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BABSTRACTIl The effects of Ni addition to the lead frame (LF) Cu alloy on the formation behavior
of the intermetallic phases and voids in the interfacially reacted region with the Sn-0.7% Cu solder, during
exposures at elevated temperatures such as 423 K were investigated. Multi-layered structures consisting
of Cu,Sn and Cu,Sn, intermetallic phases and Kirkendall voids were observed in the interfacially reacted
region between LF, containing Ni of 0, 0.09, 0.2 and 0.4%, and the solder. Both the amount of voids and
thickness of Cu,Sn layer markedly decreased with an increase of Ni content from 0 to 0.2 %. Microstructural
observations for the 0.2% Ni added sample revealed that the Ni-rich layer of about 600 nm in thickness was
formed in Cu,Sn along the LF/Cu,Sn interface. The mechanism of these phenomena was discussed in terms
of microstructure, thermodynamics and kinetics of the reactive interdiffusion process.
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1. Introduction

Cu alloys are widely used for lead frames (LF) in
semiconductor devices, such as power devices in
hybrid or electric vehicles. In such devices, the LF and
silicon chips are connected with solder. Sn-0.7 wt%
Cu alloy (hereinafter, compositions will be given by
wt%, unless otherwise stated) is a promising candidate
solder to replace Sn-Pb alloys, as it has a lower
environmental impact, a relatively high melting point
of around 500 K, and sufficient connection strength.

It is known that intermetallic phases, such as Cu,Sn
and Cu,Sn,, are formed between the Cu-based LF and
solder by interfacial reaction during soldering. During
prolonged exposure to temperatures of around 400 K
during operation, Kirkendall voids are formed at the
LF/Cu,Sn interface. Kirkendall voids are known to
be formed by marked differences in the interdiffusion
coefficients of elements.!? The formation of dense
Kirkendall voids at the LF/Cu,Sn interface deteriorates
the connection strength and reliability of the solder.

Several studies have reported the effects of the
addition of alloying elements to the LF Cu alloys
or solder on the formation of intermetallic phases
and voids.®'? Significant effects on the thickness

of the intermetallic phases and void formation have
been realized by Ni addition to the LF or solder.®*!?
However, the underlying mechanism is currently not
well understood.

In the present study, the effects of Ni addition to
the LF Cu alloy on the formation of intermetallic
phases and voids in the interfacially reacted region
with Sn-0.7% Cu solder were investigated. Detailed
microstructural observations by scanning and
transmission electron microscopy were carried out to
determine the microstructural change, as well as void
formation behavior, due to Ni addition.

2. Experimental

The base composition of the LF was
Cu-2%8Sn-0.15%Zn-0.006%P. The amounts of Ni
added were 0, 0.09, 0.2 and 0.4%. A 0.08 mm-thick
Sn-0.7%Cu solder foil was set on mechanically and
electro-chemically polished 2 mm-thick LF alloy
sheets. Soldering was performed at 553 K for 300 s
under a N,-4%H, atmosphere. Then, the samples
were exposed at 423 K for 1000 and 2000 h. The
cross-sectional microstructure was observed by
scanning electron microscopy (SEM). The void ratio
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was defined as the total void length projected to the
interface divided by the measured length (Fig. 1).
Microstructural observations by scanning transmission
electron microscopy (STEM) were conducted for
a set of samples exposed at 473 K for 700 h, for
an accelerated interfacial reaction. Elemental maps
were made by an energy dispersive spectroscopic
(EDS) detector in the microscope.

3. Results

3.1 Change in the Intermetallic Phases and Voids
with the Addition of Ni to LF

Cross-sectional microstructures of the interfacially
reacted region observed by SEM in the samples
with added Ni of 0, 0.09, 0.2 and 0.4% to the LF
are shown in Fig. 2. These samples were exposed at
423 K for 2000 h. Multi-layered structures were
observed in all the samples, consisting of Cu,Sn and
Cu,Sn; intermetallic phases. It is noted that numerous
voids were formed along the LF/Cu,Sn interfaces in
the Ni-free sample (Fig. 2(a)). The number of voids
decreased with increasing amount of Ni, as shown
in the micrographs. Careful observations revealed
that the voids were formed in Cu,Sn at the LF/Cu,Sn
interfaces (Figs. 2(a) and (b)). It is also interesting to
note that the thickness of the Cu,Sn appears to decrease
with increasing amount of Ni added.

An example SEM image of the as-soldered sample
without high temperature exposures is shown in
Fig. 3. The LF in the sample contains 0.2% Ni. No
voids are recognized in the micrograph. This clearly
shows that the voids are formed during exposure at

CusSn
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VLp: projected void length.

Measured length

Cu alloy (LF)

Void ratio (%) = [¥ (VLp) / Measured length] x 100

Fig.1 Definition of void ratio.

elevated temperatures after soldering. It is also noted
that Ni is detected in Cu,Sn; in the as-soldered sample.

Variations of the void ratio as a function of Ni content
in the LF are shown in Fig. 4. A marked decrease in the
void ratio with an increase in the Ni content, especially
in the range from 0 to 0.2% Ni, is noted. The void ratio
increased with the holding time at 423 K, as shown in
the figure.

Figure 5 shows the variation in thickness of the
intermetallic phases as a function of Ni content in the
LF. It is noted that the thickness of the Cu,Sn layer
decreased and that of the Cu,Sng layer increased
with increasing Ni content. The total thickness of the
intermetallic phases was not changed significantly

(@) Ni: 0%

(b) Ni: 0.09%

Solder
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CusSn
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:0.4%

() Ni: 0.2% (d) Ni

CUaSI’Is
CusSn

Cu alloy
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Fig.2 SEM images of Cu-xNi/Sn-0.7%Cu solder samples
containing (a) 0, (b) 0.09, (c) 0.2, (d) 0.4% Ni,
following exposure at 423 K for 2000 h.

Cu-0.2%Ni

Fig.3 Example SEM image of as-soldered sample. The
LF contains 0.2% Ni.
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with Ni content. The thickness of each phase increased
with the holding time at 423 K.

3. 2 Detailed Microstructural Observations for the
0.2%-Ni-added LF/Cu,Sn Interface

Figure 6(a) shows an example high-angle annular
dark field (HAADF) image by STEM for the
0.2%-Ni-added LF/Cu,Sn interface. The sample was
exposed at 473 K for 700 h. An interfacial reaction
layer between the LF and Cu,Sn with about 600 nm
thickness was observed in the micrograph. The
distributions of Ni, Cu and Sn detected by EDS in the

Open: 423 K, 1000 h
Solid: 423 K, 2000 h
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Fig. 4 Variation of void ratio with Ni content in LF.
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Fig. 5 Thickness of intermetallic phases as function of Ni
content in LF.

same region as for the STEM image are presented in
Figs. 6(b), (c) and (d), respectively. It should be noted
that Ni is enriched into the interfacial reaction layer
between the LF and Cu,Sn. It is also noted that the
interfacial reaction layer is formed in the Cu,Sn side
along the interface. The EDS analysis results revealed
that the Ni content in the layer was 4.2 at%.

Figure 7(b) shows a selected area diffraction (SAD)
pattern acquired from the Ni-rich layer (Fig. 7(a)). The
pattern analysis results suggested that the Ni-rich layer
was hexagonal (Ni, Cu),Sn,"? although the detected
Ni content by EDS was as low as 4.2 at%.

4. Discussion

As shown in Fig. 4, the number of Kirkendall voids
was markedly decreased with increasing Ni content
from 0 to 0.2%. Kirkendall voids were mainly formed
in Cu,Sn at the LF/Cu,Sn interfaces, as seen in Fig. 2.
The thickness of the Cu,Sn layer also decreased
with increasing Ni content, as shown in Fig. 5. The

1um

Fig. 6 (a) HAADF image of Cu-0.2%Ni/Cu,Sn interface
and distribution maps by EDS for (b) Ni, (c) Cu
and (d) Sn.

© Toyota Central R&D Labs., Inc. 2018

http://www.tytlabs.com/review/



46

7L R&D Review of Toyota CRDL, Vol.49 No.2 (2018) 43-49

decrease in the number of Kirkendall voids suggests
a decrease of inflow of vacancies from the LF to Cu,Sn,
because the diffusion of Sn atoms from Cu,Sn,/Cu,Sn
becomes comparable to the diffusion of Cu atoms
from Cu,Sn/LF in Cu,Sn.

The relationships between the Kirkendall voids, the
thicknesses of the Cu,Sn and Cu,Sn, layers and the
Ni-rich layer are schematically depicted in Fig. 8. For
simplicity, the solder is regarded to be Sn and the LF
is regarded to be Cu or Cu-0.2%Ni. Fig. 8(a) shows
Ni-free Cu and Fig. 8(b) shows Cu-0.2%Ni. The
horizontal axis shows the thickness of the intermetallic
phases and the vertical axis shows at% of Sn or Cu.
The total thickness of the intermetallic phases is
8.5 um, based on the measurement results shown in
Fig. 5. The red solid lines are for Cu and the blue ones
are for Sn.

In the case of Cu-0.2%Ni, the fraction of Cu,Sn;
increases, compared with in the case of Ni-free Cu.
The broken blue line in Fig. 8(b) represents the profile
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Fig. 7 (a) TEM image showing Ni-rich
layer between Cu-0.2%Ni LF and
Cu,Sn. (b) SAD pattern acquired
from area A in Fig. 7(a).

of Sn in the intermetallic phases in the case of Ni-free
Cu. The amount of Sn included in the Cu,Sn, increases
with increasing Cu,Sn, fraction, which corresponds to
the hatched area in Fig. 8(b). Therefore, the number
of Kirkendall voids decreases, because the flow of
vacancies into Cu,Sn reduces as shown in Fig. 8(b).

It is known that adding Ni stabilizes the FCC-Cu
and Cu,Sn, phases, while has almost no effect on the
Cu,Sn phase.“*? This suggests that adding Ni strongly
influences the chemical potential of Sn and Cu in
Cu,Sn assuming local equilibrium at the Cu/Cu,Sn
and Cu,Sn/CuSn, interfaces. Rough estimations
of the Gibbs free energies for the FCC, Cu,Sn and
Cu,Sn, phases in a Sn-Cu binary system are shown in
Fig. 9(a). The big difference in the chemical potential
of Sn in the Cu,Sn phase between the Cu,Sn/Cu,Sn;
(ug, eSSty and Cu/Cu,Sn (ug,“S") interfaces is
noted, suggesting a strong driving force for diffusion
of Sn (4ug, ") from Cu,Sn/CuSng to Cu/Cu,Sn in
the Cu,Sn phase. This is a necessary condition for the
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Fig. 8 Schematic diagram representing voids and intermetallic

phases in interfacially reacted region between Sn and LF:
(a) Ni-free Cu for LF and (b) Cu-0.2%Ni alloy for LF.
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Fig. 9 Schematic illustrations of Gibbs energy curves.
(a) Ni-free Cu for LF. (b) Free energy drop
assuming —2000 J/mol in FCC and Cu,Sn, by Ni
addition. (¢) Free energy drop assuming —3000 and
—5000 J/mol in FCC and Cu,Sn,, respectively, by
Ni addition.

large flow of Sn from Cu,Sn; to the LF in Cu,Sn as
shown in Fig. 8(a).

Figure 9(b) shows the schematic free energy curves
assuming a free energy drop of 2000 J/mol in the FCC
and CuSn; phases by Ni addition. The driving force
for diffusion of Sn (4uy,“*5") from Cu,Sn/Cu,Sn; to
Cu/Cu,Sn in the Cu,Sn phase becomes smaller
compared to that in Fig. 9(a). This seems to be
a possible factor in the decrease of flow of Sn from
CuSn, to the LF in Cu,Sn by Ni addition. In the
extreme case, for example, if the free energy of the
FCC and Cu,Sn, phases drop of 3000 and 5000 J/mol,
respectively, the chemical potential of Sn at the
Cu,Sn/Cu,Sn, interface  (uy,S*S")  becomes
smaller than that at the Cu/Cu,Sn interface (ug, V")
(Fig. 9(c)). In this case, the driving force for diffusion
of Sn applies in the opposite direction to the cases
represented in Figs. 9(a) and (b), and Sn diffuses from
Cu/Cu,Sn to Cu,Sn/Cu,Sn; in the Cu,Sn phase. Since
the equilibrium of FCC and Cu,Sn, is more stable
than that of FCC and Cu,Sn, Cu,Sn is considered to
disappear at the equilibrium state.

As discussed above, decreases in the free energy
of the FCC and Cu,Sn, phases by Ni addition
are considered to reduce diffusion of Sn from
Cu,Sn/CuSng to Cu/Cu,Sn in the Cu,Sn phase,
resulting in decreases in the void ratio and the thickness
of the Cu,Sn layer.

The relationships in chemical potential of each
phase indicate that the observed Ni-rich layer in
Figs. 6 and 7 may have been formed to mitigate the
sudden change in chemical potential due to the Ni
addition to LF. It seems that considering the phase
with thermodynamic calculation, the experimental
results were interpreted more suitably as shown in the
reference.!'? An accurate thermodynamic assessment
for Ni-rich phase will be required.

5. Conclusions

The effects of Ni addition to a LF Cu alloy on the
formation behavior of the intermetallic phases and
voids in the interfacially reacted region with Sn-0.7%
Cu solder, during exposures at elevated temperatures
such as 423 K for 2000 h, were investigated. The major
results lead to the following conclusions:

(1) Multi-layered structures consisting of Cu,Sn and
Cu,Sn; intermetallic phases were observed in
the interfacially reacted region between the LF,
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containing Ni of 0, 0.09, 0.2 and 0.4%, and the
solder.

(2) Numerous Kirkendall voids were observed in
Cu,Sn at the LF/Cu,Sn interfaces in the samples
containing Ni of 0 and 0.09%. The number of
voids markedly decreased with increasing Ni
content from 0 to 0.2%.

(3) The thickness of the Cu,Sn layer decreased and
that of the Cu,Sn, layer increased with increasing
Ni content, although the total thickness of the
intermetallic phases was not changed significantly.

(4) Detailed microstructural observations for the
0.2%-Ni-added LF/Cu,Sn interface by TEM
revealed that a Ni-rich layer of about 600 nm
thickness was formed in Cu,Sn along the
LF/Cu,Sn interface.

(5) The decrease of inflow of vacancies from the LF
to Cu,Sn is caused by the changes in thickness of
Cu,Sn, and Cu,Sn due to the addition of Ni to LF,
resulting in the reduction of Kirkendall voids.

(6) Thermodynamic considerations suggested that
decreases in the free energy of the FCC-Cu and
Cu,Sn, phases by Ni addition reduced diffusion of
Sn from the Cu,Sn/Cu,Sn, to Cu/Cu,Sn interfaces
in the Cu,Sn phase, resulting in decreases in the
void ratio and thickness of the Cu,Sn layer.

(7) The relationships in chemical potential of each
phase indicate that the Ni-rich layer may have
been formed to mitigate the sudden change in
chemical potential due to the Ni addition to LF.
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