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The effect of Zn addition on the evolution of IMC at near-eutectic 50In-50Sn/
Cu interfaces was investigated at 210°C. In 50In-(50-x)Sn-xZn/Cu(x = 0, 6)
diffusion couples, two types of intermetallic compound layers were observed: ¢-
Cus(In,Sn) adjacent to the Cu substrate and 5-Cus(In,Sn) adjacent to the
solder, which were formed though a solid—solid diffusion reaction and solid—
liquid reaction, respectively. The growth of ¢-Cus(In,Sn) was at the expense of
n-Cus(In,Sn). In 50In-44Sn-6Zn/Cu diffusion couple, the growth of e&-
Cus(In,Sn) was grain-boundary diffusion controlled and n (the time constant)
was 0.31. But in the 50In-50Sn/Cu diffusion couple, due to the slow growth of
n-Cus(In,Sn), the time constant of ¢-Cus(In,Sn) was down to 0.19. With the
addition of Zn in the 50In-50Sn/Cu couple, the diffusion of Cu was alleviated.
Zn exhibited high activity and moderated the dissipation of the main atoms
(In/Sn) in the solder. So the growth of Cus(In,Sn) was suppressed significantly.

Key words: ¢-Cus(In, Sn), #-Cus(In, Sn), intermetallic compound evolution,
power-law relationship

INTRODUCTION

In the field of electronic packaging, In-Sn eutectic
alloy is highly regarded for its good plasticity,
excellent thermal conductivity and low melting
point.»? However, with the increasing integration
of electronic components and the diversification of
their application scenarios,®* the reliability of In-Sn
eutectic solder is challenged.

Most research shows that the reliability of solder
joints is mainly affected by the IMC (intermetallic
compound) formed between the solder and the
substrate. The soldering properties may be affected
if the IMC is too thick or fast-growing. Tsao et al.’
reported that wicker-IMC growth can cause relia-
bility concerns, and mainly cracks were found along
the wicker-CugSns IMC after ball shear tests.
Numerous studies were carried out to moderate
IMC growth and improve soldering performance.
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Alloying is a commonly used methos. Chang® pro-
posed that the activation energy of IMC and its
further growth can be suppressed by mechanically
intermixing nano-Al,O3 particles into the Sn-Ag-Cu
solder. Pstrus et al.’ added appropriate amount of
Indium to the Sn-Zn eutectic solder to improve its
wettability. Zinc was found to be effective in
improving the drop resistance of Sn-3.5Ag solder
on a Cu pad.®

However, IMC is affected by both alloying ele-
ments and by aging temperature. Even in the same
diffusion couple, the formed IMC is different. For
instance, in a Sn-3.5Ag-0.5Cu/Cu diffusion couple,
the initial scallop-like IMC transformed to a more
planar type at low and intermediate aging temper-
atures, but became hump-like at high aging tem-
perature.? Also, the change law of IMC thickness is
influenced by the temperature. The thickness of the
IMC layer depends approximately parabolically on
time at high temperatures and linearly at low
temperatures.

Lin et al.? studied the growth and evolution
behavior of IMC in the Sn-20In-xZn/Cu diffusion
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couple. But the situation is different in the reaction
of the near-eutectic In-Sn alloy with Cu. So in this
paper, the effect of Zn addition on the evolution of
IMC at the near-eutectic 50In-50Sn/Cu interface
was investigated at 210°C.

MATERIALS AND METHODS

50In-(50-x)Sn-xZn(x = 0, 6) was fabricated using
pure indium (99.995 at.%), pure tin (99.995 at.%)
and pure zinc (99.995 at.%) at 500°C by high
frequency induction heating. The solder for aging
was in bulk form and weighed about 0.05 g. The size
of the copper substrate is approximately
15 x 15 x 0.2 mm. All bare Cu substrates were
put into 30 wt.% HNOj3 solutions in sequence to
remove the oxide film and other impurities on the
surface, then they were cleaned by alcohol. An
AMTECH-4300 type flux manufactured in the
United States was used. The aging temperature
was 210°C, which was about 90°C above the melting
point of the alloy. Under such condition, the so-
formed IMC was more stable at lower
temperature.10

Almost all IMCs had a rapid earlier-growth stage
that was chemical reaction-limited (n = 1, n is the
time exponent). Usually, it doesn’t last more than
5 min. At this stage, the thickness of the IMC was
linear with the aéglng time, even if it was under high
temperature.’ Therefore, the key point was the
mechanism judgment at the later stage. In the
present case, the samples were heated for 15 min,

Fig. 1. EDS analysis of (a) 50In-50Sn/Cu diffusion couple and (b)
50In-44Sn-6Zn/Cu diffusion couple.

30 min, 45 min, 60 min, and 75 min, respectively,
avoiding the influence of the first stage.

The cross-section of the sample was observed by
SU8020 scanning electron microscope (SEM)
equipped with attachments for energy dispersive
spectroscopy (EDS). The average thickness of the
IMC layer (X) can be calculated using the following
equation®:

X=> (1)
where L is the IMC’s length and S is the area of the
intermetallic layer at the interface.

RESULTS AND DISCUSSION

Analysis of Phase Morphology and Phase
Identification

The types of IMC are influenced by different
factors. In the Sns 13Agg 74Culn/Cu diffusion couple,
Moser et al.'® found that the diffusion of Cu was
enhanced with the addition of Indium. If the content
of Indium was high enough (50 at.% or 75 at.%), a
Cu-rich Cuys;Sn;; phase formed near the side of the
Cu substrate. Also, the aging temperature influ-
enced the formation of IMC even in the same
diffusion couple. For instance, when the aging
temperature was above the meltmg point, a Cu-rich
IMC usually formed near the Cu side' in the
eutectic In-Sn/Cu system, which was different from
the situation under the lower aging temperature

In the present case, 50In-(50-x)Sn-xZn/Cu(x =
6) was aged at a temperature exceeding the melting
point. The IMCs were generated at the interface of
Cu and the solder as shown in Fig. 1. The points A/
B/C/D (Fig. 1) were analysed by EDS, and the result
showed that all IMC layers had a high Cu content
(Table I).

In/Sn atoms have similar atomic sizes and crys-
tallographic properties. Great mutual solubility
between Cu-In and Cu-Sn compounds has been
found in the Cu-In-Sn ternary system.'®17 Also, Lin
et al.? proposed that in the In-Sn-Zn/Cu d1ffu51on
couple, indium atoms were likely to substitute Sn
atoms in the Cu-Sn phases. Therefore, the IMC type

Table I. The atomic ratio of Cu:(In + Sn) in 50In-(50-x)Sn-xZn/Cu(x = 0, 6) diffusion couples

50In-50Sn 50In-44Sn-6Zn
Adjacent to the Adjacent to the Adjacent to the Adjacent to the

substrate solder substrate solder
Sn 11.36 19.41 9.06 12.77
In 10.98 17.90 10.37 16.65
Cu 77.66 62.69 68.57 62.38
Zn - - 11.99 8.20
Cu:(In + Sn) 3.4 1.7 3.5 2.1
IMC Cus(In,Sn) Cuy(In,Sn) Cus(In,Sn) Cuy(In,Sn)
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Fig. 2. The cross-section micrographs of 50In-44Sn-6Zn/Cu
interfaces: (a) the shrink-break-shift process of Cuy(In,Sn) (b) the
unbroken wicker-Cusx(In,Sn).

" Shrinkage

Fig. 3. Cross-section BEI micrographs of 50In-(50-x)Sn-xZn/
Cu(x=0,6) at 210°C: (a—e) x=0 t= 15, 30, 45, 75, 90 min and
(f—j) x=6 t= 15, 30, 45, 75, 90 min.

of Cu-(In,Sn) possibly depends on the atomic ratio of
Cu:(In + Sn).

As shown in Table I, the two types of intermetal-
lic compound layers were identified: Cus(In,Sn)
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Fig. 4. The thickness of Cus(In,Sn) in 50In-(50-x)Sn-xZn/Cu(x = 0,
6) diffusion couples.

adjacent to the Cu substrate and Cuy(In,Sn) adja-
cent to the solder, which is similar to the results
reported by Chuang et al.'*

The first-formed layer was the Cuy(In,Sn) phase.
It was scallop-like because of the solid-liquid inter-
face during its solidification. The Cus(In,Sn) phase
was formed between the substrate Cu and
Cuy(In,Sn), through the solid—solid diffusion. Com-
pared with Cuy(In,Sn) phase, it was more flat
(Fig. 1). Furthermore, as shown in Fig. 2, the
wicker-Cuy(In,Sn) formed on outer-IMC and tended
to grow into the solder. The free-state Cuy(In, Sn)
was also observed (Fig. 2a).

These similar phenomena were reported often in
SAG solder' and can be attributed to the high
temperature enhancing the diffusion of Cu and Sn
atoms. Thus, the concentration gradient of copper in
the substrate-solder increased, causing the pre-
ferred growth of Cuy(In,Sn).'® Also, a “breakout”
mode was proposed by Chang et al.° that is, a
shrink-break-shift process (Fig. 2). The difference
was that more unbroken wicker-Cuy(In,Sn) (Fig. 2b)
existed in the present case, and some even extended
to the top of the solder. So the thickness of Cus(In,
Sn) was difficult to count and the error of it was
hard to control. When calculating of the IMC growth
rate k and the time constant n (discussed later), the
Cuy(In,Sn) layer was not considered.

Effect of Zn Addition on the Evolution of IMC

Numerous studies have shown that a thick IMC
has a great influence on the reliability of solder
joints, especially, the later-formed IMC in the
double-layered structure, which usually has a high
melting point and high hardness. In order to
enhance the stability of the IMC layer, Kanlayasir
and Sukpimai®® decreased the thickness of the
CusSn layer by adding indium into the SAC solder.

Wang et al.’s?! research on the Sn-Ag/Cu diffusion
couple showed that the growth of CusSn tended to
consume the first formed IMC. Moreover, in the Cu/
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Sn/Cu sandwich structure, the CugSns IMC was
found to be totally replaced by CusSn gradually.??
In the present case, it can be seen from Fig. 3a—e
that with the increase of aging time, the growth rate
of Cus(In,Sn) was significantly faster than that of
Cuy(In,Sn). After 45 min, Cus(In,Sn) has almost
covered the Cuy(In,Sn), only leaving the scallop-like
phase. This was similar to the result of Chuang’s
research'®'® that solid—solid diffusion formed
CusSn IMC had higher activation energy and grew
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Fig. 5. Log-log plot of Cus(In,Sn) IMC layer thickness versus time.
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faster at high temperatures. On the contrary, the
growth of Cus(In,Sn) was obviously inhibited by the
addition of Zn (Fig. 3f—j). Under the same condi-
tions, the thickness of Cus(In,Sn) in In-44Sn-6Zn/
Cu was always maintained at a lower level. Even
aging over 90 min, the thickness of Cus(In, Sn) was
just half of the Cuy(In, Sn) (Fig. 4).

In order to investigate the growth mechanism of
Cus(In,Sn) IMC, its growth kinetics were analyzed
using a power-law relationship'®?3;

x = (kt)" 2)

Equation 2 can be expanded as follows:
logx = nlogk + nlogt (3)

where x is the IMC layer thickness, % is the growth
rate, n is the time exponent and ¢ is the soldering
time.

The calculated results of time exponent n indi-
cates different growth evolution processes: chemical
reaction-limited stage (the time exponent n = 1),
volume diffusion-controlled stage (n =0.5) and
grain  boundary diffusion-controlled stage
(n = 0.33).12* The data in Fig. 4 were processed
according to Eq. 2 to calculate the values of n and &,
respectively, shown in Fig. 5.

The results showed that in the 50In-44Sn-6Zn/Cu
diffusion couple, Cusz(In,Sn) was grain-boundary
diffusion controlled (n = 0.31). In the 50In-50Sn/

&-Cu3(In,Sn) n-Cuy(In,Sn)

12000

10000

a 8000 4
&
Z
g 6000
g
=
=

4000 -

In/Sn

2000 /

T T T d T T T d T
10 20 30 40 50

Distance(um)

| 20um|

6000 a-Cu3(In,Sn) n—Cuz(In,Sn)

5000

/Cu

4000

3000 H

Intensity(cps)

2000 +

1000

e
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Distance(pum)

Fig. 6. Line scanning analysis of element distribution by EDS in IMC layers of In-(50-x)Sn-xZn alloys: (a) x = 0, aging at 210°C for 15 min and (b)

X = 6, aging at 210°C for 15 min.
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Cu diffusion couple, the value of the time exponent
n did not comply with the traditional value
(n = 0.33), and it was down to 0.19. This may be
attributed to the following reason. Aging after
30 min, Cus(In,Sn) almost covered the total
Cuy(In,Sn). After that (until 90 min), the Cus(In,
Sn) advanced together with Cug(In, Sn) to 10 um.
Therefore, the evolution of Cus(In,Sn) was affected
by the slow growth of Cus(In,Sn). The value of n
(n =0.19) revealed the overall growth state of
Cus(In,Sn) and Cuy(In,Sn).

Lin et al. and Jee et al. added Zn in the solder (Sn-
20In and Sn-3.5Ag, respectively) to form a Cu-Zn
barrier layer in the middle of the IMC. In this way,
the growth of the IMC was effectively controlled and
7Zn exhibited high activity.>® In the present case, no
barrier layer was formed, but the thickness of
CusSn in 50In-44Sn-6Zn/Cu diffusion couple was
also effectively mitigated. In order to explore the
specific role of Zn, EDS analysis was used.

Zn diffused from the solder to the Cu substrate
initially. However, after heating, the concentration
gradient of Zn was changed, which ran from Cu
substrate to the solder instead (Fig. 6b). In the
Cus(In,Sn) phase, Zn had a higher concentration.
The results of the Table I showed that the Zn
content was about 4% higher than that in Cuy(In,
Sn). Moreover, the content of Zn was even higher
than that of In/Sn in Cu3(Sn, In) (Fig. 6b). Zn
exhibited high activity and suppressed the dissipa-
tion of the main atoms (In/Sn) in the solder. A
similar result was also reported by Kang. In Sn-Ag-
Cu/Cu, the accumulation of Zn atoms at the CusSn
and Cu interface inhibited the growth of IMC.?®

In the 50In-50Sn/Cu diffusion couple, between
Cus(Sn, In) and Cuy(Sn, In), the content of Cu
decreased in a cliff-like manner. But with Zn
addition, the decrease of Cu became smooth. This
means that in Cus(Sn, In), the content of Cu has
already decreased. It can be seen from Table I that
after adding Zn, the content of Cu in Cus(In,Sn)
decreased to 68%, while the Cu content of
Cus(In,Sn) in 50In-50Sn/Cu was about 78%. So,
the addition of Zn effectively suppressed diffusion of
Cu and slowed down the growth of IMC, especially
Cus(In, Sn). Essentially, it can be explained from
the perspective that the formation of the Cu-Zn
phase was more favorable than that of the Cu-Sn
phase during the action. As discussed in Sarwono’s
research,?® the diffusivity of Zn in solder was
greater than that of Sn during soldering. The
thermodynamic data at 773 K for the Gibbs free
energy of Cu-Zn and Cu-Sn IMCs were 11.72 kd/mol
to 12.55 kd/mol and 7.78 kdJ/mol and 7.42 kdJ/mol,
respectively. Although, in our present case, the Cu-
Zn phase was not formed (it was also possible that
the Cu-Zn phase had decomposed under high tem-
perature for the long reaction®), but the high
activity and superior diffusion ability of Zn were
found. As shown in Table I, the two types of
intermetallic compound layers were identified to
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be Cus(In,Sn) and Cuy(In,Sn) with or without Zn.
But the Cu:(In + Sn) ratio of the two IMCs in 50In-
44Sn-6Zn was both slightly larger than that in 50In-
50Sn. This also proved that the presence of Zn
trapped a small amount of Cu. So in summary, the
high activity of Zn inhibited the growth of Cu-Sn
IMC and caused a decrease in the further diffusion
of Cu.

CONCLUSIONS

The effect of Zn addition on the evolution of IMC
at the near-eutectic In-50Sn/Cu interface was inves-
tigated at 210°C. The conclusions are as follows:

(1) In the In-50Sn-xZn/Cu(x =0, 6) diffusion
couples, two types of intermetallic compound
layers were observed: Cus(In,Sn) adjacent to
the Cu substrate and Cuy(In,Sn) adjacent to
the solder, which were formed though a
solid—solid diffusion reaction and solid-liquid
reaction, respectively.

(2) The growth of &Cus(In,Sn) was at the
expense of #-Cuy(In,Sn). In the In-44Sn-
6Zn/Cu diffusion couple, the growth of -
Cus(In,Sn) was grain-boundary controlled
and the time constant n was 0.31. In the In-
50Sn/Cu diffusion couple, due to the slow
growth of #-Cuy(In,Sn), the time constant of
Cus(In,Sn) was down to 0.19.

(3) With the addition of Zn in In-50Sn/Cu couple,
the diffusion of Cu was alleviated. Zn exhib-
ited high activity and moderated the dissipa-
tion of main atoms (In/Sn) in the solder. So
the growth of Cus(In,Sn) was suppressed
significantly.
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