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In this work, we present ball impact test (BIT) responses and fractographies
obtained at an impact velocity of 500 mm/s on Sn-4Ag-0.5Cu, Sn-1Ag-0.5Cu,
Sn-1Ag-0.5Cu-0.05Ni, Sn-1.2Ag-0.5Cu-0.05Ni, and Sn-1Ag-0.5Cu-0.05Ge
package-level solder joints. The solder joints are bonded on substrate pads of
either immersion tin (IT) or direct solder on pad (DSOP) surface finishes.
Differences of BIT results with respect to multi-reflow are also reported.
Taking the impact energy as an indication of board-level drop reliability of the
solder joints, the BIT results indicate that better reliability can be achieved by
adopting Sn-Ag-Cu solder alloys with low Ag weight contents as well as IT
substrate pad finish rather than DSOP. Moreover, the addition of Ni or Ge to
the solder alloy provides a large improvement; Ni alters the interfacial
intermetallic compound (IMC) structure while Ge enhances the mechanical
behavior of the bulk solder.
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INTRODUCTION

The ball impact test (BIT), or so-called high-speed
ball shear test, was developed based on the demand
of a package-level measure of board-level reliability
of solder joints’? in the sense that it leads to brittle
fracturing around the interfacial intermetallic
compound (IMC), similar to that from a board-level
drop test.>® Development of several BIT appara-
tuses has been reported in recent years.*%1° To
date, the majority of BIT studies have presented
only failure-mode statistics because the specific test
apparatuses employed in these studies might not
allow accurate measurements of force and dis-
placement responses induced by the impact
load. The BIT apparatus has to be properly designed
to measure reasonable impact force profiles
generated during BIT at a high impact velocity.'!
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The characteristics of an impact force profile
represent scientifically meaningful factors when
correlating with board-level drop reliability and
indeed a positive correlation has been found
empirically between these BIT characteristics and
the board-level drop reliability of electronic pack-
ages.® In addition to the development of BIT
apparatuses, numerical studies of the BIT process
that provide insights into the transient mechanical
behavior of the solder 2joint have been carried out by
Yeh and coworkers.'*~!® Besides the intention to
correlate with board-level drop reliability, BIT also
stands alone as a unique and novel test methodology
for the characterization of the strengths of solder
joints under a high-speed shearing load.

Numerous studies have been devoted to examin-
ing the effect of Ag contents and microelement
additions on the properties of Sn-Ag-Cu solder
alloys. Among Sn-xAg-0.5Cu (x =1, 2, 3, and 4)
flip-chip solder joints, 3% Ag shows excellent
fatigue performance under a broad range of strain
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conditions. On the other hand, solder joints with 1%
Ag exhibit superior fatigue endurance only when a
high plastic strain is present.!® Kariya et al.!”
suggested that a very small amount of Ni addition
(0.05 wt.%) can enhance the fatigue endurance of
1%Ag flip-chip solder joints so that their perfor-
mance becomes comparable to that of 3%Ag solder
joints. It has been reported that, in the case when
the Sn-3.5Ag-0.07Ni solder alloy was bonded onto
Cu, the interfacial IMC was irregular worm-like
(Cu,Ni)gSns rather than scalloped CugSns and its
thickness did not appear to change after long-time
aging.'® Also, the addition of a small amount of Ge
can effectively reduce dross, raise the mechanical
strength, and improve the thermal fatigue resis-
tance of solder joints.'®

To date, however, the effect of the addition of
microelements on the BIT responses of Sn-Ag-Cu
solder joints has not been investigated systemati-
cally. In this work, we present BIT responses mea-
sured at an impact velocity of 500 mm/s on Sn-4Ag-
0.5Cu, Sn-1Ag-0.5Cu, Sn-1Ag-0.5Cu-0.05Ni,
Sn-1.2Ag-0.5Cu-0.05Ni, and Sn-1Ag-0.5Cu-0.05Ge
package-level solder joints. The solder joints were
bonded on substrate pads of either immersion tin
(IT) or direct solder on pad (DSOP) surface finish.
Differences of BIT results with respect to three-time
reflow are also reported.

BALL IMPACT TEST

The Instron MicroImpact testing system (Instron
Ltd., Buckinghamshire, UK) was employed in this
study for BIT tests. For each BIT test, a striker was
catapulted upon release of an air-compressed spring
with an impact velocity, Vi, of up to 1 m/s. The
impact process was therefore energy controlled,
although the impact velocity changed slightly dur-
ing the course of impact. A typical impact force
profile? measured by the BIT apparatus is shown in
Fig. 1. The impact force increases after the pin hits
the solder joint and then decreases after fracturing
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Fig. 1. Typical measured impact force profile.2
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in the solder joint is initiated.'>'* Since the
post-failure structural behavior of the solder joint is
extremely complicated and hardly reproducible, we
consider only the ascending part of the first peak of
the impact force profile, which represents the
structural behavior of the solder joint from the ini-
tiation of the impact load until fracturing starts.

The characteristics of the impact force profile are
depicted in and derived from Fig. 1 as follows. Fi, .«
is the peak impact force. For the IMC fracturing
failure mode, F, .« corresponds to the IMC strength,
which is a mix of the normal and shear adhesion
strengths of the solder joint because BIT actually
applies mixed-mode loading to the solder joint.!2~*
7, denotes the duration of the ascending part of the
impact force profile. If V; varies insignificantly
during the entire impact process, we have
0 =2 V; x 1., where 6 stands for the traveling distance
of the striker from the onset of the impact until the
initiation of fracturing in the solder joint. Either 7,
or 0 can be used as a measure of the ductility of the
solder joint. A, is the area below the ascending part
of the impact force profile, which represents the
toughness of the solder joint. This quantity is pro-
portional to the impact energy exerted during the
ascending part, E,, because if V; varies insignifi-
cantly during the entire impact process, we have
E.~V; xA,. The S, is the slope of the ascending
part of the impact force profile. If V; varies insig-
nificantly during the entire impact process, we have
Sr = V; x K,, where K, is the apparent stiffness of
the solder joint structure.

Typical BIT-induced failure modes are illustrated
in Fig. 2: mode C denotes fracturing within the
solder alloy, mode B represents fracturing around
the interfacial IMC layer, and mode B1 stands for
pad peeling. A mixed failure mode is frequently
observed in actual tests such that part of the frac-
tured surface features IMC fracturing, which in
general is the initial failure, while the remainder is
covered by solder residues, a result of post-failure
crack propagations. Since only the ascending part of
the impact force profile is of interest, and the solder
joint remains intact until the peak impact force is
reached, > * this mixed failure mode is regarded as
mode B.

In this study, ten sets of ball grid array (BGA)
samples were prepared; the experiment cells are
tabulated in Table I. These experiment cells were
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Fig. 2. Typical BIT-induced failure modes.
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Table I. Experimental Cells

Cell Solder Composition Pad Finish
A Sn-4Ag-0.5Cu IT or DSOP
B Sn-1Ag-0.5Cu

C Sn-1.2Ag-0.5Cu-0.05Ni

D Sn-1Ag-0.5Cu-0.05Ni

E Sn-1Ag-0.5Cu-0.05Ge

combinations of five kinds of Sn-Ag-Cu solder
joints, with a diameter of 500 um, along with two
kinds of substrate pad finishes, namely immersion
tin (IT) and Sn-3Ag-0.5Cu direct solder on pad
(DSOP). The colder compositions were conventional
Sn-4Ag-0.5Cu and Sn-1Ag-0.5Cu, and three low-
Ag-content Sn-Ag-Cu solder alloys doped with Ni
or Ge, i.e., Sn-1Ag-0.5Cu-0.05Ni, Sn-1.2Ag-0.5Cu-
0.05Ni, and Sn-1Ag-0.5Cu-0.05Ge. Note that
Sn-1.2Ag-0.5Cu-0.05Ni was obtained from a sup-
plier different from the ones that provided the
other two Ni- or Ge-doped solder alloys, and hence
process differences may play a role in their per-
formance. The reflow profile for the ball mount
process features a temperature increase rate of
0.8°C/s and a descending rate of 1.9°C/s, with the
temperature maintained at a peak value of 260°C
for 4 s. In addition to the as-mounted samples, the
ten experiment sets were also subjected to reflow
three more times following the same profile so that
the change of the BIT responses of the solder joints
with respect to multi-reflow could be examined. For

each experiment cell, 20 solder joints were tested.
V; was set at 500 mm/s.

RESULTS AND DISCUSSION

The interfacial morphologies of selected intact
solder joint samples with IT and DSOP substrate
pad finishes are shown in Figs. 3 and 4, respec-
tively. The interfacial IMC for all the experiment
cells in this study were identified as CugSns or
(Cu,Ni)gSns by energy-dispersive X-ray spectrome-
try (EDS). In the case of IT, the interfacial IMC
layers of Sn-1Ag-0.5Cu and Sn-1Ag-0.5Cu-0.05Ge
samples were scalloped while that of the samples
with Ni addition exhibited an irregular worm-like
appearance. It is assumed that Ni dissolved in the
CugSn; layer leads to morphological changes of the
layer.’® Some discrete IMC particles distributed
within the solder could be observed, with more
observed in the Ni-doped solder joints. After three
reflows, the thickness of the interfacial IMC
appeared to increase slightly. We also noted that the
DSOP finish resulted in thicker interfacial IMC
layers than the IT finish for all cells. We may con-
sider that samples with DSOP had a reduced melt-
ing point (or a lower liquidus) compared to those
with IT due to the additional Sn-3Ag-0.5Cu solder
paste. Consequently, the difference between the
peak reflow temperature and the melting point was
greater for the DSOP samples, and hence their
interfacial IMC layers were thicker.

The BIT-induced fractured surfaces correspond-
ing to modes B (IMC fracturing) and C (solder
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Fig. 3. Cross-sectional morphologies of intact solder joints with the IT substrate pad finish.



204

As-mounted
Sn-1Ag-0.5Cu

As-mounted
Sn-1.2Ag-0.5Cu-0.05Ni

Lai, Song, Chang, and Chiu

YAG  150M/ 3000 WDSOinm - LI
As-mounted
Sn-1Ag-0.5Cu-0.05Ge

YAD DMWY OO0 WO Gdwen | < T
Three-time reflowed
Sn-1Ag-0.5Cu

YAG  1SOMV  SC000 D Ome 1 HI
Three-time reflowed
Sn-1.2Ag-0.5Cu-0.05Ni

Three-time reflowed
Sn-1Ag-0.5Cu-0.05Ge

Fig. 4. Cross-sectional morphologies of intact solder joints with the DSOP substrate pad finish.
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Fig. 5. Fractured surfaces corresponding to modes B and C.

fracturing) are shown in Fig. 5, in which the pin
moved along the direction from bottom to top. For
all the experiment cells used in this study, mode B
was found to be the dominant BIT-induced failure
mode while mode B1 (pad peeling) did not occur.
Mode C was present only in the as-mounted Ni- or
Ge-doped samples with the IT substrate pad finish:
40% (8 out of 20 solder joints) for Sn-1Ag-0.5Cu-
0.05Ni with IT, and 5% (1 out of 20 solder joints) for
Sn-1.2Ag-0.5Cu-0.05Ni and Sn-1Ag-0.5Cu-0.05Ge
with IT. Cross-sectional examination of the frac-
tured solder joint (Fig. 6) indicates that the BIT-
induced fracture, once it has occurred around the
interfacial IMC layer, propagates inside the IMC
and leaves only a thin film of IMC on the surface of
the Cu pad. This specific failure pattern is very
similar to that caused by drop impacts in a board-
level solder joint.*®

(Cu,Ni)¢Sns

-
YAG 150008000 WD 100mm | UM

Fig. 6. Cross-sectional examinations of fractured solder joint:
Sn-1.2Ag-0.5Cu-0.05Ni with the IT substrate pad finish after three
reflows.

We discuss the BIT characteristics corresponding
to modes B and C separately. Box plots of the
measured Fp.«x, E;, and 6 for mode B are shown in
Figs. 7-9, respectively. In a box plot, the square
denotes the mean value, the box is bounded by the
lower and upper quartiles, the whiskers extend to
5th and 95th percentiles, and the crosses indicate
the maximum and minimum values. Apparently,
these three BIT characteristics are, in general, lar-
ger for samples with the IT substrate pad finish
than those with the DSOP finish. Moreover, these
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Fig. 7. Fmax for mode B (left: as-mounted; right: reflowed three times).
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Fig. 8. E;, for mode B (left: as-mounted; right: reflowed three times).
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Fig. 9. o for mode B (left: as-mounted; right: reflowed three times).

BIT characteristics for the as-mounted samples are
generally higher than those for the multi-reflowed
samples for all cells except for Sn-1Ag-0.5Cu-0.05Ni
with IT or DSOP, for which the variation of E, is not
apparent while F,, ., increases after multi-reflow.
Lai et al.'° has pointed out that F,,., in fact cap-
tures a combined mechanical response of the mod-
ulus, adhesion strength, and ductility of the solder
joint. Therefore, the comparison of F,.x between
solder joints of different solder compositions or

those subjected to different annealing or reflow
conditions that lead to possible mechanical property
change for the solder bulk is not particularly
meaningful. Nevertheless, the increase of Fi, ., with
additional reflows for the Sn-1Ag-0.5Cu-0.05Ni
samples remains an interesting issue that requires
further investigations.

Attempts to establish an empirical correlation
between board-level drop reliability and BIT char-
acteristics have shown that physical terms related
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to the impact energy, such as E,, are more
appropriate.l? If this is the case, the BIT results
presented in Fig. 8 imply that better board-level
drop reliability can be achieved by adopting Sn-Ag-
Cu solder alloys with low Ag weight contents as well
as the IT rather than the DSOP substrate pad fin-
ish. Doping of the Ni or Ge trace element into the
solder alloy clearly yields a great enhancement.
Among the three Ni- or Ge-doped Sn-Ag-Cu solder
alloys, Sn-1.2Ag-0.5Cu-0.05Ni appears to be the
best, followed by Sn-1Ag-0.5Cu-0.05Ge. However,
these three solder alloys would have similar per-
formances after being reflowed three times. Also,
the performance of Sn-1Ag-0.5Cu-0.05Ni does not
seem to degrade after additional reflow.

Considering ¢ as a ductility index of the solder
joint, we note from Fig. 9 that the BIT responses of
the Ni- or Ge-doped Sn-Ag-Cu solder alloys are
more ductile than those of conventional Sn-Ag-Cu.
Among the five solder compositions examined in
this study, Sn-1Ag-0.5Cu-0.05Ni is the most ductile
while Sn-4Ag-0.5Cu is the most brittle. Moreover,
the samples with the IT substrate pad finish
exhibited more ductile responses than those with
the DSOP finish. After additional reflow, the BIT
responses become more brittle for all the experi-
ment cells. Taking the diameter of the solder joint,
500 um, as a reference, we note that IMC fractur-
ing takes place when the pin moves a distance of
about 7% (Sn-4Ag-0.5Cu with DSOP, multi-
reflowed) to 20% (Sn-1Ag-0.5Cu-0.05Ni with IT,
as-mounted) of the diameter.

Table II compares the BIT characteristics for
modes B and C for the as-mounted Ni- or Ge-doped
samples with the IT substrate pad finish, which are
the only cells where mode C exists. Though the
comparison is not particularly statistically mean-
ingful because the data population for mode C is
quite limited, it can be noted from the table that E,
and 6 for mode C are much greater than those for
mode B. This indicates that a larger energy is re-
quired for the solder joint to fracture within the
solder bulk, and that solder fracturing is a more
ductile process than IMC fracturing.

The BIT-induced fractographies were closely re-
lated to the solder composition. For the two undoped

Table II. Comparison of BIT Characteristics
for Modes B and C

As-Mounted Cell
with the IT Pad

Finish Foux W) E.(md) 0 (um)
C (mode B) 14.66 = 1.26 1.00 + 0.18 98.0 = 16.4
D (mode B) 11.68 + 1.67 0.80 + 0.21 108.4 + 22.8
E (mode B) 14.31 = 1.59 0.86 + 0.28 92.6 = 20.8
C (mode C) 16.76 2.14 161.6

D (mode C) 16.77 + 1.08 1.40 = 0.40 113.4 + 30.3
E (mode C) 16.81 2.10 176.2
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solder alloys, Sn-4Ag-0.5Cu and Sn-1Ag-0.5Cu,
similar fractographies, as shown in Fig. 10 using
Sn-4Ag-0.5Cu as an example, could be observed.
Except for some CugSns intermetallic islands ex-
posed with crystalline facets, the fractured surfaces
of both as-mounted and three-time reflowed speci-
mens were flat and smooth. After three reflows, the
size of the CugSns exposures apparently became
greater. Moreover, microcracks could be observed
linking the intermetallic particles (Fig. 10c) and
some scratch scars on massive intermetallics, pos-
sibly due to high-speed fracturing, were also found
(Fig. 10d). Sn-Ag-Cu solder joints doped with Ni
exhibited a different BIT-induced fractography. As
shown in Fig. 11, the fractured surfaces of both the
as-mounted and multi-reflowed Sn-1.2Ag-0.5Cu-
0.05N1 solder joints were more rugged than those
of the undoped ones. The intermetallic phase
remained nodular after multi-reflowing and the
solder matrix surrounding the intermetallics
appeared to have experienced ductile deformations.
Some exposed Cu-Ni-Sn particles contained a cer-
tain amount of Ni, ranging from 3 wt.% to 5 wt.%,
indicating that the addition of Ni enhanced the
formation of Cu-Ni-Sn particles in the liquid solder
near the interface. As shown in Fig. 12, the frac-
tographies of the Ge-containing samples were sim-
ilar to those of the undoped samples, which revealed
massive CugSns exposures on the flat fractured
surface.

The addition of Ni could be responsible for several
microstructural changes such as the formation of
Cu-Ni-Sn_intermetallics in the solder or at the
interface,'®2%2! less packed AgsSn resulted from
the reduced undercooling,?! and the morphological
transition of interfacial IMCs from scalloped to
worm-like.'® With a low Ni content similar to the
samples investigated in the present study,
Sn-3.5Ag-0.5Cu-0.07Ni-0.01Ge shows a lower yield
strength and greater elongation than Sn-3.5Ag-
0.5Cu,?? which is likely due to the less packed
AgsSn within the eutectic structure. When the Ni
content is increased to 0.5 wt.%, Cu-Ni-Sn com-
pounds form and somewhat suppress the effect of
AgsSn nodule size.?! This causes a higher strength
and degraded ductility. However, in this study, the
superior BIT performance of Sn-1.2Ag-0.5Cu-0.05Ni
can be mainly ascribed to the discontinuous worm-
shaped Cu-Ni-Sn phase at the interface. Such
interfacial IMCs may stunt crack propagation, pre-
vent fast fracturing, and thus contribute to higher
E. and ¢ values, as demonstrated in Fig. 11 by the
ductile deformed Sn matrix on the rugged fractured
surface. For Ge, Chuang et al.'® suggested that it
was not involved in the interfacial reaction and thus
the morphology of interfacial CugSns was not sig-
nificantly altered compared to undoped Sn-Ag-Cu
samples. Therefore, the improved BIT performance
through minor Ge alloying might be related to its
positive effect on the mechanical behavior of the
bulk solder.
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Fig. 10. Fractographies of the Sn-4Ag-0.5Cu solder joint with the IT substrate pad finish: (a) as-mounted, (b) three-time reflowed, (c) and (d)
enlarged microstructures of (b).

Fig. 11. Fractographies of the Sn-1.2Ag-0.5Cu-0.05Ni solder joint with the IT substrate pad finish: (a) as-mounted, (b) three-time reflowed, (c)
and (d) enlarged microstructures of (a) and (b), respectively.
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Fig. 12. Fractographies of the Sn-1Ag-0.5Cu-0.05Ge solder joint with the IT substrate pad finish: (a) three-time reflowed and (b) enlarged

microstructures of (a).

CONCLUSIONS

We present BIT characteristics measured at an
impact velocity of 500 mm/s for Sn-4Ag-0.5Cu, Sn-
1Ag-0.5Cu, Sn-1Ag-0.5Cu-0.05Ni, Sn-1.2Ag-0.5Cu-
0.05Ni, and Sn-1Ag-0.5Cu-0.05Ge package-level
solder joints, bonded on substrate pads with IT and
DSOP surface finishes. The effect of multi-reflow on
the variation of BIT responses was also examined.

For all the experiment cells investigated in this
study, IMC fracturing was found to be the dominant
BIT-induced failure mode. Solder fracturing was
present only in the as-mounted Ni- or Ge-doped
samples with the IT substrate pad finish. The BIT
characteristics were greater for samples with the IT
substrate pad finish than those with the DSOP
finish. Also, the BIT characteristics for as-mounted
samples were greater than those for the multi-
reflowed samples for all cells except for Sn-1Ag-
0.5Cu-0.05N1i, for which the variation of E. is not
apparent while F,,, increases after multi-reflow.

Taking E, as an indication for board-level drop
reliability, we note from the BIT results that better
board-level drop reliability can be achieved by adopt-
ing Sn-Ag-Cu solder alloys with low Ag weight con-
tents as well as the IT rather than the DSOP substrate
pad finish. Moreover, the addition of Ni or Ge to the
solder alloy yields a great enhancement; Ni alters the
interfacial IMC structure while Ge enhances the
mechanical behavior of the bulk solder.

The BIT responses of Ni- or Ge-doped Sn-Ag-Cu
solder alloys are more ductile than those of con-
ventional Sn-Ag-Cu. Among the five solder compo-
sitions examined in this study, Sn-1Ag-0.5Cu-
0.05Ni was the most ductile while Sn-4Ag-0.5Cu
was the most brittle. Samples with the IT substrate
pad finish had more ductile responses than those
with the DSOP finish. After additional reflow, all
experiment cells exhibit more brittle BIT responses.
Moreover, a larger energy is required for the solder
joint to fracture within the solder bulk, and solder
fracturing is a more ductile process than IMC
fracturing.
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