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Ni-7wt.%V is commonly used as the barrier layer material in the under-bump
metallurgy in the microelectronic industry. Although interfacial reactions
between various solders with the nickel substrate have been investigated
intensively, the effects of vanadium addition upon the solder/(Ni,V) interfacial
reactions have not been studied. Sn/(Ni,V) and Sn-Ag/(Ni,V) interfacial reac-
tions at 250°C were investigated in this study using the reaction couple tech-
nique. The vanadium contents of the (Ni,V) substrates examined in this study
are 3 wt.%, 5 wt.%, 7 wt.%, and 12 wt.% and the reaction time is 12 h. The
results indicate that when the vanadium contents in the (Ni,V) substrate are
5 wt.% and higher, the Sn/(Ni,V) and Sn-Ag/(Ni,V) interfacial reactions are
different from those in the solder/Ni couples. Besides the Ni3Sn4 phase as
commonly formed in the reaction with Ni substrate, a new ternary T phase
has been found, and the reaction path is L/Ni3Sn4/T/(Ni,V). A 250°C Sn-Ni-V
isothermal section is proposed based on the three constituent binary systems
and limited experimental results obtained in this study. The reaction path is
illustrated with the proposed Sn-Ni-V isothermal section. No stable ternary
Sn-Ni-V phase is found from the phase equilibria study, and the new T phase
is likely a metastable phase.

Key words: Under-bump metallization (UBM), interfacial reactions,
Sn-Ni-V, Sn-Ag-Ni-V

INTRODUCTION

Flip chip technology is emerging in microelec-
tronic packaging. Solders are replacing the gold
wires used in the conventional wire bonding tech-
nology to connect the integrated circuits (ICs) chips
and the substrates. To enhance the adhesion and to
prevent severe interfacial reactions between the sol-
der bumps and the IC metal pads, surface treatment
known as under bump metallization (UBM) is
required for the flip chip joining.1 Metallic layers
with various functions, such as adhesion layer and
barrier layer, are formed between the solder bumps
and the metal pads. Compared to most other metals,
nickel has a relatively slower reaction rate with sol-
ders and thus is commonly chosen and used as the
barrier layer material.

In the industrial application, nickel is usually
formed by a sputtering process. In order to overcome
nickel ferromagnetism, 7wt.%V is usually added
into the nickel to facilitate the nickel sputtering
process.2 Understanding the interfacial reactions
between the solders and the barrier layers is crucial.
Proper reliability assessment of the flip chip prod-
ucts and selection of the appropriate barrier layer
thickness can only be determined with this under-
standing. Although interfacial reactions between
various solders and the nickel substrate have been
investigated intensively,3–23 the effects of vanadium
addition upon the solder/(Ni,V) interfacial reactions
have not yet been studied.
The Pb-Sn alloys are the dominating solders in

the modern electronics industry. However, due to
health and environmental concerns, there are vari-
ous continuous efforts to eliminate the use of Pb in
electronic products. Recently, the European Union(Received February 6, 2005; accepted September 27, 2005)
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passed the resolution that no commercial electronic
products should contain Pb after July 1, 2006.24

Pb-free solders would become the dominating sol-
ders in the very near future, and Sn-Ag, Sn-Cu,
and Sn-Ag-Cu alloys are among the most promising
ones. The three alloys mentioned above and most of
the other available Pb-free solders are all Sn-based
alloys. The understanding of interfacial reactions
between Sn and substrates is important for both
the Pb-Sn and Pb-free solders.
The purpose of this study is to examine the

effects of vanadium addition upon the interfacial
reactions between solders and (Ni,V) substrates.
For simplification and clarity purposes, instead of
using the real flip-chip products, the interfacial
reactions were investigated with the reaction cou-
ples prepared with solders and planar (Ni,V) sub-
strates. As a first step, the solders used in this
study are pure Sn and Sn-3.5wt.%Ag alloy. The
selected vanadium contents are from 3 wt.% to
12 wt.%, and the industrial application, 7 wt.%, is
within the compositional range of examination.
Limited phase equilibria experiments were carried
out as well, so that the Sn-Ni-V isothermal section
at the Sn-rich corner can be constructed, and the
reaction path can be illustrated.

EXPERIMENTAL PROCEDURES

Pure Sn shots of 99.999 wt.% purity and commer-
cial Sn-3.5wt.%Ag ingots were used as solders. The
V shots of 99.7 wt.% purity and Ni foil of 99.98 wt.%
purity were used for the preparation of the (Ni,V)
alloys. Proper amounts of V and Ni were weighed,
alloyed together by arc melting, encapsulated in a
quartz tube and homogenized at 1,000°C for
3 weeks. The Ni-V alloys were removed from the
furnace and quenched in air. Besides the Ni-V alloys
prepared in this study, the commercial Ni-7wt.%V
alloy was also used as the substrate. Based on the
binary Ni-V phase diagram,25 the Ni-V alloys with
3 wt.%, 5 wt.%, 7 wt.%, and 12 wt.% contents at
250°C and 1,000°C are all in the single Ni solid
solution phase region. Thus, the (Ni,V) substrates
examined in this study are all in the single-phase
region.
The homogenized (Ni,V) ingot was cut into

10 mm 3 7 mm 3 0.5 mm pieces. The (Ni,V) sub-
strate was encapsulated in a quartz tube with
Sn and Sn-Ag ingots. The sample capsule was
placed in a furnace at 250°C. The reaction tem-
perature was higher than the melting points of
Sn and Sn-Ag alloys. The molten solder covers
the Ni-V substrate, and a L/(Ni,V) reaction couple
was prepared. After annealing for a predeter-
mined duration, the sample was quenched into
ice water. The samples were mounted carefully
to reveal their exact vertical reaction interfaces
and were metallographically examined. Electron
probe microanalysis (EPMA) with wavelength dis-
persive spectroscopy was used for compositional
analysis.

RESULTS AND DISCUSSION

Figure 1 is the secondary electron image (SEI)
micrograph of the Sn/Ni-3 wt.%V couple reacted at
250°C for 12 h. Since Sn is molten at 250°C, the
right-hand side region of Fig. 1 was a homogeneous
liquid region in the beginning of the reaction at
250°C. Solid phases formed by either interfacial
reactions with the (Ni,V) substrates or solidification
from the molten matrix when the couple was
removed from the furnace and quenched in the ice
water. It is noticed that an interfacial layer is
formed adjacent to the (Ni,V) substrate. The compo-
sition of this layer is quite uniform and is Sn-
37.9at.%Ni-3.8at.%V determined by using EPMA.
The interfacial reactions in the Sn/Ni systems have
been examined quite extensively, and it has been
found that the Ni3Sn4 phase is formed at the Sn/Ni
interface when the temperature is at 250°C.11,14

Based on the results of the layer’s compositional
analysis and the Sn/Ni interfacial reactions, it is pre-
sumed that the interfacial reactions in the Sn/Ni-3
wt.%V couples are similar to those in the Sn/Ni cou-
ples and the phase formed is the Ni3Sn4 phase with
a 3.8 at.%V solubility.
Figure 2 is the SEI micrograph of the Sn/Ni-

5wt.%V couple reacted at 250°C for 12 h. The micro-
structure is different from that as shown in Fig. 1.
In addition to the formation of a layer adjacent to
the (Ni,V) substrate, a region full of discontinuous
phases is formed. The composition of the discontin-
uous phase determined by EPMA is Sn-41.4at.%Ni-
0.2at.%V, and it is likely to be the Ni3Sn4 phase
with almost no vanadium solubility. The EPMA
determines the composition of the continuous layer
to be Sn-26.4at.%Ni-10.4at.%V. Figure 3 is the line
scan result through the continuous layer. The com-
position of this layer is quite uniform. The composi-
tional and microstructural homogeneities clearly
indicate that this continuous layer is a single-phase
region. The composition of this continuous layer

Fig. 1. SEI micrograph of the Sn/Ni-3wt.%V couple reacted at 250°C
for 12 h.
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phase is marked in the proposed Sn-Ni-V isothermal
section, as shown in Fig. 4. Even though it cannot be
determined for sure without the diffraction and struc-
tural analysis, based on the compositional results
and the Sn-Ni-V isothermal section, it is likely that
the phase of the continuous layer is not a binary
compound with ternary solubility but a ternary
T phase. Since there are no previous studies regard-
ing the interfacial reactions of the Sn/(Ni,V) couples
and the phase equilibria of the Sn-Ni-V ternary sys-
tem, this ternary T phase is newly found in this
study.
Besides the new T phase, the morphologies of the

reaction layers are quite peculiar. As shown in Fig.
2, a large amount of Ni3Sn4 phase is mixed with the
Sn phase. Since molten Sn at 250°C only has very
limited solubility of Ni and V in the binary systems,
it is very unlikely that the molten Sn can suddenly
have large Ni and V solubility in the ternary solu-
tion. Without large solubility of Ni in the molten Sn
phase, the large amount of Ni3Sn4 phase only can be
formed by interfacial reactions at 250°C but not
from precipitation during solidification. A possible
formation mechanism of the Ni3Sn4 phase pieces is
that they detached from the T phase layer after it
formed by interfacial reactions because the Ni3Sn4

phase has a very poor wetting property with the
T phase layer. As Ni and V are high melting point
elements, their diffusivities are lower than that of
Sn.26–28 The Sn is assumed to be the dominate
moving atom in the Sn/(Ni,V) couple, and the relative
content of Ni to V in the interfacial region should be
close to the original composition under this assump-
tion. The composition of the ternary T phase is
Sn-26.4at.%Ni-10.4at.%V, and its Ni to V content
decreases in comparison with that in the original
Ni-V alloy. The excess amount of the Ni reacted
with Sn to form the Ni3Sn4 phase at 250°C. The
reaction path in the Sn/Ni-5wt.%V is thus liquid/
Ni3Sn4/T/Ni-5wt.%V substrate. Apparently, the
result is different from that in the Sn/Ni system.11,14

A proper assessment of the flip chip reliability
with the Ni-V UBM should thus be examined with
the Ni-V substrate, not only with the pure Ni
substrate.
Since the T phase is a newly found phase, it is

quite interesting to investigate its equilibrium
phase relationship. Ternary Sn-Ni-V alloys were
prepared from the pure elements, as mentioned
previously. Proper amounts of constituent elements
were weighed, arc melted together, encapsulated in
a quartz tube, and homogenized at 1,000°C for
3 weeks. The alloys were then equilibrated at 250°C
for 8 weeks. The nominal compositions of the three
prepared alloys are Sn-18at.%Ni-12at.%V (01), Sn-
10at.%Ni-15at.%V (02), and Sn-22at.%Ni-12at.%V(03).
Figure 5 is the backscattered electron image (BEI)
micrograph of alloy 01. Three different phase regions
are observed. As summarized in Table I, the com-
position of the darkest phase is Sn-41.9at.%Ni-
0.2at.%V, as determined by using EPMA. Based on
this compositional analysis and the x-ray diffraction
results, this phase is the Ni3Sn4 phase. The com-
position of the gray phase adjacent to Ni3Sn4 is
Sn-2.1at.%Ni-30.9at.%V and is the V2Sn3 phase.29

Fig. 2. SEI micrograph of the Sn/Ni-5wt.%V couple reacted at 250°C
for 12 h.

Fig. 3. Line scan result through the T phase in the Sn/Ni-5wt.%V
couple.

Fig. 4. Sn-Ni-V isothermal section at 250°C proposed in this
study.
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The brightest continuous phase is Sn phase with
Sn-0.2at.%Ni-0.1at.%V composition. The Sn phase
is molten at 250°C and solidified when the specimen
was removed from the furnace.
The equilibrium phase relationships determined

for alloys 02 and 03 are similar to that of alloy 01.
The results are summarized in Table I. Liquid
phase, Ni3Sn4 phase, and the V2Sn3 phase are found
in the three equilibrated alloys. At 250°C, the stable
phases from the constituent binary systems are
liquid (Sn), Ni3Sn4, Ni3Sn2, Ni3Sn, Ni, Ni8V, Ni3V,
Ni2V, s, NiV3, V, V3Sn, and V2Sn3.

25,29,30 Figure 4 is
the Sn-Ni-V 250°C isothermal section proposed in
this study based on the phase equilibria experiment
samples and the information of the three binary
constituent systems.25,29,30 As shown in Fig. 4, the
compositions of the three Sn-Ni-V alloys are pre-
pared in the region so that if there is a thermody-
namically stable T phase, the T phase would exist in
the prepared alloys. However, the ternary T phase
as observed in the Sn/Ni-5wt.%V couple has not
been found from any of the phase equilibria studies.
The ternary T phase could thus be a metastable
phase formed in the reaction couple due to its
formation kinetics. Further studies are needed to

verify the phase relationship and the metastability
of the T phase at the Sn-rich corner.
Figure 6 is the SEI micrograph of the Sn/Ni-

7wt.%V couple reacted at 250°C for 12 h. The result
is very similar to that shown in Fig. 2. A continuous
interfacial layer and a region of dispersed solid
phase pieces are found. The fractured phases are
determined to be the Ni3Sn4 phase. The composition
of the interfacial reaction layer determined by
EPMA is Sn-19.2at.%Ni-14.6at.%V. Similar to the
argument proposed in the discussion of the reaction
with the Ni-5wt.%V substrate, the interfacial layer
is a ternary phase, but not a binary compound with
ternary solubility. Figure 7 is the SEI micrograph of
the Sn/Ni-12wt.%V couple reacted at 250°C for 12 h.
Similar results are found as in the couples with
5wt.%V and 7wt.%V substrates; a continuous ter-
nary phase layer and Ni3Sn4 phase are formed from
interfacial reactions. The composition of the contin-
uous layer is Sn-4at.%Ni-24at.%V. It is also noticed
that the Ni3Sn4 phases in Fig. 7 are with much
larger pieces, but the explanation is still not clear.
The reaction path is thus liquid/Ni3Sn4/T/Ni-V

substrate when the vanadium contents are 5wt.%V
and higher. As summarized in Table II and shown

Table I. Results of Phase Equilibria Experiments at 250°C

Compositions (At.%)

Alloy Nominal Compositions Phases Sn Ni V

1 Sn-18at.%Ni-12at.%V Liquid(Sn) 99.7 0.2 0.1
V2Sn3 67.0 2.1 30.9
Ni3Sn4 57.9 41.9 0.2

2 Sn-10at.%Ni-15at.%V Liquid(Sn) 91.9 0.1 8.0
V2Sn3 71.0 1.1 27.9
Ni3Sn4 57.7 42 0.3

3 Sn-22at.%Ni-12at.%V Liquid(Sn) 90.7 1.2 8.1
V2Sn3 68.7 1.9 29.4
Ni3Sn4 57.6 42.4 0

Fig. 5. BEI micrograph of alloy 01 (Sn-18at.%Ni-12at.%V) annealed
for 8 weeks.

Fig. 6. SEI micrograph of the Sn/Ni-7wt.%V couple reacted at 250°C
for 12 h.
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in Fig. 4, it can be observed that the vanadium con-
tents in the ternary phase layers vary with the
vanadium contents of the Ni-V substrates. It is very
likely that the formation of the T phase is strongly
controlled by the diffusion kinetics and the original
mass balance at the interface, and thus, the compo-
sition of the ternary phase formed is strongly influ-
enced by the original vanadium contents of the
substrates. It also needs to be mentioned that the
thickness of the T phase is thinner in the 12wt.%V
couple, but no significant differences in the 5wt.%V
and 7wt.%V couples. Future studies with different
vanadium contents of the Ni-V substrates and with
longer reaction times will be carried out to further
investigate the characteristics of the T phase.
Figure 8 is the SEI micrograph of the Sn-

3.5wt.%Ag/Ni-7wt.%V couple reacted at 250°C for
12 h. Similar to that found in the couple with pure
solder, a continuous interfacial layer and pieces
of Ni3Sn4 phase are formed. As summarized in
Table II, the composition of the interfacial layer is
Sn-19.9at.%Ni-15.3at.%V-0.3at.%Ag. With similar
arguments, the continuous interfacial layer is a ter-
nary phase layer. Figures 9 and 10 are SEI micro-
graphs of the Sn-3.5wt.%Ag/(Ni,V) couples reacted
at 250°C for 12 h, and the vanadium contents are

5 wt.% and 12 wt.%, respectively. Comparing the
results of Sn-Ag/(Ni,V) as shown in Figs. 8–10 with
those in the respective Sn/(Ni,V) couples, as shown
in Figs. 6, 2, and 7, it can be found that their inter-
facial products are very similar. Both a ternary
phase and the Ni3Sn4 phase are formed from inter-
facial reactions, and the Ag solubilities in both
phases are very limited. Similar to the previous
studies in the Sn-3.5wt.%Ag/Ni and Sn/Ni interfa-
cial reactions,11,14,23 Ag does not significantly par-
ticipate in the interfacial reactions. Figure 11 is the
SEI micrograph of the Sn-3.5wt.%Ag/Ni-3wt.%V
reaction couple, similar to that in the Sn/Ni-
3wt.%V couple; only the Ni3Sn4 phase is formed.
The Sn-3.5wt.%Ag/(Ni,V) couple studies again indi-
cate that the reaction paths are different from those
with pure nickel substrate when the vanadium con-
tents are 5 wt.% and higher. Since the vanadium
content in the commercial UBM Ni-V layer is
7 wt.%, reliability assessment of the flip chip prod-
ucts must rely on the interfacial reaction results
with the Ni-V substrates. Future studies to fully
understand the interfacial reactions between solder
and Ni-V substrates are thus very important.

Fig. 7. SEI micrograph of the Sn/Ni-12wt.%V couple reacted at
250°C for 12 h.

Table II. Compositional Analysis of the Phases Formed in the Reaction Couples

Solders Substrates

Phases Formed in the Reaction Couples

Ni3Sn4 Ternary Phase

Sn (at.%) Ni (at.%) V (at.%) Ag (at.%) Sn (at.%) Ni (at.%) V (at.%) Ag (at.%)

Sn Ni-3wt.%V 58.3 37.9 3.8 — — — — —
Sn-3.5wt.%Ag 60.0 36.0 4.0 0 — — — —
Sn Ni-5wt.%V 58.4 41.4 0.2 — 63.2 26.4 10.4 —
Sn-3.5wt.%Ag 57.4 42.5 0.1 0 63.9 25.1 10.7 0.3
Sn Ni-7wt.%V 57.9 42.1 0 — 66.2 19.2 14.6 —
Sn-3.5wt.%Ag 57.8 42.1 0.1 0 64.5 19.9 15.3 0.3
Sn Ni-12wt.%V 58.9 41.0 0.1 — 72.0 4.0 24.0 —
Sn-3.5wt.%Ag 57.7 42.2 0.1 0 72.0 4.5 23.3 0.2

Fig. 8. SEI micrograph of the Sn-3.5wt.%Ag/Ni-7wt.%V couple
reacted at 250°C for 12 h.
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CONCLUSIONS

The interfacial reactions at 250°C in the Sn/(Ni,V)
and Sn-3.5wt.%Ag/(Ni,V) systems are different from
those in the solder/Ni system when the vanadium
contents are 5 wt.% and higher. Besides the forma-
tion of the Ni3Sn4 phase, as commonly observed in
the solder/Ni reaction couples, a new ternary phase
is formed. The phase formation results in the
Sn/(Ni,V) and Sn-3.5wt.%Ag/(Ni,V) couples being
quite similar. When the vanadium contents of the
substrate are 5 wt.% and higher, both the Ni3Sn4
phase and a ternary phase are formed. The ternary
T phase has never been reported in the litera-
ture. Future studies are necessary to confirm its
structure and the compositional regime. Since the
reactions are different at the solder/Ni and at the
solder/Ni-7wt.%V interfaces, the reliability of
the commercial flip chip products with the Ni-
7wt.%V barrier layer should be reassessed with
proper interfacial reaction information.
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