
Vol:.(1234567890)

Journal of Materials Science: Materials in Electronics (2019) 30:2146–2153
https://doi.org/10.1007/s10854-018-0486-y

1 3

The fast formation of full  Cu3Sn solder joints in Cu/Sn/Cu system 
by thermal gradient bonding

Zuozhu Yin1  · Fenglian Sun2 · Mengjiao Guo2

Received: 15 September 2018 / Accepted: 29 November 2018 / Published online: 3 December 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
To form full intermetallic compounds (IMCs) solder joints becomes widely available for the die bonding of the third gen-
eration semiconductor power devices. The fast formation of  Cu3Sn in Cu/Sn(10 µm)/Cu solder joints were investigated by 
thermal compression bonding in a few seconds and under a low pressure of 0.1 MPa at ambient temperature. The results 
show that the temperature gradient produced by thermal compression bonding contributes to enhancing the interfacial reac-
tion at the liquid Sn/solid Cu metallization interface. The scallop-liked  Cu6Sn5 is formed while planar-liked  Cu3Sn is formed 
between Cu and  Cu6Sn5 at initial bonding stage. After that, the growth rate of scallop-liked  Cu6Sn5 layer from cold end is 
faster than that from hot end and the thin planar-liked  Cu3Sn layer becomes thick. This abnormal growth behavior of  Cu6Sn5 
is due to the fact that Cu atoms migrate from hot end to cold end by temperature gradient. The middle Sn layer is completely 
consumed with increasing bonding time.  Cu6Sn5 and  Cu3Sn are consisted of the solder joints and the planar-liked  Cu3Sn 
grows with a transition to scallop-liked morphology until the full  Cu3Sn solder joint is eventually formed, which indicates 
that the formation time of full IMCs solder joints can be narrowed by temperature gradient. This bonding process provides 
a new solution for the rapid acquisition of interconnect material for the third generation semiconductor power devices.

1 Introduction

Compared to conventional Si semiconductors, the third gen-
eration semiconductors (such as SiC and GaN) have emerged 
as potential substitute productions, due to their outstanding 
advantages, such as wide band-gap, high thermal conduc-
tivity, high electron drift velocity, which are designed as 
a driver for power devices working in harsh environment 
(− 100 to 600 °C) [1–3]. The stresses caused by intercon-
nect materials and chips are particularly prominent during 
high service temperature for the power device. Therefore, it 
is very crucial to investigate the interconnect material used 
for the third generation semiconductor power devices. The 
interconnect material needs meet the following aspects: 
(1) It can service in high temperature; (2) It can react with 
other metals in a relative low temperature; (3) It has better 

thermal conductivity, electrical conductivity and mechani-
cal property.

Compared to Sn-based solder alloys [4, 5], traditional Pb-
based solder alloys can service in high temperature, but they 
are explicitly banned by the Restriction of Hazardous Sub-
stances (RoHS) requirements for their application in elec-
tronic packaging field [6, 7]. Other high melting temperature 
lead-free solder alloys, such as Au–Sn solder alloy, Bi-based 
solder alloy, Zn-based solder alloy. The melting temperature 
of Au–Sn solder alloy is 280 °C, but its high cost makes it 
not appropriate for large area in die attachments [8, 9]. The 
melting temperature of Bi-based solder alloy is 263 °C, but 
its brittleness is a big drawback for its wide application [10]. 
The melting temperature of Zn-based solder alloy is 320 °C, 
but its poor oxidation resistance is a big problem [11].

Recently, this difficult problem has been proven to be 
solved by nano Ag sintering process [12–15] and transient 
liquid phase process (TLP) [16, 17]. Nano-Ag sintering is 
a promising packaging method for high temperature ser-
vice, which has a good electrical conductivity and increas-
able melting point. However, nano-Ag sintering has its 
drawbacks for low resistance to electro-migration and 
easy to oxidation. Therefore, TLP bonding technology is 
the most promising technology for the third generation 
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semiconductor power devices [18–20]. The principle of 
TLP bonding technology is that a low melting temperature 
metal (Sn, In) melts to react with high melting tempera-
ture metal (Cu, Ag, Au) to form high melting temperature 
intermetallic compounds (IMCs). However, the formation 
process of full IMCs solder joint needs very long time 
(> 100 min). Therefore, it is a key point to form full IMCs 
solder joints rapidly and efficiently for the interconnect 
material for the next generation semiconductor power 
devices.

Recently, researchers have used different TLP methods 
to form full IMCs solder joints rapidly and efficiently. A 
full  Cu3Sn-based solder joint is fabricated by micro resist-
ance spot welding in a few 100 ms [21]. A full  Cu3Sn 
solder joint is obtained by induction heating process in a 
few minutes [22]. A full  Ni3Sn4 solder joint is fabricated 
by ultrasonic assisted soldering process in a few seconds 
[23], but the cost is very expensive and it is very hard to 
operate it, which make it hard to be considered for large 
area application. The thermal compression device is cheap 
and easy to operate, the temperature is very convenient to 
be controlled. Furthermore, a stable and reliable solder 
joint can be obtained [24]. The principle of the thermal 
compression bonding is that the heat resistance generated 
by the resistance wire is transmitted to the interconnect 
material by heat transfer. Therefore, the temperature gra-
dient is generated across the interconnect material. Due 
to the thin interconnect material layer, the phenomenon 
caused by temperature gradient becomes obvious.

This paper is focused on the fast formation of full  Cu3Sn 
solder joint in Cu/Sn/Cu system by thermal compression 
bonding. Microstructure evolution and phase transforma-
tion of the Cu/Sn/Cu system during TLP bonding under 
the temperature gradient are investigated. A new idea 
(temperature gradient bonding) is proposed for fabricat-
ing full IMC solder joint rapidly and efficiently.

2  Experimental section

Experimental setup of thermal compression bonding process 
and schematic illustration of the Cu/Sn/Cu sandwich struc-
ture interconnection system are represented in Fig. 1. The 
thickness of interlayer pure Sn foil (99.9% purity) is 10 µm 
and the thickness of pure Cu substrate is 100 µm. One side 
of the Cu substrate is polished and then the polished side is 
fixed, after that, the pure Sn layer was placed between two 
pieces of Cu substrate. Before soldering, the sides of the Cu 
substrates were washed by HCl so as to remove the surface 
oxide products, and then placed in hot air to dry. The Cu/Sn/
Cu sandwich structure is connected by thermo compression 
bonding machine (JUKE-H1200D, China). After bonding 
process, the samples were cooled to room temperature in 
the air. The temperature is controlled by power controller. 
The temperature is set at 400 °C by the power controller, 
which means that the temperature of hot end is 400 °C. The 
bonding pressure was 0.016 MPa during the bonding pro-
cess. According to the schematic of the thermal compression 
bonding, the bottom interface is the cold end while the top 
interface is the hot end. The profile of the bonding process 
during thermal compression bonding is shown in Fig. 2. In 
the study, bonding time is the high temperature holding time.

In order to observe the microstructure evolution of interfa-
cial IMC at the molten Sn/solid Cu metallization interface, the 
cross-sectional Cu/IMC/Sn/IMC/Cu solder joints are deeply 
etched with 10 mL vol% HF + 10 mL vol%  HNO3 + 20 mL 
 C2H5OH so as to remove the unreacted Sn solder. The cross-
sectional microstructure evolution of the Cu/IMC/Sn/IMC/Cu 
solder joints are characterized by optical microscope (OM) and 
scanning electron microscope (SEM). The interfacial element 
is analyzed by EDS. The IMC layer thickness is measured by 
Photoshop CS6 software. The average thickness of interfacial 
IMC layer is obtained through dividing the total area of the 
IMC layer by the length of the observation area. In order to 

Fig. 1  a Experimental setup of thermal compression bonding process and b schematic illustration of the Cu/Sn/Cu sandwich structure intercon-
nection system
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make the measured data more accurate, every sample is meas-
ured at least five times.

3  Results

3.1  Simulated temperature distribution of Cu/Sn/
Cu sandwich structure

In order to understand the temperature distribution of liquid 
solder alloy layer, the temperature distribution of liquid solder 
was simulated by FEM. In order to simplify it, the 2D model 
was established by ANSYS 15.0 software and only the heat 
transfer and heat convection are considered. In order to esti-
mate the temperature gradient across the solder layer, the tem-
perature gradient of Cu/Sn/Cu sandwich structure is simulated. 
During thermal compression bonding process, air convection 
and heat radiation are the main ways of heat transfer, this is 
due to the fact that the Cu has a high thermal conductivity 
(401 W m−1 K−1). The equation for the rate of convective heat 
transfer can be expressed as:

where q is the rate of convective heat transfer, ΔT is the 
temperature difference between surface and liquid, hc is 
the convective heat transfer coefficient. The surface of the 
interconnect material is an ideal blackbody surrounded with 
gray surface. The radiative heat transfer coefficient hr can be 
expressed as:

where ɛ is emissivity, σ is the Boltzmann constant, Ts and 
Tr are the surface temperature of the connection material 
and the room temperature, respectively. The combined heat 

(1)q = hcΔT

(2)hr = ��

(

Ts − Tr
)(

Ts
2
− Tr

2
)

transfer coefficient (ht) of convection and radiation can be 
written as:

Figure 3 shows the simulated temperature distribution 
across the liquid solder layer during temperature gradient 
bonding using FEM. The simulated temperature can be 
measured by FEM according to the solder layer thickness. 
Because of the hot end of the temperature is controlled by 
power controller, when the temperature is set at 400 °C by 
the power controller, which means that the temperature of 
hot end is 400 °C, therefore the hot end of the simulated tem-
perature is 400 °C, the cold end of the simulated temperature 
is 399.2 °C. The FEM result shows that the change of tem-
perature between hot end and cold end is 0.8 °C. Although 
the change of temperature is very small, the temperature 
gradient across liquid solder alloy is over 800 °C/cm. As is 
reported in the literature [25], when the temperature gradient 
is over 400 °C/cm, The activated Cu atoms can across the 
liquid Sn layer through thermal migration. Therefore, Cu 
atoms are moved from hot end to cold end by the tempera-
ture gradient of 800 °C/cm.

3.2  The interfacial microstructure evolution of Cu/
Sn/Cu sandwich structure

Figure 4 shows the interfacial microstructure evolution of 
Cu/Sn/Cu sandwich structure. The end which closes to the 
heat source is hot end, the other is cold end. The morphol-
ogy of  Cu6Sn5 shows scallop-liked shape. When the bond-
ing time up to 1 s, the  Cu6Sn5 layer in hot end and cold end 
show symmetry growth, as is shown in Fig. 4a. Big  Cu6Sn5 
grains in cold end begin to grow towards to small  Cu6Sn5 
grains in hot cold with increasing bonding time. The growth 
rate of  Cu6Sn5 in cold end is faster than that of in hot end. 
In order to identify the phase constitution of the Cu/Sn/Cu 
interface, the interfacial reaction of the Cu/Sn/Cu system 
is investigated by SEM. The temperature of cold end is not 

(3)ht = hc + hr

Fig. 2  Profile of the bonding process during thermal compression 
bonding

Fig. 3  Simulated temperature distribution across the solder layer by 
thermal migration
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measured directly, but the hot end is measured directly. The 
simulated temperature can be measured by FEM accord-
ing to the solder layer thickness. Because of the hot end of 
the temperature is controlled by power controller, when the 
temperature is set at 400 °C by the power controller, which 
means that the temperature of hot end is 400 °C, therefore, 
the hot end of the simulated temperature is 400 °C, the cold 
end of the simulated temperature is 399.2 °C. Moreover, 
the references [25–28] are introduced that the temperature 
gradient will contributes to the abnormal of interfacial IMC 
layer growth. Although the temperature is not measured 
directly, the abnormal growth of interfacial IMC can be 
seen in Fig. 4, which means that the solder layer will form 
temperature gradient. Figure 5 presents Cu/Sn/Cu interfacial 
microstructure at bonding time of 9.9 s and corresponding 

EDS line scan profiles by thermal compression bonding. The 
interfacial IMC layer is characterized by 75.1% Cu, 24.9% 
Sn, supposed to be  Cu3Sn. Nearly all measured data of Cu 
atoms exceeded their limiting solubility in Sn(0.28 wt%) 
and the super-saturation of Cu atoms near the cold end is 
significantly higher than that of near the hot end, which indi-
cate that Cu atoms diffuse and depose along the temperature 
gradient direction.

The schematic diagram of interfacial microstructure 
evolution of Cu/Sn/Cu solder joint by temperature gradi-
ent bonding is shown in Fig. 6. At initial bonding time, 
the temperature gradient across the liquid Sn layer is not 
apparent, therefore, the interfacial IMCs show symmetry 
growth. With the increasing bonding time, the equilib-
rium of Cu atom solubility from hot end is broken, and 

Fig. 4  The interfacial microstructure evolution of Cu/Sn/Cu sandwich structure at different bonding time: a 1 s; b 3 s; c 6 s; d 7 s; e 8 s; f 9.9 s

Fig. 5  Interfacial microstructure a and EDS line scan profiles b of bonding time at 9.9 s by thermal compression bonding
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the newly dissolved Cu atoms migrate from hot end to 
cold end under the temperature gradient. At the same 
time, the concentration of Cu atoms in molten Sn solder 
from hot end will drop below the equilibrium solubility. 
In order to maintain this solute balance, the dissolution 
of  Cu6Sn5 from hot end will be promoted to replenish the 
Cu solute in the molten Sn. The dissolved Cu atoms from 
hot end are continuously migrated to the cold end under 
temperature gradient, causing the Cu solute concentra-
tion from cold end to increase rapidly. When the solute 
concentration reaches a certain level, the  Cu6Sn5 begins 
to precipitate, which promotes the growth of  Cu6Sn5 from 
cold end. The  Cu6Sn5 grains from hot end and cold end 
begin to asymmetry growth, which makes the  Cu6Sn5 
grains from cold end become big, as is shown in Fig. 6c. 
The growth rate of large  Cu6Sn5 grain in cold end is faster 
than that of small  Cu6Sn5 grain in hot end. The  Cu6Sn5 
grains are fused into single grain and the middle molten 
Sn layer is separated into “Sn islands”. When all “Sn 
islands” are consumed, the interface IMCs are consisted 
of  Cu6Sn5 and  Cu3Sn, as is shown in Fig. 6d. After then, 
the main chemical reaction is that  Cu6Sn5 and Cu react 
with each other to form  Cu3Sn, planar-liked  Cu3Sn layer 
will change to scallop-liked  Cu3Sn layer, as is shown in 
Fig. 6e, at same time, the solder joints that is consisted 
of full IMCs no longer exist the migration of Cu atom. 
As the time continues to increase,  Cu6Sn5 continues to 
be consumed until all  Cu6Sn5 layer transform into  Cu3Sn 
layer, eventually forming a full  Cu3Sn solder joints, as is 
shown in Fig. 6f.

3.3  Growth kinetics of interfacial IMC

In order to understand the effect of temperature gradient 
on the interfacial IMC growth, the interfacial IMC growth 
kinetics can be expressed with the empirical power law as 
follows:

where y is the thickness of interfacial IMC at t time, k is the 
grow rate constant, n is time index.

Figure 7 shows relationship between the average inter-
facial  Cu6Sn5 IMC layer thickness and bonding time. The 
interfacial  Cu6Sn5 layer from cold end and hot end presents 
distinct growth behavior, as is shown in Fig. 7a. The thick-
ness of  Cu6Sn5 layer from cold end shows a linear relation-
ship with bonding time, however, the thickness of interfacial 
 Cu6Sn5 layer from hot end grows slowly, which results in dif-
ferent growth rate of  Cu6Sn5 in cold end and hot end during 
temperature gradient. The thickness of  Cu6Sn5 layer shows 
a linear relationship with bonding time in ln–ln format, as 
is shown in Fig. 7b. Each growth mechanism is related with 
the value of n. When n = 1, the IMC growth is controlled by 
interfacial reaction. When n = 0.5, the IMC growth is con-
trolled by bulk diffusion. When n = 0.33, the IMC growth 
is controlled by grain boundary diffusion. The n for cold 
end is 0.97, which indicates that the  Cu6Sn5 layer growth is 
controlled by interfacial reaction. The n for hot end is 0.18, 
indicating the growth of  Cu6Sn5 hardly grows. The n for 

(4)y = ktn

(5)ln y = ln k + n ln t

Fig. 6  The schematic of interfacial microstructure evolution of Cu/Sn/Cu solder joint by temperature gradient bonding
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reflow is 0.56, which indicates that the growth of interfacial 
 Cu6Sn5 is controlled by volume diffusion. It is noted that the 
growth rate of interfacial  Cu6Sn5 layer during temperature 
gradient is much higher than that of reflow. The values of 
average growth rate and time index under different reaction 
conditions are listed in Table 1. From Table 1, it can be seen 
that the average growth rate in reflowing is between cold end 
and hot end. It indicates that the temperature gradient domi-
nates the IMC growth rate during bonding process, whereas 
reflowing temperature contributes little. The driving force 
of IMC formation is the difference in chemical potential 
between the two phases. When the flux of atoms runs into 
the IMC is larger than the flux of atoms runs off the IMC, the 
interfacial IMC layer grows. During temperature gradient, 
the flow of Cu atoms is only considered and the flow of Sn 
atoms is neglected, because Cu is the main diffuse atom for 
the interfacial reaction in Cu/Sn system.

From Fig. 7, it can be seen that the interfacial  Cu6Sn5 
layer grows symmetrically during the reflow process, the 
interfacial  Cu6Sn5 layer shows asymmetric growth during 
thermal compression bonding process. It is well known that 
the growth rate of interfacial IMC layer at high temperature 
is faster than the growth rate of interfacial IMC layer at low 
temperature. However, the growth rate of  Cu6Sn5 layer from 
cold end is obviously faster than the growth rate of  Cu6Sn5 
layer from hot end during thermal compression bonding 
process. Moreover, the average thickness of the interfacial 

 Cu6Sn5 layer during reflow process is between the hot end 
and cold end of the interfacial  Cu6Sn5 layer during tempera-
ture gradient, which means that the flux of Cu atoms from 
hot end migrates to cold end across the liquid Sn layer dur-
ing temperature gradient.

3.4  The analysis of interfacial IMC formation 
mechanism

In order to reveal the effect mechanism of temperature gra-
dient, the asymmetric growth of  Cu6Sn5 leads to the source 
of Cu atoms from cold end and hot end also being asym-
metric. In other words, the amount of Cu atoms from hot 
end is significantly bigger than that from cold end. Figure 8 
shows the schematic of temperature gradient bonding mech-
anism. Cu atoms from the Cu substrate and Cu atoms in the 
 Cu6Sn5 layer at hot end are dissolved into the liquid Sn. The 

Fig. 7  The relationship between the thickness of interfacial  Cu6Sn5 layer and the bonding time: a y–t; b lny–lnt 

Table 1  The values of average growth rate and time index

Average growth rate (µm/s) Time index n

Cold end 2.8 × 10−2 0.18
Reflow 1.5 × 10−1 0.56
Hot end 2.0 × 10−1 0.97

Fig. 8  The schematic of Cu atom flux in Cu/Sn/Cu system
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dissolution of Cu atoms migrates from hot end to cold end 
introduced by temperature gradient [26]. The dissolution 
process makes  Cu6Sn5 layer from hot end thinner than that 
of  Cu6Sn5 layer from cold end. When Cu atoms reach the 
cold end, it contributes to form scallop-liked  Cu6Sn5 layer. 
Because of the formation rate of  Cu6Sn5 is very fast during 
cooling, which will lead to the decrease of interfacial Cu 
concentration, especially in cold end [27]. Therefore, the 
Cu concentration near the cold end after solidification is 
lower than the Cu concentration of the solder layer. A similar 
phenomenon also occur during the aging process when the 
concentration distribution dominated by thermal migration 
[28, 29]. Moreover, the steady state solute concentration gra-
dient is related with the temperature gradient, which can be 
expressed as [30]:

where C is the concentration of Cu, Q* is the heat of trans-
port, k is Boltzmann constant, dT/dx is temperature, T is the 
bonding temperature. With the Cu atoms continue migrate 
from hot end to cold end, Q* is positive value. According to 
Eq. (6), the concentration gradient of Cu atoms is contrast 
to the temperature gradient, which means the Cu concentra-
tion from cold end is higher than that of hot end. Therefore, 
the large amount of Cu–Sn clusters contributes to the rapid 
growth of interfacial  Cu6Sn5 layer from cold end [31], the 
growth of interfacial  Cu6Sn5 from hot end is significantly 
restrained. Therefore, the fast growth of interfacial  Cu6Sn5 
layer from cold end is mainly caused by thermal migration. 
The Cu atoms in the liquid solder play a crucial role in the 
growth of interfacial  Cu6Sn5 layer.

The combined effect of the chemical potential gradient 
flux and temperature gradient flux of Cu in liquid Sn at both 
sides can be expressed as:

where JChem−Cu represents Cu atoms flux caused by chemi-
cal potential gradient, JTM−Cu represents Cu atoms flux by 
temperature gradient.

At cold end, JChem−Cu and JTM−Cu are in opposite direc-
tions, which will result in limited consumption of Cu sub-
strate, a small fraction of Cu atoms from Cu substrate will 
migrate to the liquid Sn solder. At hot end, JChem−Cu and 
JTM−Cu are in same directions, which will accelerate the con-
sumption of Cu substrate, the Cu atoms diffused into the liq-
uid solder from Cu substrate are also significantly enhanced.

The Cu concentration at cold end is saturated or nearly 
saturated, however, the Cu concentration at hot end is in 
an unsaturated state. As a result, the growth of interfacial 
IMC at cold end promotes, the growth of interfacial IMC 

(6)d lnC

dx
=

−Q∗

kT2

dT

dx

(7)JCu−cold = Jchem−Cu − JTM−Cu

(8)JCu−hot = Jchem−Cu + JTM−Cu

at hot end inhibits. In fact, the formation and dissolution 
of the interfacial IMC layer occur simultaneously. Accord-
ing to Dybkov’s model [32], the dissolution rate of IMC in 
liquid Sn can be expressed as:

where CS is the solute solubility in the solder, Kd is the dis-
solution rate constant, S is the contact area between the solid 
and the liquid solder, and V is the volume of the solder. 
According to the Eq. (9), the dissolution rate of interfacial 
IMC is proportional to (CS − C). Therefore, the lower the 
(CS − C) is, the slower the interfacial IMC dissolves. The 
formation of interfacial IMC is due to the local solute con-
centration approaching  CS. Due to the saturated or near satu-
rated Cu concentration at cold end, the growth of interfacial 
IMC dominates. Meanwhile, the Cu atom dissolved from 
hot end continues to diffuse outward during temperature 
gradient, resulting in a local Cu concentration lower than 
CS, which keeps the newly formed interfacial IMC from hot 
end balance in the solder. At this stage, the flux caused by 
thermal migration is the largest contributor to the depletion 
of Cu substrates from hot end. The Cu atom from hot end 
dissolves more obviously under the thermal migration, there-
fore, the growth of interfacial IMC from cold end exhibits 
abnormally fast.

4  Conclusion

A new TLP bonding process (temperature gradient bond-
ing) is proposed in this paper. Compared to conventional 
homogeneous bonding temperature, a temperature gradient 
is superimposed across the liquid solder during tempera-
ture gradient bonding. The results show that temperature 
gradient contributes to the mass migration of Cu atoms 
from hot end to cold end. The scallop-liked  Cu6Sn5 and 
planar-liked  Cu3Sn are formed between solid Cu and liquid 
Sn at initial stage. The growth rate of  Cu6Sn5 layer at cold 
end is faster than that of hot end, this is due to the fact that 
the Cu atoms migrate from hot end to cold end by tem-
perature gradient. The liquid Sn layer thickness decreases 
with increasing bonding time. The  Cu6n5 and  Cu3Sn are 
consisted of the solder joints after the liquid Sn layer is 
completely consumed. The morphology of  Cu3Sn grows 
from planar-liked morphology to scallop-liked morphol-
ogy with increasing bonding time. The final solder joint is 
consisted of  Cu3Sn. The formation time of full IMCs sol-
der joints can be narrowed by temperature gradient, which 
offers a new method for fabricating interconnect material 
rapidly and efficiently for the next generation semiconduc-
tor power devices.

(9)
dC

dt
= Kd

S

V

(

Cs − C
)
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