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Abstract
In this study, the Cu/In–Sn–20Cu/Cu solder joints were fabricated under the bonding temperature of 260 °C, bonding stress 
of 3 MPa and bonding time of 0.5–60 min by transient liquid phase bonding. The influence of bonding time on the micro-
structure evolution and the shear strength of the solder joints was investigated. The results indicated that the intermetallic 
compound in the interface reaction zone was  Cu3(In, Sn) phase, and its thickness was increased continuously with increas-
ing bonding time. The scallop-type  Cu6(In, Sn)5 phase was formed at the interface of  Cu3(In, Sn)/In–Sn–20Cu composite 
solder and then gradually grew to connect the island-type  Cu6(In, Sn)5 phase which formed in the in situ reaction zone. The 
transformation of  Cu6(In, Sn)5 phase to  Cu3(In, Sn) phase occurred in the in situ reaction zone after the bonding time reached 
15 min. The shear strength of the Cu/In–Sn–20Cu/Cu solder joints was increased first and then decreased with increasing 
bonding time. The maximum shear strength was 26.54 MPa when the bonding time reached 15 min. The shear fracture 
mechanism of solder joints transited from brittle fracture to ductile–brittle mixed fracture with increasing bonding time.

Keywords Transient liquid phase (TLP) bonding · Microstructure evolution · Intermetallic compound (IMC) · Shear 
strength · Fracture mechanism

1 Introduction

With the development of third-generation semiconductors 
represented by silicon carbide (SiC) and gallium nitride 
(GaN), the microelectronic information technology has been 
widely used in aerospace, automotive, mobile communica-
tions, etc. [1–5]. In recent years, the transient liquid phase 
(TLP) bonding has attracted great attention as a relatively 
new bonding method applied in the 3D packaging [6, 7]. The 
method is to form high-melting intermetallic compounds 
(IMCs) by interdiffusion of metal materials with different 

melting temperatures to achieve the connection; the solder 
joints consisted of the IMCs have superior thermal reliability 
[8–13].

However, the traditional TLP bonding technology is not 
suitable for industrial production because most of the sol-
der joints are made in an inert gas and it takes too long to 
form a dense full IMC solder joint [14, 15]. Hence, new 
method is developed to improve the traditional TLP bonding 
techniques. Greve [16] utilized the Cu and Sn powders as a 
solder paste to shorten the bonding time. The liquid Sn was 
completely consumed and transformed to  Cu3Sn IMC when 
the bonding time reached 30 min. But the shear strength 
of 15 MPa is relatively low due to the existence of a large 
amount of void. Liu [17] connected Cu–Cu substrate by the 
mixed nano-Cu particles and flux. The sinterability of micro-
Cu particles and the shear strength of solder joints were suc-
cessfully improved by oxidation–reduction. However, the 
packaging process is harsh due to the higher bonding stress. 
Bao [18] employed Sn–Ag mixed particles to fabricate the 
solder joints and found that the mechanical properties of the 
solder joints increased first and then decreased with increas-
ing Ag content. The  Ag3Sn IMC solder joints with the maxi-
mum shear strength of 72.3 MPa were obtained. However, 
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the high price of Ag powder led to an increase costs in solder 
joint fabrication.

Indium metal is widely used in high-tech fields such as 
electronic computers and aerospace due to its lower melt-
ing point (156.6 °C), good fatigue properties, ductility and 
electrical conductivity [19–23]. Zhao [24] utilized Cu/In/Cu 
solder joints to bond at 260 °C for 40–360 min and found 
that the shear strength of the solder joints increased with 
increasing isothermal solidification time, ranged from 5.08 
to 9.07 MPa. The shear strength of the solder joints was low. 
Sommadossi [25] connected Si/Si at 180 °C by employing 
Cu and In as the metallization substrate and the intermedi-
ate layer solder. It was found that high melting point  Cu2In 
and  Cu7In3 phases were formed in the solder joint when the 
isothermal solidification time was 240 min. However, the 
shear strength of the solder joints was limited by the Kirk-
endall voids and cracks at the interface. Kim [26] explored 
the growth kinetics of the IMC in the Cu/In–48Sn/Cu sol-
der joints during thermal aging. It was found that Cu(In, 
Sn)2 and  Cu6(In, Sn)5 IMCs were generated in the interface 
reaction, and its thickness increased with increasing aging 
temperature and time.

In this paper, the In–Sn–20Cu composite particle solder 
was prepared by mixing the micron-sized In, Sn, Cu particles 
and flux. The Cu/In–Sn–20Cu/Cu solder joints were fabri-
cated under the bonding temperature of 260 °C, bonding 
stress of 3 MPa and bonding time of 0.5–60 min. The influ-
ence of bonding time on microstructure and shear strength 
of the solder joint was investigated. The shear fracture and 
the fracture mechanism of the solder joint were analyzed.

2  Experimental procedure

Two pure Cu (99.99 wt%) rods with the dimensions of 
10 mm × 10 mm × 4 mm (upper) and 12 mm × 12 mm × 4 mm 
(bottom) were used as the substrates. In–Sn–20Cu composite 
particles with the rosin-based flux were employed as inter-
layer, and the mass fractions of the rosin-based flux were 
11.5 wt%. The mass fractions of In particles (3–5 μm), Sn 
particles (3–5 μm) and Cu particles (10 μm) in In–Sn–20Cu 
composite particles were 41.6 wt%, 38.4 wt% and 20 wt%, 
respectively. Micrograph of the In–Sn–20Cu composite 
particles is shown in Fig. 1. Particles and flux were mixed 
together under magnetic stirring for 2 h to obtain a homoge-
neous solder paste. The Cu/In–Sn–20Cu/Cu sandwich TLP 
bonding solder joints were prepared as shown in Fig. 2.

Cu/In–Sn–20Cu/Cu solder joints were fabricated by 
a TWB-100 wafer bonder under the bonding tempera-
ture of 260 °C, bonding stress of 3 MPa, bonding time 
of 0.5–60 min and vacuum degree of 1–5 Pa. The micro-
structure of the solder joints was observed by a German 
Zeiss Supra 55 scanning electron microscope (SEM) 

equipped with energy-dispersive spectroscopy (EDS). The 
shear strength of solder joints was tested by the UTM5305 
electronic universal testing machine with a shear rate of 
0.02 mm/min. The shear strength of the solder joints was 
estimated by the average value of the three replicate tests; 
the schematic diagram of shear testing is shown in Fig. 3. 
X-ray diffraction (XRD) was conducted to identify the main 
phase on the solder joints, and the shear fracture of the sol-
der joints was observed by SEM.

3  Results and discussion

3.1  Microstructure evolution

Figure 4 shows the microstructure under backscattered elec-
tron (BSE) mode of the Cu/In–Sn–20Cu/Cu solder joints 
bonded under the bonding temperature of 260 °C, bonding 
stress of 3 MPa and bonding time of 0.5–60 min. Two types 
of IMCs (layer-type and scallop-type) are observed at the 
interface of Cu/In–Sn–20Cu solder when the bonding time 
is 0.5 min (Fig. 4a). Based on the EDS results (Table 1), 
the layer-type IMC on the Cu side is  Cu3(In, Sn), and the 
scallop-type IMC on the solder side is  Cu6(In, Sn)5. The 
diffusion reaction is further strengthened with increasing 
bonding time, which leads to the increment of the  Cu3(In, 
Sn) IMC layer thickness. The block-type  Cu6(In, Sn)5 IMC 
phase is formed by the growth of the scallop-type  Cu6(In, 
Sn)5 IMC phases and the connection between the scallop-
type  Cu6(In, Sn)5 IMC phases and the island-type  Cu6(In, 
Sn)5 IMC phases when the bonding time reaches 5 min 
(Fig. 4b, c).

It can see that a small amount of Cu particles are 
entrapped by  Cu3(In, Sn) phase in the in situ reaction zone 
when the bonding time reaches 15 min (Fig. 4d). Because 

Fig. 1  Micrograph of the In–Sn–20Cu composite particle
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the gap of the Cu particles in the solder is filled with the 
melted In and Sn particles at the bonding temperature of 
260 °C. The Cu particles and the surrounded liquid In, 
Sn gradually form the  Cu6(In, Sn)5 phase, and then, the 
transformation of  Cu6(In, Sn)5 phase to  Cu3(In, Sn) phase 
occurs in the in situ reaction zone. There is one reaction 
for this transformation, as shown in reaction (1):

In order to determine the volume change caused by 
the phase transformation, a theoretical calculation is per-
formed. The volume change before and after the reaction 
(1) is shown in Eq. (2):

where ΔV  is volume change, MCu, MSn and MIn are the 
molar mass of Cu, Sn and In, ρCu3(In, Sn), ρCu6(In, Sn)5 and ρCu 
are the density of  Cu3(In, Sn),  Cu6(In, Sn)5 and Cu. Based 
on Eq. (2), the ΔV  is calculated as 3.18 cm3. According to 
the calculation results, it is found that the volume shrinks 

(1)Cu6(In, Sn)5 + 9Cu → 5 Cu3(In, Sn)

(2)
ΔV ≡ VCu6(In, Sn)5 + 9VCu − 5VCu3(In, Sn)

=
6MCu+5MSn+5MIn

�Cu6(In,Sn)5
+

9MCu

�Cu
−

5(3MCu+MIn+MSn)

�Cu3(In,Sn)

after the transformation of  Cu6(In, Sn)5 phase to  Cu3(In, 
Sn) phase. The volume shrinkage forms a large amount of 
contraction voids (Fig. 4d).

It can see that the island-type  Cu6(In, Sn)5 phase gradu-
ally decreased, the layer-type  Cu3(In, Sn) phase increased 
and the Cu particles disappeared after the bonding time 
reached 30 min (Fig. 4e–f). Therefore, a full IMC solder 
joint composed of a large amount of  Cu3(In, Sn) and a 
small amount of  Cu6(In, Sn)5 is formed. Meanwhile, some 
Kirkendall voids are found at the interface of Cu/Cu3(In, 
Sn) in the solder joint, as shown in Fig. 4e–f. The Cu 
atoms in the in situ reaction zone are completely consumed 
by reaction (1), and the Cu atoms on the substrate dif-
fuse through the gap of  Cu3(In, Sn) IMCs by the capillary 
action. When the solder joint is affected by temperature, 
the thermal expansion coefficients will be different due 
to the different IMC phases, and the mismatch of thermal 
expansion coefficients will cause constraints between the 
phases, which will restrict each other. The surrounding 
area is sharply heated by the capillary action of the dif-
fusion of Cu atoms. During the cooling process after the 
bonding is completed, the cooling shrinkage of the phase 
will be constrained by the residual thermal stress. Eventu-
ally, it leads to the formation of voids in the  Cu3(In, Sn) 
IMC layer [27].

The diffusion process of Cu atoms in the solid Cu sub-
strate is carried out under the action of diffusion driving 
force, and the diffusion process is carried out along the 
direction in which the Cu concentration is lowered, so that 
the concentration tends to be uniform. From the thermo-
dynamic view, the free energy of the solder joint can be 
reduced by the spontaneous migration of the constituent 
atoms from a high chemical position to a low chemical posi-
tion under isothermal and isostatic conditions.

When the bonding time is short (0.5–5 min), the con-
centration of Cu in the Cu/In–Sn–20Cu interface is not bal-
anced, and a large amount of diffusion reaction occurs to 
form the  Cu3(In, Sn) phase. The concentration of Cu atoms 
on both sides of the interface is temporarily balanced with 
the in situ reaction and more diffusion reaction. The con-
sumption of Cu atoms is promoted according to the reaction 
(1) after the bonding time reaches 15 min. The unbalanced 
diffusion of Cu atoms from the substrate passes through the 

Fig. 2  Schematic illustration of the Cu/In–Sn–20Cu/Cu solder joints preparation

Fig. 3  Schematic diagram of shear testing of the solder joints
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 Cu3(In, Sn) phase framework gap by capillary action, which 
produces Kirkendall voids [28].

3.2  Shear strength

Figure 5 shows the shear strength of the Cu/In–Sn–20Cu/
Cu solder joints bonded under the bonding temperature 
of 260 °C, bonding stress of 3 MPa and bonding time of 

Fig. 4  The microstructure under backscattered electron (BSE) mode of the Cu/In–Sn–20Cu/Cu solder joints bonded under the bonding tempera-
ture of 260 °C, bonding stress of 3 MPa and bonding time of a 0.5 min, b 1 min, c 5 min, d 15 min, e 30 min, f 60 min

Table 1  EDS analysis results of the indicated areas in Fig. 3a

Elemental composition (at.%)

Area In Sn Cu Phase

A 23.52 22.01 54.47 Cu6(In, Sn)5

B 12.51 11.75 75.74 Cu3(In, Sn)
C 1.56 0.73 97.71 Cu
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0.5–60 min. The shear strength is increased first and then 
decreased with increasing bonding time, and the maximum 
shear strength is 26.54 MPa when the bonding time is 
15 min. According to the microstructure evolution, the sol-
der joint mainly consists of  Cu3(In, Sn) and  Cu6(In, Sn)5 
IMCs. The thickness of  Cu3(In, Sn) IMC layer is gradu-
ally increased, and the  Cu6(In, Sn)5 IMC expands into a 
large block with increasing bonding time, which indicates 
that the both IMCs can improve the shear strength of the 
solder joint. The Cu atoms diffused from the Cu substrate 
are dispersed in the solder joint bonded for 15 min, which 
makes the solder joint densified. The XRD results shown 
in Fig. 6 prove that the joint is composed of the Cu3(In, 

Sn), Cu6(In, Sn) and Cu when the bonding time is 15 min. 
Bosco [29] has demonstrated that the dispersion of Cu 
atoms in the intergranular compound distributed grain 
boundaries can enhance the strength and ductility of TLP 
solder joints. The presence of a large amount of Cu atoms 
can alleviate the stress concentration, absorb partial tensile 
stress during shearing to enhance the mechanical proper-
ties of the solder joint.

The Cu/In–Sn–20Cu/Cu solder joint bonded for 
30–60 min exhibits full IMCs of  Cu3(In, Sn) + Cu6(In, Sn)5. 
The solder joint breaks easily during the shear process due 
to the brittleness exhibited by the full IMCs, which results 
in a continuous decrease in shear strength. In addition, the 
unreacted liquid In and Sn are separated into some isolated 
areas by the porous skeleton of the  Cu3(In, Sn) IMC phase 
formed in the in situ reaction zone, and a large amount of 
voids are formed by volume shrinkage of the solidification 
during the bonding process.

3.3  Shear fracture

Figure  7 shows the fracture morphologies of the Cu/
In–Sn–20Cu/Cu solder joints bonded under the bonding 
temperature of 260 °C, bonding stress of 3 MPa and bond-
ing time of 0.5–60 min. Many dimples and  Cu6(In, Sn)5 IMC 
are observed at the fracture surface of the Cu/In–Sn–20Cu/
Cu solder joint bonded for 0.5 min (Fig. 7a), which indi-
cates that the fracture occurs between In–Sn–20Cu solder 
and  Cu6(In, Sn)5 IMC. A large number of the needle-type 
 Cu3(In, Sn) phases are observed at the fracture surface 
(Fig. 7b) when bonding time reaches 5 min. The tear and 
plastic deformation of the  Cu3(In, Sn) IMCs indicates that 
the fracture occurs on  Cu3(In, Sn) layers of the solder joint. 
The same characteristics of the step type are found at the two 
fractures, indicating that the fracture mechanism is brittle 
fracture.

Many honeycomblike structure is observed at the frac-
tures of the solder joint bonded for 15 and 60 min (Fig. 7c, 
d). The fracture structure is mainly composed of the  Cu3(In, 
Sn) phase and a large amount of spherical-type  Cu6(In, Sn)5 
phase, indicating that the fracture occurs in the interfacial 
reaction zone. The shear fracture mechanism of solder joints 
transits from brittle fracture to ductile–brittle mixed fracture 
when the bonding time reaches 60 min. Due to the poor 
strength of  Cu6(In, Sn)5 and the contraction voids gener-
ated by the phase transformation of  Cu6(In, Sn)5 phase to 
 Cu3(In, Sn) phase, the cracks initiate at the voids and propa-
gate through the  Cu6(In, Sn)5 phase quickly under the stress 
concentration during the shearing process (Fig. 8). As a con-
sequence, the fracture path forms in the in situ reaction zone 
and the fracture morphology displays a few spherical-type 
 Cu6(In, Sn)5 phases adhered to  Cu3(In, Sn) phase.

Fig. 5  The shear strength of the Cu/In–Sn–20Cu/Cu solder joints 
bonded under the bonding temperature of 260 °C, bonding stress of 
3 MPa and bonding time of 0.5–60 min

Fig. 6  The XRD analysis of the Cu/In–Sn–20Cu/Cu solder joint 
bonded for 15 min
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Fig. 7  The fracture surfaces of the Cu/In–Sn–20Cu/Cu solder joints bonded under the bonding temperature of 260 °C, bonding stress of 3 MPa 
and bonding time of a 0.5 min, b 5 min, c 15 min, d 60 min
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4  Conclusions

In this work, the influence of bonding time on microstruc-
ture evolution and shear strength of the Cu/In–Sn–20Cu/
Cu solder joint under the bonding temperature of 260 °C, 
bonding stress of 3 MPa and bonding time of 0.5–60 min 
was investigated. The fracture morphologies and the reason 
of voids formation were also discussed. According to the 
experimental analyses, the conclusions are summarized as 
follows:

(1) The IMCs of the Cu/In–Sn–20Cu/Cu solder joint con-
sist of  Cu3(In, Sn) and  Cu6(In, Sn)5 during the bonding 
process. The conversion of the  Cu6(In, Sn)5 phase to the 
 Cu3(In, Sn) phase has occurred gradually with increas-
ing bonding time. A full IMC solder joint is eventually 
formed by the increment of the  Cu3(In, Sn) IMC layer 
thickness, the reduction of the island-type  Cu6(In, Sn)5 
phase and consumption of Cu atoms.

(2) The volume shrinkage by the transformation of  Cu6(In, 
Sn)5 phase to  Cu3(In, Sn) phase causes a large amount 
of contraction voids in the in situ reaction zone with 
increasing bonding time. The generation of Kirkendall 
voids at the interface of  Cu3(In, Sn)/Cu is the unbal-
anced diffusion result of the Cu atoms from the sub-
strate after the bonding time reaches 30 min.

(3) The shear strength of the solder joints increases first 
and then decreases with increasing bonding time. The 
maximum shear strength is 26.54 MPa when the bond-
ing time is 15 min. The shear fracture mechanism of 
the solder joints transits from brittle fracture to ductile–
brittle mixed fracture after the bonding time reaches 
60 min.
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