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Abstract
At present, electronic products are developing in the direction of miniaturization and integration, which leads to the down-
sizing of solder bump in the packaging process. Moreover, micro solder bumps often require undergoing multiple reflow 
processes due to the improvement of packaging technology, which has a great influence on interface reaction. Hence, it is 
necessary to study the effects of solder composition, bump size and reflow cycle on interfacial reaction between solder alloys 
and Cu substrates. In this experiment, Sn–xCu (x = 0, 0.7, 2.0 wt%) alloys with diameter of 200 µm, 500 µm, and 800 µm 
were soldered to Cu substrates at 250 °C for 1 min, and then reflowed 20 cycles totally. The size effect of micro solder 
joints on the growth of IMC after multiple reflows was analyzed. At the same time, the impact of Cu concentration inside 
the bulk solder on the interfacial reaction during multiple reflows was explored. This experiment finds that the diameter of 
IMC grains increases with the decrease of solder ball diameter after one reflow cycle, and a significant size effect occurs in 
Sn/Cu solder bump. As the number of reflow cycle increases, the size effect on interface reaction is more pronounced. The 
most direct kinetic factor of this phenomenon is that the average Cu concentration in the small-sized solder ball rises faster 
than the others. When the number of reflow cycle reach to nine times, the lateral growth rate of IMC grains begins to surpass 
the longitudinal growth rate, and the morphology of IMC grains becomes flat. This phenomenon is especially evident in the 
small-sized solder ball. Moreover, the addition of Cu element in solder promotes ripening reaction resulting in the lateral 
growth of IMC. Cu6Sn5 micro particles appearing at the Sn/Cu, Sn–0.7Cu/Cu interface hinder the grain boundary motion 
and inhibit the lateral annexation of IMC grains, thereby suppressing the lateral growth of IMC.

1  Introduction

As is well known, solder bumps are the most important 
interconnection method in electronic products; at the same 
time, they are also the places where reliability is relatively 
weak. The packaging density is constantly increasing and 
the size of solder joint is continuously reducing due to the 
advancement of the semiconductor manufacturing indus-
try, which will cause some new reliability problems [1, 2]. 

At present, the size of micro solder joints in the flip chip 
package is decreased to 20–40 µm, which is reduced by one 
order of magnitude compared to that in the ball grid array 
structure [3]. At present, it is necessary to perform multiple 
reflows due to the development of packaging technology 
and the maintenance requirements of electronic products. 
Thereby, studying the microstructure evolution of Interme-
tallic Compounds (IMC) in the solder/substrate interface 
during multiple reflows is significant to the development of 
package interconnection technology.

In current study, the number of reflow times is set as five 
cycles and there are few studies about the effect of more 
reflow cycles on the interfacial reaction. Ha et al. studied 
the growth of IMC at the Sn–2.5Ag/Cu interface during 
multiple reflows. It was found that the Cu6Sn5 phase IMC 
layer appears at the interface after one reflow cycle. The 
thickness of the IMC increases with the number of reflow 
cycles increases. After the fifth reflow cycle, the scalloped 
Cu6Sn5 layer and the Cu3Sn thin layer can be found simul-
taneously [4].
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The concentration and distribution of elements in sol-
der bumps will change significantly during the soldering 
process due to the mutual diffusion of elements, which will 
cause the change of IMC morphology. This phenomenon is 
particularly noticeable in the small-sized solder bumps [5]. 
It is important to study the effect of the initial Cu concentra-
tion in bulk solders and the change of Cu concentration in 
the solder bumps on IMC growth during multiple reflows. 
Chang et al. studied the interfacial reaction in Sn–3Ag–xCu 
(x = 0.3, 0.5, 0.7 wt%) solder bump with ball diameter of 
400, 500, 760 and 900 µm. It was found that the size of 
Cu6Sn5 grains at the interface increases with the decrease 
of solder balls diameter [6]. Ma et al. used Sn, Sn–0.5Cu, 
Sn–0.7Cu, Sn–1.5Cu, and Sn–2.0Cu solder to study the 
effect of Cu content in solder on IMC growth. It is con-
sidered that the addition of Cu element in the solder can 
promote the ripening reaction of IMC grains [7].

This research aimed at studying the size effect on inter-
face reaction of Sn/Cu solder joints during multiple reflows 
and the effect of Cu content on IMC growth at Sn–xCu/Cu 
interface. The morphology of IMC was obtained by scanning 
electron microscopy (SEM). In order to analyze the effect of 
average Cu concentration in solder bump on the growth of 
IMC during multiple reflows, the average Cu concentration 
was obtained by combining high-pressure (HP) air purging 
experiment and electron microprobe (EPMA). These results 
can provide reasonable data for reliability analysis during 
the actual packaging process.

2 � Experimental procedures

Sn–xCu (x = 0, 0.7, 2.0 wt%) alloys and Cu sheets were 
used in this experiment. The purity of raw materials Sn and 
Cu were 99.95% and 99.99% respectively. Sn and Cu were 
mixed in according to their mass percentages and then put 
into a vacuum tube furnace. The temperature was raised to 
500 °C under the protection of argon atmosphere and kept 
for 5 h to mix Sn, Cu uniformly and then cooled to room 
temperature with furnace. Afterwards, the obtained solder 
was fabricated into solder balls with the diameter of 200 µm, 
500 µm, and 800 µm.

T h e  d i m e n s i o n s  o f  C u  s h e e t s  w e r e 
15 mm × 5 mm × 100 µm. The oxide film on Cu sheets was 
washed with 5 vol% HCL solution, then rinsing Cu sheets 
with alcohol. A layer of flux (AMTECH:NC-559-ASM) 
was applied to the cleaned Cu sheets for soldering. This 
study was carried out in a heating furnace. Each sample was 
soldered at the temperature of 250 °C for 1 min and then 
reflowed 20 cycles totally. The air cooling rate is around 
7.4 °C/s.

The HP air purging device was used in this experiment to 
obtain the morphology of IMC at isothermal heating stage, 

as shown in Fig. 1. The high pressure nozzle aligning with 
the liquid solder was used to release compressed air after 
the end of the isothermal heating stage. As a result, the sol-
der layer on the Cu substrate was quickly purged and then 
IMC morphology of the isothermal heating stage can be 
obtained. In addition, the blown solder was collected, and 
the concentration of Cu in the solder bump can be measured 
by electron microprobe (EPMA-1600) to study the influence 
of Cu concentration in solder bulk on interface reaction dur-
ing isothermal heating stage. The purging device selected for 
this experiment was a 2530 oil-free air compressor and the 
rated gas pressure was set as 0.8 MPa.

In order to obtain the cross-sectional morphology of IMC, 
5 vol% HNO3 + 2 vol% HCL + 93 vol% C2H2OH solution 
was utilized to the samples. The top-view morphology of 
interfacial IMC was presented by 10% vol% HNO3 aque-
ous solution. These samples were ultrasonically cleaned 
with alcohol to remove residual solder from the interface, 
after that the morphology of interfacial IMC to can be fully 
exposed. The morphology of interfacial IMC was observed 
by SEM [Zeiss Supra 55(VP)]. And the data is measured by 
Image-pro plus and Photoshop. The average IMC thickness 
was expressed by S/L, where S is the IMC area and L is the 
interface width.

3 � Results and discussion

3.1 � Size effect of Sn/Cu interface reaction 
during multiple reflows

Figures 2 and 3 present the SEM images for top-view obser-
vation of IMC at Sn/Cu interface, and the diameter of Sn 
solder balls is 200 µm, 500 µm, 800 µm respectively. It can 
be found that the morphology of Cu6Sn5 grains generating 
at the soldering interface is prismatic after one reflow cycle. 
The morphology of Cu6Sn5 grain turns from prismatic to 
scalloped during multiple reflows. Results in Fig. 4 indicate 
that the diameter of Cu6Sn5 grains becomes larger during 

Fig. 1   Schematic diagram of HP air purge experiment
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multiple reflows. The gap between grains is gradually filled, 
and the number of Cu6Sn5 grains decreases.

From Table  1, it can be found that the diameter of 
Cu6Sn5 grains in solder bump with ball diameter of 200 µm, 
500 µm, 800 µm after one reflow cycle has a relationship of 
200 µm > 500 µm > 800 µm. The significant size effect on 
interface reaction appears. The growth rate of IMC grains 
diameter is the largest in Sn/Cu solder bump with solder 
ball diameter of 200 µm, and the lowest at the interface of 
800 µm solder balls. The growth rate of IMC grains diameter 
in the solder bump with ball diameter of 200 µm is twice 
than that with the balls diameter of 800 µm. There is an 
obvious size effect on the grains morphology at interface 
during multiple reflows.

The saturated solubility of Cu atoms in Sn solder is 1.6 
wt% at 250 °C [8]. During the actual reflow process, the Cu 
concentration in the solder bump is constantly changing. In 
order to study the effect of Cu concentration on interface 
reaction, the average Cu concentration in Sn/Cu solder layer 
during multiple reflows was measured, as shown in Fig. 5.

Cu concentration in Sn/Cu solder layer with ball diam-
eter of 200 µm increases the fastest under the first reflow 
due to the shortest diffusion distance, which lead to the less 

number of Cu6Sn5 grains and the large grains size at Sn/
Cu interface. Because of the longest diffusion distance in 
Sn/Cu solder layer with ball diameter of 800 µm, the Cu 
concentration increases the slowest in 800 µm solder balls 
under the first reflow. As the result, the diameter of IMC 
grains in solder bump with ball diameter of 200 µm is the 
largest, and the diameter of IMC grains in 800 µm solder 
bump is the smallest.

The Cu atoms in the large-sized solder bump reach a satu-
ration concentration for a longer time than that in the small-
sized solder bump during multiple reflows. The diffusion 
distance of the small-sized solder bump is short [9], and the 
precipitated Cu6Sn5 particles are more likely to diffuse to 
the interface and adhere to the already formed IMC resulting 
in the growth of IMC grains diameter. Therefore, the effect 
of reflow times on grains diameter in the large-sized solder 
bump is less than that in the small-size solder bump, which 
will promote the growth of grains diameter in the small-
sized solder bump under multiple reflows.

It is well known that the growth of interfacial grains is 
controlled by both ripening reaction and interface reac-
tion [10]. A sketch, explaining the growth mechanism of 
IMC, is drawn in Fig. 6. The IMC growth flux Jg is mainly 

Fig. 2   Top-view morphology of Cu6Sn5 grains at Sn/Cu interface before the ninth reflow cycle
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Fig. 3   Top-view morphology of Cu6Sn5 grains at Sn/Cu interface after the ninth reflow cycle

Fig. 4   Average diameter of 
Cu6Sn5 grain at Sn/Cu interface 
during multiple reflows
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constituted by five Cu diffusion fluxes [11]. (1) volume dif-
fusion: Jin-a; (2) grain boundary diffusion: Jin-b; (3) bulk dif-
fusion in liquid solder: JIMC/solder; (4) deposition reaction: 
Jsolder/IMC; (5) ripen diffusion: JR, this flux mainly positive to 
change IMC grain diameter, and negative to control the IMC 
thickness. The annexation behavior between grains occurs 
during isothermal heating stage. During the cooling process, 
Cu6Sn5 grains grow in a direction of perpendicular to the 
substrate substantially [12].

As shown in Fig. 7 and Table 2, the growth rate of IMC 
thickness is less than the growth rate of Cu6Sn5 diameter 
after the ninth reflow cycle, especially in solder balls with 
the diameter of 200 µm. In this study, the growth rate of 
IMC thickness is represented as the longitudinal growth 
rate of Cu6Sn5 and the growth rate of grains diameter is 
represented as the lateral growth rate of Cu6Sn5 grains. 
After the ninth reflow cycle, no matter what size the 

(1)Jg = Jin-a + Jin-b − JIMC/solder + JR + Jsolder/IMC

solder diameter it is, the lateral growth rate was larger 
than the longitudinal growth rate of Cu6Sn5 grains at 
the interface. Moreover, the thicker IMC layer has been 
formed after the ninth reflow cycle, the Cu atom diffu-
sion channel becomes narrower. As a result, the thicker 
IMC layer blocks the dissolution of Cu atoms into the 
solder layer and hinders the diffusion of Cu atoms, the 
flux of Jin-b and Jin-a decreases. IMC thickness increases 
slowly because the growth flux of IMC mainly comes 
from JSolder/IMC [13]. The dissolution rate of Cu from the 
substrate to the solder decreases after the ninth reflow 
cycle, and the Cu-rich region will be formed near the 

Table 1   Cu6Sn5 grain diameter and their growth rate in Sn/Cu solder 
bump with different solder ball diameter

Solder ball diameter (µm) 200 500 800

Cu6Sn5 grains diameter after the first reflow (µm) 1.34 1.28 1.24
The growth rate of Cu6Sn5 grains diameter after 

the 20th reflow cycle (µm/cycle)
0.22 0.14 0.12

Fig. 5   Average Cu concen-
tration in solder layer with 
different ball diameter in Sn/
Cu solder layer during multiple 
reflows

Fig. 6   Schematic diagram for IMC growth model
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interface, which promoted the ripening reaction. There-
fore, the lateral growth rate of IMC grains is faster than 
the longitudinal growth rate after the ninth reflow cycle, 
especially for the small-sized solder ball. That is because 
the amount of Sn in the small-sized solder ball is small. 
It is difficult to precipitate enough Cu6Sn5 grains to the 
interface after the ninth reflow cycle.

3.2 � Size effect of Sn–xCu/Cu interface reaction 
during multiple reflows

It is known that Cu atoms in the substrate and the Sn atoms 
in the solder bulk will mutually diffuse during reflow process 
[14]. It has been discussed above that the size of the solder 
joints affects the Cu concentration in the solder layer, further 
more affecting the growth behavior of IMC. Moreover, the 
effect of the initial Cu concentration in micro solder balls on 
interface reaction will be further studied.

At Sn–0.7Cu/Cu and Sn–2.0Cu/Cu interface, the Cu 
atoms in the Cu6Sn5 grains are derived not only from the 
substrate but also from the solder itself. Figures 8 and 9 
present the SEM images of IMC at Sn–xCu/Cu interface, and 
the diameter of Sn–xCu solder balls is 200 µm. As is shown 
in Figs. 8 and 9, the morphology of IMC layer at the Sn/Cu 
interface is relatively irregular, IMC grains morphology is 
fine prismatic, and the average diameter of IMC grains at Sn/
Cu interface is smaller than the others. More uniform scal-
loped IMC grains are produced at Sn–2.0Cu/Cu interface 
after one reflow cycle, and the average diameter of Cu6Sn5 
grains at Sn–2.0Cu/Cu interface is the largest, which is three 
times larger than that at Sn/Cu interface. It can be seen from 
Table 3 that the growth rate of Cu6Sn5 grain diameter at the 
Sn–2.0Cu/Cu interface is much higher than that at Sn/Cu 
and Sn–0.7Cu/Cu interface.

The increase of initial Cu concentration in solder balls 
makes IMC grains morphology more uniform and continu-
ous, grains morphology grows toward the spheroid during 
multiple reflows, as is shown in Fig. 10. It can be concluded 
that the addition of Cu promotes the ripening reaction of 
IMC grains.

In order to describe the three-dimensional morphology 
of the grains, researchers introduce the concept of aspect 
ratio. The aspect ratio of IMC grain is defined by grain 
diameter/height, which is calculated through IMC diam-
eter/thickness in this article. When aspect ratio’s value is 
2, the morphology of interfacial grains is hemispherical; 
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Fig. 7   The growth rate of IMC thickness and Cu6Sn5 grains diameter 
at Sn/Cu interface during multiple reflows

Table 2   The growth rate of IMC thickness and diameter at Sn/Cu 
interface after the ninth reflow cycle

Solder ball diameter 200 500 800

The growth rate of IMC thick-
ness (µm/cycle)

0.11 0.07 0.09

The growth rate of Cu6Sn5 
grains diameter (µm/cycle)

0.19 0.10 0.10

Fig. 8   Cross-sectional morphology of IMC in Sn–xCu/Cu bump with ball diameter of 200 µm during multiple reflows
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when aspect ratio’s value is > 2, the morphology of inter-
facial grains is flat scallop; when aspect ratio’s value is 
< 1, the morphology of interfacial grains tends to be pris-
matic. The value of the aspect ratio can only describe the 
change process of grains morphology [15].

According to Fig. 11, the morphology of IMC grains 
is always flat and scalloped-like at Sn–2.0Cu/Cu interface 
during multiple reflows, because its aspect ratio fluctu-
ates around value 2. The lateral growth rate of IMC grains 
is greater than the longitudinal growth rate. The aspect 
ratio of IMC grains at Sn–Cu/Cu and Sn–0.7Cu/Cu inter-
face is less than value 1 during multiple reflows, and the 
morphology of grains is slender. The fluctuation of aspect 
ratio is not significant with the increase of reflow cycles. 
This indicates that the reflow cycle influences the average 

diameter and thickness of IMC grains, but it has no influ-
ence on the morphology of the Cu6Sn5 grains.

The Cu concentration in Sn–2.0Cu/Cu solder layer 
is supersaturated at 250 °C, and the diffusion rate of Cu 
atoms into the solder is small. Therefore, a Cu-rich region is 
formed at the near interface to promote the ripening reaction 
of grains. However, the size of Cu6Sn5 grains at Sn–0.7Cu/
Cu interface does not increase significantly.

It can be seen from the top-view images of Figs. 9 and 10 
that a large number of particles were found in Sn–0.7Cu/Cu 
interface, while no small particles were found at Sn–2.0Cu/
Cu interface. It was verified that these small particles are all 
Cu6Sn5 by EDX [7]. It is apparent that these small particles 
do not grow from the soldering interface, but attach on the 
surface of the large Cu6Sn5 grains. Figures 12 and 13 shows 

Fig. 9   Top-view morphology of IMC grains in Sn–xCu/Cu bump with ball diameter of 200 µm before the ninth reflow cycle

Table 3   Cu6Sn5 grains 
diameter and their growth rate 
in Sn–xCu/Cu bump with ball 
diameter of 200 µm

Solder ball composition Sn Sn–0.7Cu Sn–2.0Cu

Cu6Sn5 grains diameter after one reflow cycle (µm) 1.34 1.42 4.62
The growth rate of Cu6Sn5 grains diameter after the 20th 

reflow cycle (µm/cycle)
0.22 0.23 0.66
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the top-view of IMC grains morphology in Sn–0.7Cu/Cu 
bump with solder ball diameter of 200 µm, 500 µm, 800 µm 
at isothermal heating stage. It can be found that these Cu6Sn5 
particles will not only deposit on the surface of the grains 
during cooling, but also attach on the substrate during iso-
thermal heating stage. These Cu6Sn5 particles still exist and 

grow up during multiple reflows. Figure 13 demonstrates 
that some small particles are attached to the original Cu6Sn5 
grains, which will cause the change of original grains mor-
phology during multiple reflows. The original grains tend 
to bypass these particles to grow, such as particle 1, particle 
2 and particle 3.

Fig. 10   Top-view morphology of IMC grains in Sn–xCu/Cu bump with ball diameter of 200 µm after the ninth reflow cycle

Fig. 11   IMC size evolution with reflow cycles at Sn–xCu/Cu interface: a the diameter of IMC grains; b the aspect ratio of IMC grains
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This phenomenon is very similar to the IMC growth at 
Sn–Ag/Cu interface. Figure 14 present the SEM images 
of IMC grains at Sn/Cu and Sn–3.5Ag/Cu interface [16]. 
As is shown in Fig. 14c, there are many Ag3Sn particles 
landing onto the surface of IMC grains. These Ag3Sn par-
ticles reduce the surface energy of IMC grains and block 
the annexation between the adjacent Cu6Sn5 grains result-
ing in the shielding effect on the lateral growth of IMC 
[16, 17]. In addition, Ag3sn particles at the grain bounda-
ries protect the diffusion channels between grains from 
being filled, which promotes the longitudinal growth of 
IMC. Compared with the diameter of IMC grains at Sn/
Cu interface, the IMC grains diameter in Sn–0.7Cu/Cu 
solder bump does not increase significantly, that probably 

due to the presence of many small Cu6Sn5 particles on the 
original IMC.

According to the experimental results, the morphology 
of IMC at Sn–xCu/Cu interface are simply drawn in Fig. 15. 
The small particles adsorbed on the substrate act as nuclea-
tion sites to increase the nucleation rate at the soldering 
interface. During the cooling stage, these particles grow 
and compete with the original Cu6Sn5 grains for the lim-
ited growth space. The growth of grains causes interactions 
between small particles and original Cu6Sn5 grains, which 
distort the morphology of the original grains.

In Sn–0.7Cu/Cu solder bumps, Cu6Sn5 phase as the sec-
ond phase tends to adsorb on the primary phase β–Sn to 
form eutectic structures, which are Cu6Sn5 particles in the 

Fig. 12   Top-view morphology of IMC grains in Sn–0.7Cu/Cu bump at isothermal heating stage after one reflow cycle

Fig. 13   Top-view morphology of IMC grains in Sn–0.7Cu/Cu bump with ball diameter of 500 µm at isothermal heating stage after multiple 
reflows

Fig. 14   SEM images showing the IMC grains after the second reflow cycle: a cross-sectional of IMC at Sn/Cu interface; b cross-sectional of 
IMC at Sn–3.5Ag/Cu interface; c top-view of IMC grains at Sn–3.5Ag/Cu interface
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above Figure [18, 19]. These particles, as heterogeneous 
phase nucleation site, tend to inhibit boundary motion and 
hinder the lateral annexation behavior. In addition, small 
particles at the grain boundaries protect the diffusion chan-
nels between grains. During the cooling stage, the filled rate 
of grains at the gap slows down. Cu atoms on the substrate 
can continue to pass through the grain boundaries to reach 
the solder layer, thereby promoting the longitudinal growth 
of the interfacial IMC layer.

Cu6Sn5 particles are directly precipitated in the Sn–2.0Cu/
Cu solder bump at 250 °C. Due to the long super satura-
tion time of Cu atoms in Sn–2.0Cu/Cu solder bump, the 
precipitated Cu6Sn5 particles have sufficient growth condi-
tions, then these particles grow up and mutual annexation 
during isothermal heating stage. Therefore, Cu6Sn5 particles 
are not found in Sn–2.0Cu/Cu solder bump. In summary, 
the relationship in the growth rate of IMC grains diameter 
at Sn–xCu/Cu interface is: Sn–2.0Cu > Sn > Sn–0.7Cu, and 
the relationship in IMC thickness growth rate at Sn–xCu/Cu 
interface is: Sn–0.7Cu > Sn > Sn–2.0Cu.

4 � Conclusion

The conclusions related to the study on size effect on IMC 
grains growth are outlined as following:

(1)	 After one reflow cycle, the diameters of IMC grains 
in Sn/Cu solder bump with solder ball diameter 
of 200 µm, 500 µm, 800 µm are 1.34 µm, 1.28 µm, 
1.24 µm, respectively. This experiment shows that the 
diameter of IMC increases with the decrease of solder 
ball diameter after one reflow cycle, which shows sig-
nificant size effect on IMC growth.

(2)	 As the number of reflow cycle increases, the size of 
IMC becomes bigger and the size effect on interface 
reaction is more pronounced. The growth rate of IMC 
gains diameter in Sn/Cu solder bump with solder ball 
diameter of 200 µm, 500 µm, 800 µm is 0.22 µm/cycle, 
0.14 µm/cycle and 0.12 µm/cycle, respectively. The 
growth rate of IMC grains diameter increases with the 

decrease of the solder ball diameter. After the ninth 
reflow cycle, the lateral growth rate of IMC grains 
begins to surpass the longitudinal growth rate. This 
phenomenon is more pronounced in the small-sized 
solder ball.

(3)	 The average Cu concentration in the solder bump 
increases with the number of reflow cycle increases 
and the Cu concentration in the small-sized solder 
ball rises more rapidly. The Cu concentration in the 
solder bump with ball diameter of 200 µm reaches a 
supersaturated state after the fifth reflow, while the Cu 
concentration with solder ball diameter of 800 µm is 
1.553 wt%, which do not reach a saturated state. This is 
a direct kinetic control factor that produces size effect.

(4)	 The addition of Cu element in solder promotes the rip-
ening reaction of IMC grains results in the increase 
of IMC lateral growth rate. Cu6Sn5 small particles at 
the Sn–0.7Cu/Cu interface hinder the grain boundary 
motion and inhibit the grain annexation.
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