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Abstract

Cu core solder ball (CCSB) is formed by a Cu core surrounded by solder alloy and is used as an interconnection material
for 3D packaging. Herein, the electromigration behavior of CCSBs with an organic solderability preservative surface finish
is compared with that of Sn—3.0Ag—0.5Cu (SAC) solder joint. The current density and temperature for electromigration test
are 0.9x 10* A/cm? and 100 °C, which are in compliance with JEP154. The current density of the solder joint is analyzed
using finite element method analysis and maximum current density of the SAC solder joint is 1.1 times higher than the CCSB
solder joint. The CCSB solder joint is less affected by the current crowding effect because electrons move through the Cu
core located at the center of the solder. A void form in the Cu electrode of the cathode that coincides with the simulated
maximum current area of the solder joint. The electromigration reliability of the CCSB solder joint is superior to that of the
SAC solder joint.
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packaging structures, such as the chip-scale package, fan-in
wafer-level package, package-on-package, Si-interposer 2D
package, fan-out wafer-level package, and fan-out panel-
level package, have been designed [1-5]. The demand for
smaller and higher functional BGA packaging has resulted
in an increase in the input and output densities, which can be
achieved by increasing the number of electrodes and reduc-
ing solder ball sizes [6, 7].

The solder joint used in BGA packaging provides an elec-
trical pathway and mechanical support between Si device
and its substrate. The solder material and solder joint shape
affect the lifetime of electronic packaging [8—10]. Specifi-
cally, decreasing the solder ball size results in electromi-
gration (EM)-induced electrical failures because the cur-
rent density and temperature of the BGA solder increase
with decreasing the size of the solder ball [11]. EM is the
phenomenon of an enhanced mass transfer of metal atoms
in the direction of the electron flow due to electron momen-
tum transfer resulting from the applied electric current. EM
failure of solder joints depends on current crowding, Joule
heating, Kirkendall voids, thermomigration, and intermetal-
lic compound (IMC) decomposition of the structure, mate-
rial, and geometry solder joint in microelectronic packaging
[12-15].

The Cu core solder ball (CCSB) comprises a Cu core sur-
rounded by a plated solder layer. CCSB solder joint offers
a potential solution for EM failure of solder joints because
Cu has an increased electrical and thermal conductivity than
conventional solder, thereby possessing better EM failure
resistance than Sn. Furthermore, the CCSB solder joint
maintains its stand-off height because Cu does not melt
when the solder is liquified [16-21].

Herein, the EM behaviors of the Sn—3.0Ag—0.5Cu (SAC)
solder joint and CCSB solder joint are investigated. The fail-
ure phenomena of these solder joints due to applied current
stress is analyzed using the 3D-finite element method (FEM)
analysis and microstructures are observed using field emis-
sion scanning electron microscopy (FE-SEM).

2 Experimental Procedures

The diameter of both CCSB and SAC solder balls was
280 um, whereas that of the Cu core in the CCSB was
220 pm. Ni and SAC layers were coated around the Cu

Fig. 1 a Schematic of the daisy
chain for the electromigration
test and b cross-sectional plane
of the model of electromigration
of the CCSB joint
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core via electroplating. The Ni layer provided a diffusion
barrier to eliminate the Kirkendall void between the Cu
core and SAC layer. The thickness of the Ni layer and SAC
layers was 2 and 28 um, respectively.

The test kit was a solder mask defined-type flame
retardant-4 (FR-4) board and component. The opening size
of the bonding pad was 200 um with an organic solderabil-
ity preservative (OSP) surface finish. The daisy chain of
the test kit was designed in compliance with JEP154, as
shown in Fig. la. The solder ball was selected and placed
on the opening pad. To form a solder ball for the BGA
component, the reflow process was performed at the peak
temperature of 260 °C for 5 min using a four-zone IR
reflow machine (RF-430-N2, Japan Pulse Laboratory Co.
Ltd., Japan).

The solder joints were applied at the current density
of 0.9x 10* A/cm? at 100 °C, which was calculated based
on half of the under-bump metallization (UBM) opening
area. Then, FEM analysis was conducted to investigate
the current density distribution on the solder joints that
are subjected to current stressing condition. As shown in
Fig. 1b, the model contained only the daisy-chained solder
joint and Cu patterns on the FR-4 substrate. The FR-4 sub-
strate and component in the experimental structure were
neglected to simplify the analysis. We assumed that elec-
trons flow from the top to bottom electrode; therefore, the
electric current flows in the opposite direction. The num-
ber of nodes was 1,792,923 to 1,965,194 depending, and
the number of elements was from 880,152 to 1,078,085.
The number of nodes and elements was depending on the
existence of the Cu core. The electrical resistivity of Cu
and SAC assumed isotropic behavior. Table 1 lists the
electrical properties of the solder joint [22]. The micro-
structure of the solder joint under the current stress was
observed using SEM and energy dispersive X-ray spec-
troscope (EDX).

Table 1 Electrical properties of

o Material Isotropic
the solder joints. resitivity
(Ohm m)

SAC 1.29E-07

Cu 1.69E—-08
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3 Results and Discussion

The 3D-FEM analysis was conducted to determine the fail-
ure location due to EM in the solder joints. Figure 2 shows
the simulated current density of the solder joint at an applied
current density of 0.9 x 10* A/cm?. The current density was
observed to be the highest at the solder joint near the Cu
electrode, as seen in Fig. 2, where the electrons experience
significant current crowding [22, 23]. Figure 2a, d show that
the electrical current flows through the Cu core instead of
the solder matrix because the electrical conductivity of Cu
is higher than that of the SAC solder joint. As shown in
Fig. 2b, e, the simulated maximum current density of the
SAC and CCSB solder joints are 2.93x 10° and 2.66x 10° A/
cm?, respectively. Maximum current density of the CCSB
solder joint is about 10% lower than that of the SAC solder
joint. Figure 2c, f indicate that the current density of the
solder joint is concentrated at the edge of the opening. How-
ever, in the case of the CCSB solder joint, the second-highest
current density of 1.36x 10> A/cm? is located at the center of
the UBM opening. The electrical resistivity of Cu was much
lower than that of SAC. The electron mainly moves to lowest
electrical resistance path. Therefore, the electron was moves
along the Cu core, even though the distance of electrons
movement is longer. In this reason, the current distribution
of CCSB joint was spread from the edge of solder joint to
Cu electrode and Cu core, as shown in Fig. 2d, f.

The EM Cu flux in Sn (J¢, gy) is related to the current
density, [24] and J¢, gy is expressed as follows:
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where C,, D, and Z* was the concentration, diffusion
coefficient, and effective charge number of Cu in Sn, respec-
tively. T is the absolute temperature, k is the Boltzmann con-
stant, e is the electron charge, and j is the current density.
When the temperature was same, J¢, gy Was proportional
to the j. From the result of FEM analysis, the J¢, gy of SAC
solder joint was 10% higher than that of CCSB solder joint.
EM reliability of CCSB solder joint is expected to improve
due to the elimination of the current crowding effect by the
Cu core.

Figure 3 shows the microstructure of the solder joints
after the reflow process. The Cu core of the CCSB solder
joint was located in the center. The IMC of the SAC sol-
der joint at the interface between the solder matrix and Cu
electrode was a scalloped-type CusSns IMC comprising
55.0 at.% of Cu and 45.0 at.% of Sn according to the EDX
analysis. The (Cu,Ni)¢,Sns IMC formed at the CCSB solder
joint; from EDX spot analysis, its composition on the Cu
electrode was determined as 54.3 at.% of Cu, 2.7 at.% of
Ni, and 43.0 at.% of Sn. Furthermore, the (Cu,Ni)¢Sns IMC
on the Cu core comprised 45.3 at.% of Cu, 8.2 at.% of Ni,
and 46.5 at.% of Sn. A previous study demonstrated that
when the Cu concentration of the solder was 0.5 wt.%, the
Cu,Sns-based IMC was formed from the reaction between
the SAC and Ni electrodes [25]. In the case of (Cu,Ni)ySn;
IMC on the Cu core, the Cu contents were higher than that
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Fig.2 Contour plots of the current density for a—¢ SAC and d—f CCSB solder joints with a current density of 0.9 x 10* A/cm?. a, d Whole solder

joint, d, e current crowding region, and ¢, f top view of the solder joint
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Fig.3 Cross-sectional SEM micrographs of the a—¢ SAC joint and d—f CCSB joint after the reflow process. a, d Solder joint, (b, e) cathode, and

(c, ) anode

of the Ni contents because the formation of the Cu—Sn IMC
prevented the reaction between Ni and Sn [26, 27].

Figure 4 shows the microstructure of the SAC solder
joints under the applied current density of 0.9 x 10* A/cm?
at 100 °C. During the EM test, the thickness of the CugSns
IMC at the anode was relatively thick than that of the CugSns
IMC at the cathode, which was dissolved into the solder
matrix by electron current stressing [28]. The CuySny IMC
on the anode grew because migrated Cu from the cathode
reacted with Sn at the anode [23]. Also, as shown in Fig. 4c,
d, at the cathode, the Cu electrode was consumed during the
EM test and a void was observed. The Cu electrode in the
cathode provided an entrance through which the electrons
could flow in, thereby dissolving the Cu into the solder [12].
The void formed at the entrance where the current crowding
occurred most significantly, as seen in Figs. 2b and 4c.

Figure 5 shows the microstructure of the CCSB solder
joints under the applied current density of 0.9 x 10* A/cm?
at 100 °C. The IMC at the anode and Cu core increased
with an increase in the current stress time. The Sn in the
solder matrix reacted with the migrated Cu; therefore,
the IMC on the Cu core also increased. The CCSB solder
joint failed due to the formation of a void at the cathode
because the Cu was consumed by EM. However, this void
is not observed although the CCSB solder joints under-
went the EM test for 10 h. Park et al. [15] reported that the
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Cu was consumed at the cathode due to the polarity effect,
wherein the Cu was driven by the electron flow direction
during the EM test. Therefore, Cu migrated to the anode
following the electron direction. From Fig. 2b, e show
that the simulated maximum current density of the CCSB
solder joint is lower than that of the SAC solder joint.
Therefore, the Cu consumption in the SAC solder joint
was more than that in the CCSB solder joint, as shown in
Figs. 4c and 5c.

During the EM test, the electrical resistance of both sol-
der joints increased until failure, as shown in Fig. 6a. The
resistance change in the CCSB solder joint was less than that
in the SAC solder joint. Although a void was formed, it did
not fail because the electron flowed through the contact area
between the Cu electrode on the cathode and solder. How-
ever, the resistance increased because the void reduced the
contact area; therefore, the solder joint was affected more by
the current crowding effect [23, 29]. As seen in Fig. 6b, the
times to failure (TTF) of the CCSB and SAC solder joints
were 31.2 and 18.0 h, respectively. Due to the reduced cur-
rent crowding effect in the CCSB by the Cu core, the TTF
of CCSB was 1.73 times longer than that of the SAC solder
joint. Therefore, the EM lifetime of the CCSB solder joint
was observed to be longer than that of the SAC solder joint
without a Cu core.
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Fig.4 Cross-sectional SEM micrographs of the SAC joint at a current density of 0.9 10* A/cm? a, ¢, e after 10 h at 100 °C and b, d, f after the

time to failure. a, b SAC joint, ¢, d magnified cathode, and e, f anode

4 Conclusion

The EM behaviors of a CCSB solder joint were investigated at
a high current density of 0.9x 10* A/cm? at 100 °C. The cur-
rent densities of the SAC and CCSB solder joints were simu-
lated using FEM, and the highest current density region for
both solder joints occurred at the edge of the solder joint near
the Cu electrode. The maximum simulated current density of

the CCSB solder joint was lower than that of the SAC solder
joint because electrical current flowed through the Cu core.
At the cathode of both the solder joints, the Cu electrode was
consumed and a void formed during the EM test. However,
the void at the CCSB solder joint was formed later than that
in the SAC solder joint because of a reduced electron crowd-
ing effect, thereby resulting in a 1.73 times-longer TTF of the
CCSB solder joint than that of the SAC solder joint.
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Fig.5 Cross-sectional SEM micrographs of the CCSB joint with a current density of 0.9 x 10* A/cm? a, ¢, e after 10 h at 100 °C and b, d, f after
the time to failure. a, b CCSB joint, ¢, d magnified cathode, and e, f anode
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Fig.6 Result of electromigration of the SAC joint and CCSB joint. a AR/R,, versus time of the solder joints at 0.9 x 10* A/cm? at 100 °C, b
times to failure after the electromigration test
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