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Here, we study the effect of bonding time on the intermetallic compound (IMC)
formation and shear property of Cu/In-50Ag/Cu TLP solder joints based on
low-temperature transition liquid phase (TLP) bonding of In-Ag composite
powder. The bonding process was carried out at a temperature of 260�C using
a wafer bonding machine. The results show that the solder joints are composed
of an (Ag,Cu)2In phase and a Cu2In phase in the interfacial diffusion reaction
zone and an Ag2In phase and In rich phase in the in situ reaction zone. It was
observed that the (Ag,Cu)2In phase is formed firstly in the diffusion reaction
zone when the bonding time is 0.5 min, then transforms completely into the
Cu2In phase when the bonding time reaches 30 min. The shear strength in-
creased and then decreased with increasing bonding time. The observed shear
fracture mode of solder joints is brittle.
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INTRODUCTION

With the development of energy, automobile,
aerospace and other industrial fields, the demand
for high-temperature electronic devices is increas-
ing.1–3 The third-generation semiconductor has the
characteristics of low power consumption and high
thermal conductivity and can withstand high oper-
ating temperature.4 The trend of high-temperature
applications brings great challenges to microelec-
tronics technology. Traditional soldering methods
cannot meet the manufacturing requirements of
advanced electronic systems. Transition liquid
phase (TLP) technology is considered a high-tem-
perature packaging method with superior applica-
tion potential because of its characteristics of low-
temperature connection and high-temperature ser-
vice.5–9 An intermetallic compound (IMC) layer with

high melting points is generated for interconnection
of chips and ceramic substrates by diffusing reaction
between high melting point materials (such as copper
and silver) and low melting point materials (such as
tin and indium) to obtain superior temperature
resistance.10,11 In recent years, research on TLP
bonding has mainly focused on Sn-based solder
joints. Zhu 12 found that the continuous IMC with
high melting point is formed by metallurgical reac-
tion between Sn and Cu metal particles with particle
size smaller than 2.5 lm at low temperature (250–
280�C). Deng’s (Ref. 13) research shows that a
scallop-like Cu6Sn5 layer is formed at the interface
of copper with increasing aging time. A Cu3Sn phase
occurs at the interface between Cu6Sn5 and Cu after a
long aging time. Shao (Ref. 14) found that Ag3Sn
grains mainly present as scallop-like, while pris-
matic, needle-like, hollow columnar, plate-like and
linear grains are also produced. Compared with Sn-
based solders, In-based solders have the advantages
of low melting point, superior fatigue resistance and
conductivity.15,16 Bernhard’s (Ref. 17) research(Received November 23, 2019; accepted April 9, 2020;
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shows that an Ag9In4 phase is formed firstly when the
solder joints are bonded at 320�C, then it transforms
completely into an Ag3In phase when the bonding
time reaches 30 min. Ma et al. (Ref. 18) explored the
formation and evolution of IMC between the In-3Ag
solder and Cu substrate for different soldering times
ranging from 1 min to 30 min. The result shows that
the interfacial IMC gradually changes from an
(Ag,Cu)In2 phase to a (Cu,Ag)11In9 with increasing
bonding time. Wronkowska et al. (Ref. 19) studied
composition and microstructure of In/Ag thin films
evaporated on the substrate in a vacuum. Thick-
nesses of deposited pure metal layers were adjusted
to atomic concentration ratios In:Ag = 1:2. Interdif-
fusion of metals and creation of intermetallic com-
pounds AgIn2, Ag2In were detected at room
temperature. In/Ag films become layered after
annealing at 393 K for 60 min. Lin (Ref. 20) studied
the shear property of In-Ag solder joints by metal
plating on an Al2O3 substrate. Two groups of samples
were prepared. The substrate was coated with 8-lm-
thick Ag layer. The middle layer of one group of
samples was a 3-lm-thick In layer, and the other was
an 8-lm-thick In layer. The results showed that the
shear strength of a thin In layer is obviously higher
than that of a thick In layer, but the maximum shear
strength is only 1.4 MPa. At present, In-Ag solder
joints are mainly studied by metal plating on sub-
strates, and the research of micro-nano bonding of
metal particles and the effect of bonding time on the
microstructure and shear property of solder joints are
rarely reported.

In this paper, an In-50Ag composite solder was
prepared using Ag particles with a diameter of
1 lm. The microstructure transformation and shear
property of Cu/In-50Ag/Cu TLP solder joints under
different bonding times are studied.

EXPERIMENTAL

In particles with diameter 1–10 lm and Ag
particles with diameter 1 lm were used to prepare
In-Ag composite solder paste (Fig. 1). In and Ag
particles with a mass ratio of 1:1 were mixed by

mechanical stirring, and the In-50Ag composite
solder paste was obtained after adding 11 wt.%
rosin flux into the mixed particles.

The In-50Ag solder paste was coated on the lower
Cu substrate of 12 mm 9 12 mm 9 4 mm. The pure
Cu substrate with the size of 10 mm 9 10 mm 9 4
mm was polished as the upper substrate and
assembled into a sandwich structure with the lower
substrate. The thickness of the In-50Ag solder paste
between the two substrates is about 35 lm using a
special mould. Figure 2 is the schematic diagram of
the coating process. The Cu/In-50Ag/Cu TLP solder
joints were prepared at a bonding temperature
260�C and stress 1 MPa with bonding time 0.5–
120 min. The bonding process was carried out under
a vacuum degree of 1–5 Pa using a wafer bonding
machine.

The microstructure of solder joints was observed
using an INSPECT S50 scanning electron micro-
scope (SEM) equipped with energy dispersive spec-
troscopy (EDS). X-ray diffraction (XRD) was applied
to analyze the phase composition of solder joints.
The shear strength of solder joints was tested by
UTMS 5305 electronic universal testing machine
with a stretching rate of 0.2 mm/min. The shear
strength of the joints is estimated by the average
value of the three replicate tests. Figure 3 was the
schematic diagram of shear test. The shear fracture
of solder joints was observed by SEM.

RESULTS AND DISCUSSION

Microstructure

Figure 4 shows the microstructure of Cu/In-50Ag/
Cu TLP solder joints bonded at different times. The
solder joint is composed of a diffusion reaction zone
close to copper substrate and an in situ reaction
zone between two diffusion reaction zones. As
shown in Fig. 4a, a discontinuous IMC layer is
formed at the diffusion reaction zone, and a large
number of IMC particles and holes are generated in
the in situ reaction zone. The EDS and XRD results
on IMC layers in two reaction zones are listed in
Table I and Fig. 5. In the diffusion reaction zone,
the molar mass ratio of Ag + Cu to In of the IMC is
about 2:1 when the bonding time is 0.5 min, corre-
sponding to (Ag,Cu)2In phase. In the in situ reaction
zone, the molar mass ratio of Ag and In of the IMC is
approximately 2:1. This corresponds to an Ag2In
phase according to the In-Ag phase diagram. The
microstructure of solder joints is composed of an
(Ag,Cu)2In phase and a Cu2In phase in the diffusion
reaction zone and an Ag2In phase, Ag and In-rich
phase in the in situ reaction zone.

The content of the (Ag,Cu)2In phase in the
diffusion reaction zone decreases with increasing
bonding time, and the (Ag,Cu)2In phase gradually
changes into a Cu2In phase. The (Ag,Cu)2In phase is
transformed completely into a Cu2In phase when
the bonding time reaches 30 min. A compact and
relatively flat IMC (Cu2In) layer is formed in theFig. 1. Morphology of the mixed powders.
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diffusion reaction zone. The reason for the transfor-
mation is that Ag atoms of the (Ag,Cu)2In phase are
easily replaced by Cu atoms to form a Cu2In phase
because Cu and Ag have a similar atomic radius and
the same crystal structure. The size of Ag2In
particles increases obviously when the bonding time
is 30 min (Fig. 4c), and the Ag2In phase is trans-
formed from granular to bulk. This phenomenon can
be explained by Ostwald ripening,21,22 in which the
Ag2In phase with large size grows further under the
decomposition of the Ag2In phase with small size,
which leads to the decrease of particle number of
Ag2In and the increase of Ag2In size and content.

Porosity of Cu/In-50Ag/Cu TLP Solder Joints

As shown in Fig. 4, a large number of voids is
generated in the solder joints. In order to analyze
the effect of bonding time on the porosity of Cu/In-
50Ag/Cu TLP solder joints, the microstructure of
the solder joint is observed under 2000 times
magnification. The total number of pixels, N, of

the connection layer and total pixels, n, of the gap
are extracted. The porosity is as follows:

P ¼ n=N � 100% ð1Þ

The relationship between porosity and bonding
time is presented in Fig. 6. The porosity of solder
joints shows a sharp decreasing trend firstly and
then an increase. The porosity reaches maximum
value at about 25.68% when the bonding time is
0.5 min. There are three main reasons for the
formation of voids in solder joints: firstly, the gap
between Ag particles is not filled effectively in a
short time after In around Ag particles is depleted.
Secondly, a void is generated after evaporation of
rosin flux at high temperature during bonding
process, and In cannot replenish the holes in time
because of its limited flow ability. Third, the linear
expansion coefficients of each phase are different,
and the voids are caused by the volume shrinkage
during phase transformation.

The porosity decreases to a minimum of 1.85%
when the bonding time reaches 30 min. This is
because liquid In fills part of the voids with
increasing bonding time. In addition, the decrease
of gap between IMC particles caused by the growth
of Ag2In phase is also a significant reason. However,
the porosity of the solder joint increases when the
bonding time is further extended. The reason for
this change is that the formation of the Cu2In phase
consumes a lot of In with the extension of bonding
time, resulting in the incomplete filling of pores
between the Ag2In particles in the in situ reaction
zone. At the same time, the brittle Ag2In IMC is
prone to cracking when the solder joint is under the
condition of pressure heating for a long time, which
increases the porosity.

Shear Property

Figure 7 shows the shear property of Cu/In-50Ag/
Cu TLP solder joints under different bonding time.
The shear property of solder joints shows a trend of
increasing firstly and then descending with increas-
ing bonding time. The shear strength of solder joints
is 3.72 MPa when the bonding time is 0.5 min. This
phenomenon can be explained by the following two
reasons: firstly, a discontinuous (Ag,Cu)2In phase
formed in the diffusion reaction zone is not con-
ducive to connection. Secondly, stress concentration
caused by voids leads to inferior shear property. The

Fig. 2. Schematic diagram of solder paste coating.

Fig. 3. Schematic diagram of shear test.
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Table I. EDS results of in situ IMCs and interfacial IMCs of Cu/In-50Ag/Cu solder joints under different
bonding times

Bonding time (min)

In situ IMCs (at.%)

Phase

Interfacial IMCs (at.%)

PhaseAg In Ag Cu In

0.5 66.69 33.31 Ag2In 54.78 12.93 32.29 (Ag,Cu)2In
3 65.91 34.09 Ag2In 33.68 32.99 33.33 (Ag,Cu)2In
30 66.78 33.22 Ag2In – 66.64 33.36 Cu2In
60 65.37 34.63 Ag2In – 66.47 33.53 Cu2In
120 66.55 33.45 Ag2In – 66.70 33.30 Cu2In

Fig. 4. Microstructure of Cu/In-50Ag/Cu solder joints under different bonding times: (a) 0.5 min, (b) 3 min, (c) 30 min, (d) 60 min, (e) 120 min.
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shear strength gradually increases due to the
reduction of voids before the bonding time reaches
30 min. An increase of Cu2In and Ag2In content also
contributes greatly to the superior shear property.
The shear strength reaches a maximum of 8.76 MPa
when the bonding time is 30 min. This is due to the
formation of a dense and continuous interfacial IMC
layer in the diffusion reaction zone. On the other
hand, the number of voids is in the solder joints, and
there is no obvious defect in the microstructure of
the solder joint. The shear strength of solder joints
gradually decreased to 4.33 MPa when the bonding
time increased from 30 min to 120 min. The increas-
ing number of holes and cracks in solder joints is the
primary factor leading to the variation.

Figure 8 shows the fracture surfaces of Cu/In-
50Ag/Cu solder joints under different bonding time.
A large amount of the (Ag,Cu)2In phase is detected
at the fracture when the bonding time is 0.5 min.
The fracture is located in the interfacial diffusion
reaction zone. The shear fracture of solder joints
shows a partly undulating structure and distinct
brittle fracture characteristics are observed. The
fracture mode is brittle. A granular Ag2In phase is
discovered at the fracture when the bonding time
reaches 30 min. The cracks germinate and expand
at the In-rich phase with low mechanical properties,
and the shear fracture is apparent intergranular
fracture. The fracture is located in the in situ
reaction zone and the fracture mode is brittle. An
obvious tearing area is found on the fracture surface
when the bonding time reaches 120 min. In addi-
tion, an Ag2In phase is observed. The phenomenon
shows that the fracture is located in the in situ
reaction zone, and the fracture mode is still brittle.

The solder joints mainly fracture at the interface
between the in situ reaction zone and the diffusion
reaction zone when the bonding time is 0.5 min,
while the other solder joints fracture in the in situ
reaction zone when the bonding time is 30–120 min.

CONCLUSIONS

The microstructure of solder joints is composed of
an (Ag,Cu)2In phase and a Cu2In phase in the
interfacial diffusion reaction zone and an Ag2In
phase and In-rich phase in the in situ reaction zone.
The (Ag,Cu)2In phase transforms into a Cu2In
phase with increasing bonding time. The compact
and relatively flat interfacial IMC layer composed
entirely of a Cu2In phase is obtained at the interface
when the bonding time reaches 30 min. The poros-
ity of Cu/In-50Ag/Cu TLP solder joints shows a
sharp decreasing trend at first and then it increases
slowly. A minimum porosity of 1.85% is obtained
when the bonding time is extended to 30 min. The
shear strength of solder joints shows a trend of
ascending first and then decreasing with increasing
bonding time. The shear strength of the solder joints
reaches a maximum value of 8.76 MPa when the

Fig. 5. XRD results of In-50Ag solder joints.

Fig. 6. Porosity of Cu/In-50Ag/Cu TLP solder joints under different
bonding times.

Fig. 7. Shear strength of Cu/In-50Ag/Cu solder joints under different
bonding times.

L. Yang, Qiao, Zhang, Gao, Y. Yang, and Xu4304



bonding time is 30 min. The shear fracture mech-
anism of solder joints is brittle.
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