have been frequently
reported to release local strain concentration, and
then enhance the shear strength of the soldering
joint [22,24,31]. In the Au—Sn/Ni joint, only a
brittle NisSn, phase layer was formed near the
substrate, the maximum stress that appeared in the
NizSn, layer was 1.5 GPa [35,36]. However, the
maximum stress decreased to 546 MPa when a
ductile layer of ~1 um thickness was formed at the
interface. The shear strength of the solder joint
increased from 48 to 69 MPa [24,31].
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The maximum stress of (Ge) decreased with
increasing soldering time, although it was obviously
lower than the stress in the HCP phase (Fig. 11(a)).
The maximum stress of (Ge) in the 5 min solder
joint, is 140 MPa, which is higher than that of
110 MPa in the 20 min solder joint as well as
103 MPa in the 60 min solder joint. As shown in
Fig. 7, the fracture occurred along with the (Ge)
grains since the brittle (Ge) would be broken under
certain stress. Therefore, the joint with a lower
maximum stress of (Ge) under a constant shear
strength would suffer a high shear strength. The
simulation results are consistent with the fact that
the 60 min solder shows high shear strength.

It should also be noted that the mechanical
property variations of the HCP only play tiny
effects on the maximum stress of (Ge). The
indentations A, B, and C in 60 min solder joint have
different yield strengths and strain hardening rates
as listed in Table 2. However, the calculated
maximum stress of (Ge) is 103, 102, and 100 MPa
after applying the true stress—true strain curves
from A, B, and C indentations, respectively

(Fig. 11(b)).

200
(@)

150 -

100

Maximum stress/MPa

D
[«
T

5 20 60

Soldering time/min

200

150

o

501 }| Distance

Maximum stress/MPa

2 3 4 5 6 7 8
Distance/um

Meng WANG, Jian PENG/Trans. Nonferrous Met. Soc. China 33(2023) 2449-2460

The minimum distance from the (Ge) grains to
the substrate, instead of the volume fraction of
(Ge), determines the maximum stress of the (Ge).
Figure 11(c) illustrates the maximum stress of (Ge)
versus the minimum distance from (Ge) to the
substrate. The maximum stress of the (Ge) particles
decreases from 144 to 113 MPa when the minimum
distance from (Ge) to the substrate increases from
1.8 to 8 pum, even the content of (Ge) particles
maintains at 18.6 at.%. In contrast, although the
content of (Ge) is 3.7 at.% in 60 min joint, the
maximum stress in (Ge) could increase up to
173 MPa when these (Ge) particles are 10 um
deviation from the central axis (Fig. 11(d)).

Thus, it can be concluded that the increased
shear strength after prolonging soldering time will
derive from the HCP formation. On the one hand,
the ductile HCP layer was formed at the interface,
releasing stress concentration in the joint. On the
other hand, the brittle (Ge) particles, especially the
particles near the substrate, were depleted during
the formation of the HCP phase. Similar features
can be found in the Au—Sn/Cu—Ni and Au—Ge/
Cu—Ni joints [22,24,31]. The ductile layer formed
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Fig. 11 Maximum local stress of (Ge) in joints: (a) Effect of soldering time; (b) Effect of mechanical properties of HCP;

(c) Effect of minimum distance from (Ge) to substrate; (d) Effect of distance from (Ge) to central axis
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near the substrate enhanced the shear strength of the
joint. However, the formation of ductile phases in
those joints is accompanied by brittle Ni3Sn,
particles. Hence, the shear strength of the joint will
decrease when a large fraction of NizSn; particles
are formed. In contrast, the depletion of the brittle
phase accompanies with the formation of ductile
HCP; therefore, the mechanical property of
Au—Ge/Cu is enhanced with prolonging soldering
duration. This also provides a guide for designing
the Au—Ge-based solders and solder joints. For
example, adding adequate alloying element, e.g. Sn,
Sb [26] into Au—Ge eutectic solder can accelerate
the depletion of Ge in the solder joint during the
soldering process.

5 Conclusions

(1) The close-packed hexagonal structured
HCP solid solution was formed in the Au—Ge/Cu
joint after soldering at 400 °C for 5—60 min. The
HCP layer has a constant Ge content of ~12 at.%,
yet the Au content gradient is perpendicular to the
interface. The range of this HCP solid solution is
revealed as 7846 at.% Cu, 9-42 at.% Au and
~12 at.% Ge.

(2) The HCP showed Young’s modulus range
of 105—112 GPa and hardness range of 4.3—4.7 GPa.
The HCP phase adjacent to the Cu substrate, with
low Au content, has lower Young’s modulus and
hardness. A representative estimated stress—strain
curve for the HCP phase adjacent to the Cu
substrate in 60 min solder joint shows a shear
strength of 302 MPa and a strain hardening rate of
0.563.

(3) The shear strength of the joint was 57 MPa
after soldering for 5 min, yet increased to 68 MPa
when the soldering time was prolonged to 60 min.
The HCP phase has ductile nature, especially, the
HCP formation depletes the brittle (Ge) phase. Thus,
the shear strength of the joint increases with
increasing the HCP layer thickness.
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