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Ni diffusion in Cu6Sn5 intermetallic compound was investigated. First, we
successfully fabricated preferred-orientation Cu6Sn5 crystal by liquid-phase
electroepitaxy (LPEE). Then, Ni/Cu6Sn5 diffusion couples were produced by
sputtering from a Ni thin film onto the Cu6Sn5 crystal. Ni/Cu6Sn5 diffusion
couples were annealed at different temperatures of 120�C, 160�C, 200�C,
255�C, 290�C, and 320�C for 2 h in a vacuum. The Ni atomic profile across the
Ni/Cu6Sn5 interface was obtained by electron spectroscopy for chemical
analysis (ESCA). From the Ni atomic profiles, the Matano method was used to
evaluate the Ni interdiffusion coefficients ( ~DNi) in the Cu6Sn5 crystal obtained
with different annealing temperatures, which then yields the activation
energy for Ni diffusion in the Cu6Sn5 crystal at a particular Ni content. We
found that, as Ni diffuses in the ternary Cu6�xNixSn5 compound phase, the
activation energy of Ni interdiffusion decreases with the Ni content.
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INTRODUCTION

Flip-chip technology has been widely used
because it can accommodate a high input/output (I/
O) count.1 In flip-chip technology, Cu-based under
bump metallization (UBM) is utilized to fabricate a
solderable metal bonding pad on the chip side.2 Ni
and Ni(P) are the two under bump metallization
(UBM) layers most commonly utilized on the other,
packaging side.3–5 It has been reported that, when
Pb-free solders such as Sn(Cu) and Sn(CuAg) are
used for solder bumps joined with Cu-based and
Ni-based UBMs, an interfacial ternary Cu-Sn-Ni
compound layer will form on the Ni bond pads.6–8

It has been reported in many studies that growth
of the ternary compound layer is closely related to
diffusion of Ni in that layer. However, little research
work has been done to determine how growth of the
ternary compound layer is controlled by Ni diffu-
sion.7–9 To understand the growth kinetics in the
interfacial ternary Cu-Sn-Ni compound layer, Ni
diffusion in that layer has to be understood. How-

ever, so far, Ni diffusion in a ternary Cu-Sn-Ni (or
binary Cu6Sn5) compound layer has not been stud-
ied. In this work, we investigated Ni diffusion in the
ternary Cu-Sn-Ni compound layer and calculate the
interdiffusion coefficient and activation energy of Ni
in that layer.

EXPERIMENTAL PROCEDURES

To study Ni diffusion in Ni-Cu-Sn compound
phase, a binary Cu6Sn5 compound phase has to be
produced. In the past, a Cu-Sn compound phase was
produced by a simple alloying process. However, the
binary Cu6Sn5 compound phase does not melt con-
gruently. This means that, when the molten Cu6Sn5

compound solidifies, the Sn and Cu3Sn phases pre-
cipitate out along the Cu6Sn5 compound phase. In
addition, the Cu6Sn5 compound product has poly-
crystalline microstructure.

In this work, we used a new approach to produce a
crystalline Cu6Sn5 compound, namely liquid-phase
electroepitaxy (LPEE).10 The fabrication of the pre-
ferred-orientation Cu6Sn5 crystal is described in the
following and also in previous work.11 As shown in
Fig. 1, Cu/Sn/Cu sandwich samples were placed on a
hot-plate and current-stressed by high electrical
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current (103 A/cm2) for 14 days. At high tempera-
ture of 400�C and high current stressing, the Cu6Sn5

compound phase is a favored stable phase to form at
the anode interface, as shown in Fig. 1. The LPEE-
produced bulk Cu6Sn5 slugs formed at the anode
interface were cut into rectangular discs with
dimensions of 5 mm 9 5 mm 9 1 mm by filament
cutting, as shown in Fig. 1.

X-ray diffraction (XRD) was used to analyze the
crystallography of the LPEE-produced bulk Cu6Sn5.
A disc of LPEE-produced bulk Cu6Sn5 was carefully
cut out from the interfacial LPEE-produced bulk
Cu6Sn5 compound layer at the anode side. XRD was
used to examine the preferred orientation of the
LPEE-produced bulk Cu6Sn5 disc. As seen in Fig. 2,
only two diffraction peaks, (204) and (623), appear
in the XRD diffraction pattern. This implies that the
LPEE-grown Cu6Sn5 compound does not have
polycrystalline structure. Instead, it has preferred
orientation, particularly in (204) and (623) planes.
The cutoff LPEE-produced Cu6Sn5 discs were then
polished with sandpaper and finished with polishing
cloths to smoothness of 0.3 lm using alumina pow-
ders. After polishing, the samples were cleaned
ultrasonically by acetone, isopropanol (IPA), and
de-ionized (DI) water for 5 min, 2 min, and 5 min,
respectively. A 0.2 lm Ni film was deposited on the

Cu6Sn5 discs by sputtering. Then, Ni/Cu6Sn5 sam-
ples were annealed at 120�C, 160�C, 200�C, 255�C,
290�C, or 320�C for 2 h in an ambient vacuum. After
annealing, the Ni atomic depth profile was analyzed
by electron spectroscopy for chemical analysis
(ESCA).

RESULTS AND DISCUSSION

The Ni atomic profile across the Ni/Cu6Sn5

interface obtained after annealing at different
temperatures for 2 h is shown in Fig. 3. It can be
observed that all the atomic profiles intercept at a
single point, which defines the initial Ni/Cu6Sn5

interface, i.e., the Matano interface. The interdif-
fusion coefficient ( ~DNi) of Ni in the Cu6Sn5 phase
can be calculated from the Ni atomic profiles using
the well-known Matano method and the Boltzmann
equation, which is formulated as follows:

~DðNAÞ ¼ �
1

2t

@x

@NA

ZNA

A1

xdNA; (1)

Fig. 1. Schematic representation of the LPEE setup for producing
bulk crystalline Cu6Sn5.

Fig. 2. XRD of LPEE-produced bulk Cu6Sn5 disc.

Fig. 3. Atomic profile of Ni across the Ni/Cu6Sn5 interface after 2 h
of annealing at different temperatures.

Fig. 4. Interdiffusion coefficient, ~DNi, calculated by the Matano
method.
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where t is the annealing time, x is the distance from
the Matano interface, NA is the atomic percentage
at distance x from the Matano interface, and NA1 is
the atomic percentage at infinite distance from the
Matano interface.12

To compute the interdiffusion coefficient using
Eq. (1), two parameters should be obtained, as
shown in Fig. 4. The first is the reciprocal of the
slope ( @x

@NA
) at a particular composition (NA). The

other is the integral value of
RNA

NA1
xdNA, which is

the crosshatched area in Fig. 4. The two obtained
values are plugged into Eq. (1). The interdiffusion
coefficient can then be calculated at any Ni compo-
sition point.

Using the Ni atomic profiles shown in Fig. 3 and
the approach described above, the interdiffusion
coefficients of Ni in the Cu6Sn5 compound were
calculated and are plotted against Ni content for
different temperatures in Fig. 5. We find that: (1)
the value of the Ni interdiffusion coefficient in the
Cu6Sn5 binary compound is on the order of
10�18 m2/s to 10�19 m2/s; (2) the Ni interdiffusion
coefficient in the Cu6Sn5 binary compound increases
with temperature from 120�C to 320�C; (3) in addi-
tion, all the Ni interdiffusion coefficients decrease
with the Ni content. This suggests that Ni diffusion

occurs much faster in the Cu6Sn5 binary compound
when the Ni content is lower.

From the Ni interdiffusion coefficients (Fig. 5)
obtained at a given certain Ni composition and dif-
ferent temperatures, the activation energy (Q) of Ni
interdiffusion can be determined by using an
Arrhenius plot, i.e., ln ~D versus 1

kT.13–16 In Fig. 6, the
Ni interdiffusion coefficient is plotted against Ni
composition for different temperatures. The slope of
the curve in Fig. 6 gives the activation energy

Fig. 5. Interdiffusion coefficients at different annealing temperatures plotted in relation to Ni content.

Fig. 6. Activation energy Q calculated at 10 at.% Ni content.
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(0.226 eV) of Ni diffusion in the Cu6Sn5 binary
compound at Ni composition of 10 at.%, in the
temperatures range from 120�C to 320�C. Using the
same approach as for 10 at.% Ni above, the activa-
tion energies of Ni interdiffusion for the 5 at.% Ni
case can be calculated to be about 0.25 eV. Inter-
estingly, we found that the activation energy of Ni
interdiffusion in the Cu6Sn5 binary compound
decreases with the Ni content.

CONCLUSIONS

Ni diffusion in Cu6Sn5 intermetallic compound is
investigated. First, we successfully fabricated pre-
ferred-orientation Cu6Sn5 crystal using liquid-
phase electroepitaxy (LPEE). Then, a Ni thin film
was sputtered onto the Cu6Sn5 crystal to produce
Ni/Cu6Sn5 diffusion couples, which were annealed
at different temperatures of 120�C, 160�C, 200�C,
255�C, 290�C, or 320�C for 2 h in a vacuum. The Ni
atomic profile across the Ni/Cu6Sn5 interface was
obtained by electron spectroscopy for chemical
analysis (ESCA). Given the Ni atomic profile, the
Matano method was used to evaluate the Ni inter-
diffusion coefficient ( ~DNi) in the Cu6Sn5 crystal for
different annealing temperatures, which was then
used to obtain the activation energy for Ni diffusion
in the Cu6Sn5 crystals with a particular Ni content.
We found that, as Ni diffuses in the ternary Cu6�x

NixSn5 compound phase, activation energy of Ni
interdiffusion decreases with the Ni content.
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