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This study examines the wetting properties and interfacial reactions between molten Sn-3.0 wt%Ag-
0.5 wt%Cu solder and Ni-Co alloys to evaluate Ni-Co alloys as alternative diffusion barrier layer mate-
rials in flip chip packaging for Cu/low k integrated circuits. The wetting properties of Ni-Co alloys
with Sn-3.0 wt%Ag-0.5 wt%Cu solder are better than the currently used Ni-7 wt%V. With increased Co,
the surface roughness of Ni-Co alloys increase and the wetting properties decrease. The Co effects on
Sn-3.0 wt%Ag-0.5 wt%Cu/Ni-Co interfacial reactions are verified. The Sn-Ni-Co isothermal section illus-
trates the reaction paths. As Co increases from 10 to 40 at%, the reaction path shifts from the Sn-Ni
side towards the Sn—Co side. The reaction rates in the different reaction couples are determined. The
Ni-10 at%Co has the lowest reaction rate with the Sn-3.0 wt%Ag-0.5 wt%Cu solder.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Because of smaller packaging size, greater I/O flexibility, and
higher operating frequency, flip chip packaging maintains high
interest [1,2]. Flip chip packaging requires under bump metallurgy
(UBM) [3-6]. Of all the UBM layers, the diffusion barrier layer is the
most important. Ni-based alloys, such as sputtering Ni-V [3,4] and
electroplated/electroless Ni-P [5,6] are the commonly used diffu-
sion barrier layers of UBM. As the integrated circuits move from
Al to Cu metallization, UBM materials need to be re-evaluated [7].
Ni-Co alloys are good diffusion barriers for Cu up to 500 °C [8], and
Co is another diffusion barrier layer material of UBM [9-13]. Ni-Co
alloys are potential materials as an alternative diffusion barrier
layer in flip chip packaging for Cu/low k integrated circuits.

This study examines the wetting properties and interfacial
reactions between Ni-Co alloys and the Sn-3.0 wt%Ag-0.5 wt%Cu
solder to evaluate the Ni-Co alloys as alternative diffusion barrier
layer materials. In the reflow step, the molten solder contacts the
substrate, wets the substrate, causing an interfacial reaction and
forming soldering joints. Wetting properties and interfacial reac-
tions affect soldering joints. Eutectic and near eutectic Sn-Ag-Cu
solders are promising lead free solders [14-18]. Past research
explores the wetting properties [5,6,18-31] and interfacial reac-
tions [14-18] between Sn-Ag-Cu solders and various substrates,
but not for Sn-Ag-Cu/Ni-Co systems. In this study, the Wilhelmy
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type wetting balance method determines the wetting properties
[32]. Ni-Co alloys with 10, 20, and 40 at%Co additions are exam-
ined to verify the Co effect on the wetting properties and interfacial
reactions. A relative phase diagram illustrates the reaction paths of
different Co additions.

2. Experimental method

Ni-Co alloys were prepared with pure Ni wire (99.95wt%,
Aldrich Sigma, USA) and Co shots (99.95 wt%, Aldrich Sigma, USA)
in an induction furnace. The solder used was the commercial
Sn-3.0 wtsAg-0.5 wt%Cu (SAC305, Shenmao Tech. Inc., Taoyuan,
Taiwan). The solder ball size was 760 pm. A Wilhelmy wetting
balance (SAT-5000, Rhesca, Tokyo, Japan) determined the wetting
properties. Ni-Co substrates were cut into 10 mm x 5 mm x 1 mm.
Before use, the Ni-Co substrates were lightly etched to remove the
native oxide. The Ni-Co alloys were then fluxed and immersed
into the solder bath. The solder bath was 250°C. The immersion
time, depth, and speed were 10s, 4 mm, and 20 mm/s. The wetting
time and wetting force were determined after each measurement.
At least five measurements were conducted for each solder/Ni-Co
system and the average data were reported.

Interfacial reactions were conducted using the reaction cou-
ple technique. A Ni-Co substrate was placed on a hot plate at
250°C. A solder ball was then directly placed onto the Ni-Co
substrate. Because 250°C is higher than the melting point of the
Sn-3.0 wt%Ag-0.5 wt%Cu solder, the solder ball melted, and the
interfacial reaction occurred at the solder/substrate interface. For
comparison, interfacial reactions between the same commercial
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Sn-3.0 wt%Ag-0.5 wt%Cu solder and Ni were also examined. After
finishing the predetermined reactions, the reaction couples were
removed from the hot plate. The reaction couples were mounted
and metallgraphically treated to reveal the interface. To make a bet-
ter observation of the interface, some samples were partially etched
with a 95%CH30H +3%HNO3 +2%HCI (vol%) etchant. The etching
time is 15s. SEM (Scanning Electron Microscopy, Hitachi S-3000,
Tokyo, Japan) equipped with BEI (Backscattered Electron Image)
was used to observe the interface. EPMA (Electron Probe Micro-
analysis, JEOL, JXA-8200, Tokyo, Japan) with WDS (Wavelength
Dispersive Spectroscopy) was used to determine the composi-
tions of the reaction phases. The measurement precision was
100 + 1 wt%. XRD (X-ray Diffraction, with Cu Ka1 radiation, BRUKE,
D8A, Germany) was used for structural determinations. The thick-
ness of the reaction phase was determined by dividing the area of
the reaction phase by its linear length, conducted by a commercial
software package. Thickness of at least 20 positions of the interface
was measured and the average thicknesses were reported.

3. Results and discussion

Fig. 1 shows the wetting times and forces of the SAC305/Ni-Co
systems. The wetting time represents the wetting rate; a
shorter wetting time means a better wetting property. The wet-
ting times of the SAC305/Ni-10 at%Co, SAC305/Ni-20 at%Co, and
SAC305/Ni-40 at%Co systems are 0.89, 1.18, and 1.26s. The deter-
mined wetting time of the SAC305/Ni system is 0.72s, and the
SAC305/Ni-7 wt%V is “non-wetting”. The wetting times of the
SAC305/Ni-Co systems are longer than that of the SAC305/Ni
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Fig. 1. Wetting times and forces of the SAC305/Ni-Co systems.

system, and shorter than that of SAC305/Ni-7wt%V. Using
the wetting time as a wetting property indicator, the wet-
ting property of Ni-Co alloys are better than Ni-7 wt%V, and
poorer than the pure Ni. Co addition into the Ni substrate
decreases the wetting property of Ni. The wetting times of the
Ni-Co alloys are Ni-10 at%Co < Ni-20 at%Co < Ni-40 at%Co, indicat-
ing the wetting property of the Ni-Co alloys is Ni-10at%Co >
Ni-20 at%Co > Ni-40 at%Co. The wetting property of Ni-Co alloys
decreases with Co additions. The wetting force shows nearly the
opposite trend to the wetting time. A larger wetting force corre-
sponds to a shorter wetting time, meaning a better wetting prop-
erty. Because the wetting force depends on the perimeter of the
substrate, the reported wetting forces normalize with the perime-
ter. The determined wetting forces of the SAC305/Ni-10 at%Co,
SAC305/Ni-20 at%Co, and SAC305/Ni-40 at%Co systems are 0.236,
0.221, and 0.211 N/m, respectively. The determined wetting force
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Fig. 2. Surface roughness of the substrates examined in this study. (a) Ni-10 at%Co, (b) Ni-20 at%Co, (c) Ni-40 at%Co and (d) surface roughness of the Ni-Co alloys.
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of the SAC305/Ni system is 0.238 N/m, and the SAC305/Ni-7 wt%V
system has no wetting force because it is “non-wetting”. The wet-
ting forces of the SAC305/Ni-Co systems are smaller than that
of the SAC305/Ni. The wetting forces of the Ni-Co alloys are
Ni-10 at%Co > Ni-20 at%Co > Ni-40 at%Co. Using the wetting force
as a wetting property indicator, the wetting property of the Ni-Co
alloys is Ni-10 at%Co > Ni-20 at%Co > Ni-40 at%Co. Using the wet-
ting time and wetting force obtains the similar wetting results.

Fig. 2 shows the surface roughness of the Ni-Co substrates.
The surface roughness of Ni-Co alloys ranges 100-600 nm. With
increased Co, the surface roughness of the substrate increases.
Ni-10 at%Co substrate is the smoothest, having the shortest wetting
time and largest wetting force. Ni-40 at%Co substrate is the rough-
est, with the longest wetting time and smallest wetting force. The
smoother substrate has better wetting properties. When the sur-
face is rougher, the resistance for the molten solder to spray on
the surface is greater, decreasing the wetting property. When the
surface becomes smoother, the molten solder flows on the surface
freely, increasing the wetting property. This result agrees with the
prediction proposed by Shuttleworth and Bailey [33], and similar
in solder/Ni-P and solder/Cu systems [5,6,18,20].

Besides the surface roughness, the driving force of wetting with
molten solder on the substrate is the interfacial reaction [19].
Fig. 3(a) shows the BEI micrograph of the SAC305/Ni-10 at%Co cou-
ple reacted at 250°C for 10 min. We observed only one reaction
phase layer. Based on the EPMA compositional determination, its
composition is Sn-0.1 at%Ag-10.0 at%Cu-28.8 at%Ni-2.7 at%Co. Co
and Ni are chemically similar, and they can form a continuous solid
solution except for the a—& two-phase region [34]. Cu-Ni binary
system is an isomorphous system [35]. Owing to the chemical sim-
ilarity, Cu and Ni are with very extensive mutual solubility. Similar
phenomena are also found in Sn-Ni-Cu [36,37] and Sn-Ni-Co [38]
ternary systems. Because of the chemical similarity, Ni, Co, and Cu
are identical in the intermetallic compounds. The (Cu + Ni + Co) con-
tent is 41.5 at%, and Sn is 58.4 at%. By referring to the Sn—-Ni [39,40]
and Sn-Co [41] binary phase diagrams, this phase is the Ni3Sny
phase with 10.0 at%Cu, 2.7 at%Co, and negligible Ag solubility, or
(Ni, Cu, Co)3Sny. Ag does not actively participate in the interfa-
cial reaction. The (Ni, Cu, Co)3Sng phase grows thicker with the
longer reaction time. Fig. 3(b) shows the BEI micrograph of the
SAC305/Ni couple reacted at 250°C for 10 min. The composition
of the reaction phase is Sn-0.1 at%Ag-7.0 at%Cu-35.0 at%Ni, which
is the Ni3Sng phase with 7.0 at%Cu solubility. The Cu solubility in
the Ni3Sny4 phase is 6.7 at% based on the Sn-Cu-Ni isothermal sec-
tion at 240°C [36]. The reaction phase of the SAC305/Ni-10 at%Co
couple reacted at 250°C is similar to that of SAC305/Ni. 10 at%Co
addition does not alter the reaction path. The SAC305/Ni-10 at%Co
interfacial reaction is also similar to that of Sn/Ni-10 at%Co. Fig. 3(c)
shows the SEI micrograph of the Sn/Ni-10 at%Co couple reacted at
250°C for 10 min. The reaction phase is also the Ni3Sn,4 phase.

Fig. 4(a) displays the BEI micrograph of the SAC305/Ni-20 at%Co
couple reacted at 250°C for 10 min. For a better observation, the
partial solder was etched away. We observe two reaction phases.
The composition of the reaction phase adjacent to the Ni-20 at%Co
substrate is Sn-0.4 at%Ag-0.4 at%Cu-23.5 at%Ni-9.9 at%Co. The
content of (Cu+Ni+Co) is 33.8at%, and Sn is 65.8 at%. By refer-
ring to the Sn-Ni-Co isothermal section at 250°C [38] and
Sn-Co binary phase diagram [41], this phase is the CoSn, phase
with 23.5at%Ni and negligible Cu and Ag solubility, or (Co, Ni,
Cu)Snj,. According to the composition, it appears to be the NiSn;
phase with 9.9 at%Co solubility. However, based on the Sn-Ni
binary phase diagram [39,40], the NiSn, phase does not exist
in the Sn-Ni binary system. According to the Sn-Ni-Co phase
equilibrium study [38], the CoSn, phase has relatively high Ni
solubility, up to 25at%. Therefore, this reaction phase is actu-
ally the CoSn, phase with considerate Ni solubility. Besides the

WD15.0mm 15.0kV x4.5k  10um
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Fig. 3. (a) BEI micrograph of the SAC305/Ni-10 at%Co couple reacted at 250°C for
10 min. (b) BEI micrograph of the SAC305/Ni couple reacted at 250 °C for 10 min. (c)
SEI micrograph of the Sn/Ni-10at%Co couples reacted at 250 °C for 10 min.

CoSn, phase, another discontinuous phase forms between the
solders and the CoSn, phase. The composition of this reaction
phase is Sn-Sn-0.2 at%Ag-9.6 at%Cu-30.7 at%Ni-1.9 at%Co. It is the
Ni3Sny phase with 9.6 at%Cu, 1.9 at%Co, and negligible Ag solubil-
ity. Because this Ni3Sng phase is not in a continuous layer type,
it is from either the interfacial reaction or solidification precipita-
tion during removal from the hot plate. Because the Ni solubility
of the molten solder at 250 °C cannot form so much Ni3Sny4 phase,
this Ni3Sny phase is not from the solidification precipitation, but
from the solder/Ni-20at%Co interfacial reactions. Therefore, the
reaction phases of the SAC305/Ni-20 at%Co couple are the CoSn,
and Ni3Sny phases. Fig. 4(b) illustrates the close-up of the inter-
face of the SAC305/Ni-20 at%Co couple. X-ray diffraction verifies
the reaction phases, as shown in Fig. 4(c). The total thickness
of the reaction phases increases with the longer reaction time.
The SAC305/Ni-20 at%Co interfacial reaction differs from those of
SAC305/Ni-10at%Co and SAC305/Ni. When the Co increases from
10 to 20 at%, it affects the interfacial reactions and forms the Sn-Co
binary intermetallic compound, CoSn;. The SAC305/Ni-20 at%Co
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Fig. 4. The SAC305/Ni-20 at%Co couple reacted at 250°C for 10 min (a) BEI micrograph, (b) close-up of the interface, (c) XRD pattern and (d) the Sn/Ni-20 at%Co couple

reacted at 250 °C for 10 min.

interfacial reaction also differs from that of Sn/Ni-20at%Co.
Fig. 4(d) shows the SEI micrograph of the Sn/Ni-20at%Co couple
reacted at 250 °C for 10 min. The reaction phase is the CoSn, phase,
which composition is Sn-22.3 at%Ni-10.4 at%Co. Comparing the
SAC305/Ni-20 at%Co (Fig.4(a)) and Sn/Ni-20 at%Co (Fig.4(d))inter-
facial reactions, the 0.5 wt%Cu enhances the formation of the (Ni,
Cu)3Sny phase. The Sn/Ni-20 at%Co interfacial reaction at 250°C
shows a discrepancy in the literatures. Chao reported the reaction
phaseis the (Ni, Co)Sn,4 phase [38], while Takashi and Chen reported
the reaction phase is the CoSn, phase [42,43].

Fig. 5(a) displays the SEI micrograph of the SAC305/Ni-40 at%Co
couple reacted at 250°C for 10 min. Careful examination reveals
two reaction phases. The composition of the reaction phase adja-
cent to the Ni-40 at%Co substrate is Sn-0.1 at%Ag-0.8 at%Cu-16.7
at%Ni-15.7 at%Co, which is the CoSn, phase. The composition of
the reaction phase between the solder and the CoSn;, phase is
Sn-1.8 at%Ag-3.1 at%Cu-8.7 at%Ni-11.4 at%Co. The Sn content is
75.0at%, and (Cu+Ni+Co) is 23.2 at%. Referring to the Sn-Ni-Co
isothermal section at 250°C [38] and Sn-Co binary phase diagram
[41], this reaction phase is the a-CoSns phase with 8.7 at%Ni and
3.1at%Cu solubility, or a-(Co, Ni, Cu)Sns. Accordingly, the reac-
tion phases of the SAC305/Ni-40at%Co couple are the a-CoSns
and CoSn, phases. Fig. 5(b) shows the close-up of the a-CoSnj
phase, which exhibits a sheet-shaped grain. Fig. 5(c) displays
the X-ray diffraction pattern of the SAC305/Ni-40 at%Co couple.
The reaction phases grow thicker with the longer reaction time.
When the Co addition is 40at%, Co dominates the interfacial
reaction. Only the Sn-Co intermetallic compounds, a-CoSn3 and
CoSnj, are formed. The Sn-Ni intermetallic compound, Ni3Sng,

no longer exists. The SAC305/Ni-40at%Co interfacial reaction
differs from that of SAC305/Ni. Fig. 5(d) shows the SEI micro-
graph of the Sn/Ni-40 at%Co couple reacted at 250°C for 10 min.
The reaction phase is the a-CoSns phase, which composition is
Sn-11.9 at%Ni-12.5 at%Co. Chao examined Sn/Ni-40 at%Co interfa-
cial reactions at 250°C [38]. For 2 h, the reaction phase is the (Ni,
Co),Sn; phase, which is not a thermodynamically stable phase.
Comparing the SAC305/Ni-40 at%Co (Fig. 5(a)) and Sn/Ni-40 at%Co
(Fig. 5(d)) interfacial reactions, the 0.5 wt%Cu enhances the forma-
tion of the CoSn, phase.

The Co effects on SAC305/Ni-Co interfacial reactions are ver-
ified. When the Co additions are 10, 20, and 40 at%, the reaction
phases are the Ni3Sng, Ni3Sng/CoSn,, and a-CoSn3/CoSn, phases,
respectively. A small amount of Cu or Co addition in solders can alter
the reaction phases [44,45]. Cu and Co dominate Kinetically. The
observed interfacial reactions are results after competing between
Cu and Co. For SAC305/Ni-10 at%Co couples, the Co effect is smaller
than Cu. The SAC305/Ni-10at%Co interfacial reaction is similar
to SAC305/Ni. When the Co increases to 20 at%, the Co effect is
comparable to that of Cu, forming the Cu-dissolved NizSn, and
CoSn; phases. When the Co increases to 40at%, the Co effect is
larger than that of Cu. Co dominates the interfacial reactions, only
forming Sn—Co intermetallics. The Sn-Ni-Co ternary phase diagram
illustrates the reaction paths of SAC305/Ni-Co couples [38]. Fig. 6
shows the Sn-Ni-Co isothermal section at 250°C superimposed
with the reaction paths of the SAC305/Ni-Co couples. When the Co
increases from 10 to 40 at%, the reaction path shifts from the Sn—Ni
side towards the Sn-Co side. In SAC305/Ni-40 at%Co couples, the
CoSn and Co3Sn, phases are absent. Because the reaction kinetics
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reacted at 250 °C for 10 min.

dominate the interfacial reaction, some thermodynamically stable
phases are not observed because of nucleation difficulty or being
too thin to be observed [46,47].

Fig. 7 shows the total thickness of the reaction phases. The total
thickness of the reaction phases is roughly linear dependent to
square root of the reaction time, suggesting the interfacial reac-
tions are diffusion controlled [48]. The slopes are the growth rate
constants. Because the reaction phases differ in the three different
reaction couples, their reaction rates also differ. The determined
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Fig. 7. Total thickness of the reaction phases as a function of the reaction time.

growth rate constants of the three reaction couples are 1.03 x 107,
5.78 x 1077, and 1.48 x 10~7 m/s!/2, respectively. The Ni-10 at%Co
substrate has the lowest reaction rate, and Ni-20 at%Co substrate
has the highest reaction rate.

4. Conclusion

The wetting properties of Ni-Co alloys by the SAC305 solder are
better than the currently used Ni-7 wt%V alloy. With increased Co
additions, the surface roughness increase, and the wetting prop-
erties decrease. SAC305/Ni-Co interfacial reactions depend on Co
additions. When Co increases to 10at%, the Co effect is smaller
than that of Cu, and the SAC305/Ni-10at%Co interfacial reaction
is similar to SAC305/Ni. When Co increases to 20 at%, the Co effect
is comparable to that of Cu, and forms the Ni3Sng and CoSn,
phases. When Co increases to 40at%, Co dominates the interfa-
cial reactions, forming the CoSn; and a-CoSnj3 phases. As the Co
addition increases, the reaction path shifts from the Sn-Ni side
towards the Sn-Co side. Ag remains inactive. The Ni-10at%Co
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substrate has the lowest reaction rate among the three different
Ni-Co alloys.
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