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An electroplated Cu/Sn/Ni micro-bump was fabricated for analysis. After
aging for different times, both the morphology and microstructure show sig-
nificant changes, particularly after long-term aging. Because of the small
aspect ratio of the micro-bump, surface diffusion has a strong effect on the
morphology and roughness of the Cu/Sn and Cu/IMCs interfaces. A focused
ion beam was applied for 3D reconstruction and used for calculation of the
voiding rate of the micro-joint after 720 h of aging. In this way, the relation-
ship between the voiding rate redistribution and the position along the radius
direction was obtained. It is concluded that the redistribution of voids after
long time aging is controlled by surface diffusion when almost all of the
intermetallic compounds (IMCs) in the Cu/Sn/Ni micro-bump were trans-
formed to Cu3Sn. Furthermore, as observed from the relationship between the
voiding rate of the 5 lm and 10 lm samples and the position along the radius,
when the diameter of the micro-bump decreases to 5 lm or even less than
5 lm, the total voiding rate of the sample after long-term aging rapidly in-
creases, and a higher voiding rate has a strong influence on the reliability of
the micro-joint and may lead to the failure of the electronic device.
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INTRODUCTION

It is well-known that Pb has a serious impact on
environment and human health, which led to the
prohibition of the use of lead-based solder in the
electronics industry in 2003. Because of their good
quality and low cost, Sn/Cu solders are becoming a
great alternative for use in electronic packaging and
have been studied extensively during the last
several decades. Tu1,2 studied the kinetics of the
Cu/Sn interfacial reaction, and reported the differ-
ent kinetics models of Cu6Sn5 and Cu3Sn phase
formation in solid-state aging. According to the
results reported by Kao,3 for solid–liquid reactions,
the growth of Cu/Sn intermetallic compounds

(IMCs) is controlled by diffusion. Furthermore,
using transmission electron microscopy (TEM),
Chung and Kao4 provided direct evidence for a Cu-
enriched region at the boundary between Cu6Sn5

and Cu3Sn and described, in detail the formation of
g-Cu6Sn5. With the development of the 3C industry,
the wide application of electroplated copper has led
to the observation of the appearance of Kirkendall
voids near the interface. Zeng5 found that a large
number of Kirkendall voids formed in the Cu3Sn
layer and that these voids can weaken the solder
joint. Yu6 proposed that residual S segregation to
the Cu/Cu3Sn interface accelerates the formation of
Kirkendall voids, and Wang7 found that impurities
in the electroplated Cu maybe the main factor that
gives rise to the formation of Kirkendall voids. In
2010, Yin8 verified Wang’s hypothesis experimen-
tally and showed that the impurities in electro-
plated copper are the origin of the Kirkendall effect.(Received April 11, 2019; accepted July 17, 2019;
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The diffusion and nucleation of impurities leads to
the Kirkendall effect. Therefore, diffusion in the Cu/
Sn system plays an important role in the reliability
issues.

In the twenty-first century, the increasing
demand for high-performance of electronic devices
has become the strongest driving force in the
electronic industry. However, due to Moore’s Law
reaching its limit, during the past 10 years,
through-silicon via (TSV) and micro-bump of
three-dimensional integrated circuit (3D-IC) inte-
gration technology has become a possible approach
to go beyond Moore’s Law. Additionally, Ni acting as
a diffusion barrier has become an important part of
micro-joints. Because of its good stability and lower
cost, the use of the Cu/Sn/Ni micro-bump is cur-
rently the most popular approach in 3D-IC integra-
tion technology. Numerous researchers have
reported their studies about the Cu/solder/Ni struc-
ture since 2004. Ho and Kao9–11 found in the
Cu/solder/Ni system that (Cu,Ni)6Sn5 formed on
both the Ni side and the Cu side and illustrated the
reason for the (Cu,Ni)6Sn5 formation. In 2008,
Nogita12 showed that in a Cu/Sn/Ni system, Ni can
stabilize hexagonal (Cu,Ni)6Sn5, and over the next
few years, Nogita’s group carried out many studies
of do many researches about g-(Cu,Ni)6Sn5 and g¢-
(Cu,Ni)6Sn5

13–15 involving the kinetics of the g–g¢
transformation and comparisons of the thermal
expansion and mechanical properties of Cu6Sn5

and (Cu,Ni)6Sn5. However, almost all of the studies
on (Cu,Ni)6Sn5 and Cu/Sn/Ni systems have focused
on the bump size of ball grid array (BGA) and flip
chips, and only a few studies have examined the
micro-joint. Recently, Mo16 found that under certain
reflow conditions, an ultra-high Ni content
(Cu,Ni)6Sn5 phase is found in the middle of the
sample in the micro-bump even after all of the joint
has been transformed to Cu3Sn. This result moti-
vates us to investigate several open questions, such
as phase formation and diffusion behavior, which
must be examined for the Cu/Sn/Ni system, partic-
ularly in micro-joints. It is well-known that due to
the small aspect ratio of the micro-bump, surface
diffusion cannot be ignored.17,18 However, there has
been no report to date on the diffusion behaviors
near the free surface, and it is unclear whether
there is any change in the material after all of the
solder in the micro-bump has become Cu3Sn.

In our previous research, Yang19,20 reported that
for both Ni/Sn/Ni solid-state aging and the Cu/Sn/Ni
solid–liquid reaction, the surface diffusion phe-
nomenon is clearly observed. However, for solid–
liquid reactions, dissolution and sidewall wetting
can have strong impacts on the microstructure and
morphology near the free surface. Therefore, the
objectives of the present study are to confirm the
influence of surface diffusion on the Cu/Sn/Ni
structure and to observe and analyze whether any
special phenomena are present after long-term
solid-state aging.

EXPERIMENTAL PROCEDURE

In this study, Cu/Sn/Ni micro-bumps were fabri-
cated by electroplating on a 4 inch Si wafer with
pre-sputtered Cr/Cu seed layers, as shown in Fig. 1.
The diameter of each pillar was 30 lm, and the
thickness of each layer is also shown in figure. The
wafer was diced into 8 mm 9 8 mm dies, with 400
micro-bumps obtained from each die. Figure 2a
shows the top view of the die with micro-bumps,
and Fig. 2b shows an enlarged view of the micro-
bumps. Then, after polishing, the cross-section
image of the micro-bump is shown in Fig. 2c. After
dicing, the samples were aged in a furnace at 180�C
for 2, 8, 24, 72, 144, 288, 360, and 480 h, and the
longest aging time reached 1000 h. Scanning elec-
tron microscopy (JeoL JSM-7800F Prime) was used
to characterize the morphological and microstruc-
tural changes after a solid-state reaction. In addi-
tion, to verify the effect of surface diffusion,
scanning Auger spectroscopy was used to identify
the distributions of copper and tin. To determine
whether there were any voids in the micro-pillar
after long-term aging, focus ion beam was used to
reconstruct 3D structure of the micro-bump. Fur-
thermore, electron probe microscopy analysis
(EPMA) was used to analyze the element distribu-
tion and phase composition.

RESULTS AND DISCUSSION

Figure 3a, b, c, and d shows the side views of the
samples after aging for 2, 24, 72, and 360 h,
respectively. As can be observed from Fig. 2b, after
electroplating the Cu/Sn/Ni sandwich structure is a
planar structure. However, after aging for 2 h,
Cu6Sn5 appears to grow along the Cu/Sn interface,
and the interface becomes rough. Figure 3b, c, and d
shows that as the aging time continued to increase,
the growth of Cu6Sn5 near the Cu/Sn and Cu/IMC
interface become increasingly more significant. As
mentioned in previous reports,17,18 when the aspect
ratio of the micro-bump becomes sufficiently small,
surface diffusion becomes important and affects the
morphology of the sample, particularly for the solid-
state reaction. Additionally, it is known that Cu is
the dominant diffusing species in the Cu/Sn/Ni
solid-state reaction.1 Therefore, it is assumed that
Cu diffuses to the Sn layer to form Cu6Sn5 and it is
easier for the Cu atom near the free surface to react
with Sn at the edge of the pillar, which leads to the
stronger consumption of Cu near the surface as
compared to that of Cu in the middle of the micro-
bump. Finally, after this process, Cu6Sn5 near the
Cu/Sn interface can be clearly observed and the Cu/
Sn interface becomes rough. Figure 3e, f, g, and h
shows the cross-section BSE images of the samples
corresponding to Fig. 3a, b, c, and d, respectively.
This assumption is verified based on the consump-
tion of Cu observed in Fig. 3e, f, and g. Further-
more, Fig. 3e, f, and g shows that some Sn residue
after aging for 2 h and a thin layer of Cu6Sn5 could

Surface Diffusion and the Interfacial Reaction in Cu/Sn/Ni Micro-Pillars 89



to be found in both Ni/Sn side and Cu/Sn side. When
the aging time reached 24 h, all of the Sn was
converted to Cu6Sn5, and a thin Cu3Sn layer was
observed with some Kirkendall voids. After aging
for 72 h, the Cu3Sn layer becomes thicker. In
Fig. 3h, after 360 h of aging, Cu3Sn becomes the
dominant phase in the micro-bump with some
Cu6Sn5 phase (bright contrast) found both at the
middle of the micro-bump and near the Ni side.
Moreover, the bright contrast can still be observed
at the middle of the micro-bump after aging for

1000 h. SEM EDS was used to perform a prelimi-
nary identification of the phase, and the brighter
phase is identified as (Cu,Ni)6Sn5. The morphology
of the sample shows significant changes, after the
aging process with many voids formed near the free
surface.

To determine the exact composition of
(Cu,Ni)6Sn5, EPMA was used. In Fig. 4, it can be
clearly observed that, after aging for 144 h, some
(Cu,Ni)6Sn5 is surrounded by Cu3Sn, and that
Cu3Sn grew along the Cu6Sn5’s grain boundary.
Finally, EPMA WDS was used to analyze points A,
B and C in Fig. 4. Table I presents the EPMA
results of the compositions of the IMCs at the
positions A, B and C. As seen from the table, even
though it is confirmed that the points at A and C are
identified as (Cu,Ni)6Sn5, both (Cu,Ni)6Sn5 phase
contain very different Ni contents. The (Cu,Ni)6Sn5

located at point C, which is surrounded by Cu3Sn,
contains much higher Ni contents than the
(Cu,Ni)6Sn5 located at point A, near the Ni side.
From the isothermal section at 125�C of the Cu/Sn/
Ni ternary phase diagram obtained by a Japanese
research team,21 it can be concluded that when the
solubility of Ni content reaches its maximum,
(Cu,Ni)6Sn5 will not change to Cu3Sn, and that
the maximum solubility of Ni content in Cu3Sn is
much lower than in Cu6Sn5. The presence of
(Cu,Ni)6Sn5 at the middle and near the Ni side of
the micro-bump can be explained based on the Cu/
Sn/Ni ternary phase diagram. When Cu6Sn5

changes to Cu3Sn, due to the difference in the
maximum solubility limit of Ni content, the excess
Ni atoms were diffused along the Cu6Sn5 grain
boundary, thereby increasing the Ni content in
(Cu,Ni)6Sn5 at the middle of the micro-bump. After
the Ni content of (Cu,Ni)6Sn5 reaches its maximum
solubility, (Cu,Ni)6Sn5 becomes a stable phase and
the Cu atoms from the Cu side cannot react with it,
so these Cu atoms must go around this high-Ni-
content (Cu,Ni)6Sn5 and diffuse to other side to form
Cu3Sn. Consequently, the high-Ni-content
(Cu,Ni)6Sn5 is formed at the middle of the micro-
bump and surrounded by Cu3Sn. In addition, a
stable (Cu,Ni)6Sn5 with high Ni content also formed
near the Ni side due to the abundant supply of Ni.

Fig. 1. Schematic illustration showing the Cu/Sn/Ni structure in this study.

Fig. 2. Real sample after electroplating (a) overall; (b, c) sample
before and after polishing, respectively.
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In Mo’s study,16 a high-Ni-content (Cu,Ni)6Sn5 was
also observed under certain solid–liquid reaction
conditions. Further experiments must be performed
to analyze and observe the microstructure of this
phase.

Scanning Auger spectroscopy was used to analyze
the effect of surface diffusion, and the sample that
was aged for 72 h was chosen for analysis because
the interface was rough and surface diffusion can be
easily seen. Figure 5a shows the sample for Ar-ion

Fig. 3. Side views of the sample after aging in air at 180�C for (a) 2 h, (b) 24 h, (c) 72 h, (d) 360 h; cross-section BSE images of the same
sample after (e) 2 h, (f) 24 h, (g) 72 h, (h) 360 h.

Surface Diffusion and the Interfacial Reaction in Cu/Sn/Ni Micro-Pillars 91



sputtering, and the positions 1, 2, and 3 were
selected to obtain the Auger depth profiles. As
shown in Fig. 5a, position 1 is located on the copper
layer, position 2 is located near the interface
between Cu and Cu6Sn5, and position 3 is located
on the Cu6Sn5 layer. Figure 5b, c, and d show the
Auger depth profiles at positions 1, 2, and 3. The
results presented in Fig. 5 confirm that surface
diffusion has a strong influence on the distribution
of IMC in the micro-joint near the free surface,
which roughens the surface. The surface diffusion
phenomena had been observed in Yang’s study19

and our results are very similar to his work even
though the dominant diffusion species are different.
However, as there is a large difference in the
consumption of metals, the cross-sectional morphol-
ogy of the different dominant diffusion species
varies greatly.

Because of the volume shrinkage during the
reaction, the morphology of the sample is often
concave, as shown in Fig. 3e, f, and g. Nevertheless,
Fig. 3h shows that the morphology of the sample
after aging for 360 h is convex, with many voids
formed near the free surface, while in Fig. 3e, f, and
g, no voids are observed at the same position. Two
different types of voids were formed in our study, as
previously described6,7 The Kirkendall void is an
important part affecting the total voiding rate.
Furthermore, another part contains diffusion voids,
which are formed near the free surface after long-
term aging. The main difference of these two types
of voids is the formation mechanism. The formation
of a Kirkendall void5 is mainly due to the different

diffusion abilities of Cu and Sn; regardless of Sn,
Cu6Sn5 and Cu3Sn, Cu is the dominant diffusing
species; the discrepancy of Cu atoms diffusion flux

Fig. 4. Cross-section BSE image of the sample after 144 h of aging.

Table I. EPMA results of the compositions of the
IMCs at various spots

Spot code

Composition (at.%)

PhaseCopper Nickel Tin

A 52.4 2.8 44.8 (Cu,Ni)6Sn5

B 74.8 0.0 25.2 Cu3Sn
C 37.5 17.3 45.2 (Cu,Ni)6Sn5

Fig. 5. Side view of the sample after aging for 24 h. (a) The sample
used for Ar-ion sputtering, (b)–(d) auger depth profiles at positions
marked 1, 2, and 3 in (a).
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and Sn atoms diffusion flux causes the voids to form
near the Cu/IMCs interface. After 24 h aging, there
is almost no Sn remaining, and in order to reduce
the free surface energy, the free surface morphology
of the micro-joint must be changed, as the same
time surface diffusion continues. This diffusion flux
from IMCs to the free surface cause the defect to be
formed near the free surface, and finally diffusion
voids are formed. To confirm the total void rate in
the micro- bump after long aging time, it is neces-
sary to obtain cross-section images at different
positions. In this study, focused ion beam (FIB)
milling was used for 3D reconstruction. The sample
that was aged for 720 h was selected to ensure that
the aging time was long enough. Four hundred and
eighty tomographic slices with an interval of
62.5 nm were sectioned by FIB. Even though the
tomographic images were obtained by focused ion
beam milling, the area for calculating the voiding
rate must be defined because the distribution of the
voids in the tomographic slices cannot represent the
void distribution along the radius of the micro
pillar. Figure 6a shows the top view of the sche-
matic illustration for describing the calculation
method. Three different central angles of 9.46�,
18.43�, and 26.57� were chosen for calculation. The
central angles were determined by the rates of h
and l in the triangles shown in Fig. 6a. The values of
the rates of h and l are 3, 1.5, and 1. After
determining the area for calculation, the voiding
rate was calculated through the difference in the
number of pixels between the voids and other areas
in each image. Equation 1 was used to calculate the
voiding rate.

Voiding rate ¼ pixels1 �W1 �H1

pixels 2 �W2 �H2
� 100% ð1Þ

Pixels1 is the number of pixels for the total voids
in the chosen area, W1 is the total width of all of the
voids in the selected area, and H1 is the total height
of all of the voids in this area. Pixels2, W2 and H2

are the number of pixels, the width and the height
of the whole area that is chosen, respectively.
Furthermore, due to the influence of the voids
volume, the average voiding rate is used to repre-
sent the voiding rate at a certain position. Taking
the calculation of the voiding rate on the position of
1 lm as an example, images at positions 875 nm,
937.5 nm, 1 lm (1000 nm), 1062.5 nm, and
1125 nm were selected to calculate the voiding rate
of each position, and then the average of these five
figures represents the voiding rate at 1 lm. Finally,
the relationship of the voiding rate distribution and
position along the radius of the micro-bump is
shown in Fig. 6b. Clearly, the shape of the curve
in Fig. 6b is parabolic from the edge to the center
initially, and when the distance reaches a certain
range, the voiding rate becomes constant; mean-
while, from Fig. 3d and h, it is observed that after
long-term aging, the morphology of the sample
changes from concave to convex and, at the same
time, the voids near the free surface are formed.
Therefore, it can be concluded that the redistribu-
tion of the voids after long-term aging is controlled
by surface diffusion when almost all IMCs become
Cu3Sn in the Cu/Sn/Ni micro-bump. Furthermore,
from the result of the 3D reconstruction by FIB, it
can be concluded that there is a limitation of the
bump size, which has a strong effect on the relia-
bility of the micro-bump when this limit is out of a
certain range. To determine the physical limit of the
micro-bump, micro-bumps with diameters of 5 lm
and 10 lm were fabricated by FIB from the initial
sample shown in Fig. 2. Figure 7a and b shows the
side views of the 5 lm and 10 lm samples, and the
samples after 720 h aging are shown in Fig. 7c and
d. Using the same method, the relationship of the
voiding rate and position along the radius can be
obtained. Figure 7f shows a similar relationship of
the curve to that in Fig. 6b, and therefore, when the
diameter of the bump size decreases to 10 lm, it
does not reach the limitation. However, when the
diameter is decreased to 5 lm, the value of the

Fig. 6. (a) Top view schematic illustration to describe the calculation method. (b) Relationship of the void rate distribution along the radius
direction of the sample after aging for 720 h.
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voiding rate tends to become stable, which is mainly
due to the accumulation of the voids from all
directions. When the bump size reaches its limit,
the voiding rate is approximately two times greater
than the voiding rate of the other two bump sizes. A
higher voiding rate may lead to the mechanical
deterioration of the micro-bump. Taken together,
these results indicate that the bump size has a
strong influence on the reliability of the micro-joint,
particularly when the diameter of the micro-bump is
decreased to 5 lm or even to less than 5 lm.

CONCLUSION

An electroplated Cu/Sn/Ni micro-bump was fab-
ricated for analysis. After aging for different times,
both the morphology and microstructure show sig-
nificant changes, particularly after long-term aging.
Because of the small aspect ratio of the micro-bump,
surface diffusion has a strong effect on the

morphology and roughness of the Cu/Sn and Cu/
IMCs interfaces. In the Cu/Sn/Ni system, Cu is the
dominant diffusion species, and the large consump-
tion of Cu, particularly near the free surface, leads
to the concave morphology in the copper layer. FIB
was applied for 3D reconstruction and used for
calculation of the voiding rate of the micro-joint
after 720 h of aging. In this way, the relationship
between the voiding rate redistribution and the
position along the radius direction was obtained. It
is concluded that the redistribution of voids after
long-term aging is controlled by surface diffusion
when almost all of the IMCs in the Cu/Sn/Ni micro-
bump were transformed to Cu3Sn. Furthermore, as
observed from the relationship between the voiding
rate of the 5 lm and 10 lm samples and the position
along the radius, when the diameter of the micro-
bump decreases to 5 lm or even less than 5 lm, the
total voiding rate of the sample after long-term
aging rapidly increases, and a higher voiding rate

Fig. 7. (a, b) Initial samples cut by FIB with the diameters of 5 lm and 10 lm; (c, d) side views of the same samples after 720 h aging; (e, f) void
rate distribution curves.
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has a strong influence on the reliability of the micro-
joint and may lead to the failure of the electronic
device. After long-term aging, a high Ni content
(Cu,Ni)6Sn5 phase was formed in the middle and
near the Ni side of the micro bump. Additionally,
even when the aging time reaches 1000 h,
(Cu,Ni)6Sn5 is still present because the Ni content
of (Cu,Ni)6Sn5 reaches its limit, and this high Ni
content phase is stable in the solid-state reaction.
The formation of the high Ni content (Cu,Ni)6Sn5 is
explained as follows: due to the difference in the
maximum solubility limit of Ni contents, when
Cu6Sn5 changes to Cu3Sn, some Ni atoms must
diffuse along the Cu6Sn5 grain boundary, continu-
ously increasing the Ni content, and when the Ni
content reaches its solubility limit, (Cu,Ni)6Sn5

become a stable phase and Cu atoms from the Cu
side cannot react with it; consequently, these Cu
atoms must travel to the other parts to form Cu3Sn.
As a result, the high-Ni-content (Cu,Ni)6Sn5 will be
surrounded by Cu3Sn. Further, with abundant Ni
supplied by the Ni side, a stable (Cu,Ni)6Sn5 was
also formed near the electroplated Ni. However,
further experiments and analyses are needed to
elucidate the microstructure and further details of
the high-Ni-content (Cu,Ni)6Sn5.
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