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The evolution of intermetallic compounds (IMCs) generated between Sn-3.5Ag
solder doped by additive couples (namely, 0.2mass%Co and 0.1mass%Ni) and
Cu substrate was characterized. After soldering, the additive couples, Co-Ni,
were all detected at the intermetallic region. The microstructure of inter-
metallic was identified as (Cu, Ni, Co)gSns by electron probe microanalysis
(EPMA) and x-ray diffraction (XRD). However, the morphology of (Cu, Ni,
Co)gSns was converted to columnar like and was not as dense as the typical
scallop-like CugSns. A duplex structure of (Cu, Ni, Co)gSns, namely, two dis-
tinct regions bearing different concentrations of Ni and Co, was observed.
Much higher Ni and Co concentrations were probed in the outer intermetallic
region adjacent to the solder matrix, while lower concentration at the inner
region was verified. After aging, the intermetallic (Cu, Ni, Co)gSns tended to be
dense, while the growth rate was depressed at the early stage. In addition, the
Cu3Sn phase was not detected after aging at 110°C, while it appeared at 130°C
and 150°C for 504 h. Using the nanoindentation technique, some mechanical
properties of (Cu, Ni, Co)gSns were investigated. The lower hardness and
Young’s modulus of the outer intermetallic region was revealed. After aging
treatment, both the hardness and Young’s modulus values were elevated.
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INTRODUCTION

The conventional Sn-Pb solder has been switched
to lead-free solder, since the ban of lead will take
effect as of July 1, 2006. So far, the Sn-Ag solder and
its derivations have been regarded as the promising
candidates to replace the Sn-Pb solder due to their
superior mechanical properties of strength, creep,
and fatigue resistance.’? In order to meet the require-
ments for different applications, appropriate solders
are being extensively sought. The alloying method is
a simple and effective way of modifying the proper-
ties of solders. Elements such as Co, Ni, Zn, Fe, Al,
Cu, Sb, and In were considered.>® In particular, it
has been reported that the additive Ni or Co could
participate in the interfacial reaction between solder
and Cu substrate, which results in the morphology
change of intermetallic compounds (IMCs).*”

(Received August 16, 2005; accepted August 22, 2005)

However, a more detailed investigation on the
morphology of intermetallic and additive distribu-
tion is not sufficient. The addition couple, namely,
Ni-Co, is added into Sn3.5Ag solder in the current
research. Meanwhile, the additive involvement in
the interfacial reaction will definitely result in the
variation of IMC mechanical properties. Therefore,
the novel nanoindentation methodology is employed
herein to explore the responses.

EXPERIMENTAL

The copper substrate sheet (99.99% purity, 25 mm X
25 mm X 0.3 mm) was used to react with Sn3.5Ag
and Sn3.5Ag0.2C00.1Ni solders simultaneously. Be-
fore reflow experiments, the copper sheet was chem-
ically processed in 5% HCI solution for 20 sec, and
then cleaned further ultrasonically in alcohol. The
peak soldering temperature was set at 250°C, and
the dwell time was 1 min. After soldering, the
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remaining solder was etched away by 13% HNO;3; +
Hy0 solution to reveal the top-view morphology
of IMCs. Some solder joints formed between
Sn3.5Ag0.2C00.1Ni and Cu were subjected to aging
at 110°C, 130°C, and 150°C for 504 h, respectively.
The observation of IMC morphology was performed
by scanning electron microscopy (SEM), and elec-
tron probe microanalysis (EPMA) was employed to
determine the chemical composition of components
and their redistribution by color mapping. The crys-
tal microstructure was measured by x-ray diffrac-
tion (XRD), while some primary mechanical
properties of IMCs such as hardness and Young’s
modulus were evaluated by nanoindentation (Micro
Materials, Wrexham, United Kingdom).

RESULTS AND DISCUSSION

The IMCs formed between Sn3.5Ag0.2Co00.1Ni
and Cu exhibited a higher growth rate during sol-
dering than that of Sn-3.5Ag/Cu, as displayed in
Fig. 1. Namely, the thickness of intermetallic for
Sn3.5Ag0.2C00.1Ni solder was elevated. Meanwhile,
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the morphology of intermetallic was converted to be
very flat; however, it was not as dense as that for
Sn-3.5Ag solder. In particular, some spaces were
occupied by the solder entrapped inside intermetal-
lic, which was consistent to the previous results.”
A more striking phenomenon was observed from the
top-view SEM micrographs of intermetallics, as illus-
trated in Fig. 2. It was quite clear that the intermetal-
lic grains formed between Sn-Ag-Co-Ni solder and Cu
were extremely refined, which indicated that the grain
coarsening behavior was depressed dramatically,
rather different from that for the Sn-3.5Ag/Cu in-
terfacial reaction. The columnar-type intermetallic
for Sn-Ag-Co-Ni/Cu was suggested, compared with
the typical scallop-like morphology of CugSns. In ad-
dition, the growth direction of intermetallic formed
between the Sn-Ag-Co-Ni solder and Cu was irregular
or scattered, that is, not perpendicular to the interface
as for scallop CugSns. The ripening-depressed grains
and the irregular growth direction might be responsi-
ble for the nondense morphology, namely, the liquid
solder filling in the vacancy among IMC grains.
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Fig. 2. Comparison of intermetallic morphology (top view), reflow at 250°C for 1 min.: (a) Sn-3.5Ag/Cu and (b) Sn-3.5Ag-0.2Co-0.1Ni/Cu.
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Fig. 3. Comparison of intermetallic morphology (BEI image) of Sn-3.5Ag-0.2C0-0.1Ni/Cu after aging for 504 h at the temperature of (a) 110°C,

(b) 130°C, and (c) 150°C.
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Fig. 4. Intermetallic thickness evolution between Sn-Ag-Co-Ni solder and Cu: (a) after aging at 110°C, 130°C, and 150°C, respectively; and (b)

after aging at 150°C for 168 h, 504 h, and 1,008 h, respectively.

Table I. Chemical Compositions of Intermetallic Determined by EPMA

Composition (At.%)

Sn-3.5 Ag-0.2Co0-0.1Ni Sites Sn Cu Ni Co Phases

No aging 1 46.2 43.3 5.1 5.4 (Cu(1_x_y), Coy, Niy)eSns
2 46.3 51.8 1.2 0.7 :
3 46.0 53.3 0.5 0.2 (Cua-m-n), Com, Nin)sSns

110°C 1 45.7 44.8 4.4 5.1 (Cug_x_y), Coy, Niy)eSns
2 44.8 53.1 14 0.7 :
3 456 53.8 04 0.2 (Cua-m-n), Com, Nin)sSns

130°C 1 46.7 46.9 2.5 3.9 (Cugi_x_y), Coy, Niy)eSns
2 47.2 51.6 0.5 0.8 (CU(1—m—n), COm, Nin)eSns
3 25.5 74.5 — — CusSn

150°C 1 45.7 48.9 1.7 3.7 (Cug_x_y), Coy, Niy)eSns
2 46.1 52.6 0.4 0.9 (CU(l,m,n), COm, Nin)esn5
3 25.7 74.3 — — CusSn

After aging at 110°C, 130°C, and 150°C for 504 h,
respectively, the intermetallic evolution between
Sn-Ag-Co-Ni solder and Cu was presented in Fig. 3.
Two results were obtained: (1) the solder entrapped
within the intermetallic region tended to be less and
(b) the entire thickness of the intermetallic did not
increase severely, in particular, at the lower aging
temperature. This phenomenon could be interpreted

by the Cu atoms diffusion mechanism during the in-
terfacial reaction. Many researchers have suggested
that the Cu atoms are the dominant diffusion species
for the interfacial reaction between Sn-Ag solder and
Cu substrate.®? Thus, the solder entrapped within
the intermetallic region reacted with the Cu atoms
transported from the substrate. Following the de-
crease of the solder entrapped in the intermetallic
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region, the IMC morphology became dense. In turn,
the consumption of Cu atoms during this process re-
duced the supply flux of Cu atoms for the interfacial
reaction that occurred between the solder matrix and
intermetallic front line, thus resulting in a relatively
slower growth rate of intermetallic during solid ag-
ing. Obviously, the higher aging temperature, e.g.,
150°C, triggered a faster supply flux of Cu atoms;
therefore, the solder entrapped in the intermetallic
region was converted into the intermetallic and dis-
appeared. The interface of the intermetallic/solder
matrix continued to penetrate into the solder matrix
and enhance the growth, as demonstrated in Fig.
4a. In the mean time, as displayed in Fig. 4b, during
the early aging time (e.g., 168 h) at 150°C, the growth
rate was also relatively depressed, resulting in a shift
below the proportional fitting line given by the typical
diffusion-control equation d = dy + 2k+v/Dt. This indi-
cated that the consumption of entrapped solder could
influence the growth rate of IMC during aging, par-
ticularly at the early stage.

The CusSn phase was not generated after aging at
110°C, while it appeared at 130°C and 150°C, as dis-
played in Fig. 3. For the case aging at 130°C, the CuzSn
phase was discontinuously distributed at selected sites
along the interface between the primary IMC phase
and Cu substrate. At higher aging temperature,
say, 150°C, a continuous CuzSn layer with 2-3 pm
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thickness was observed. These results indicated that
the critical temperature for the CusSn phase genera-
tion during aging was between 110°C and 130°C.
The chemical composition of intermetallic was de-
termined by EPMA. Three sites, say, sites 1, 2, and 3,
were selected to measure the element contents, as
shown in Fig. 3. Site 1 was located in the upper
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Fig. 5. XRD pattern of IMCs: (a) Sn-3.5Ag/Cu and (b) Sn-3.5Ag-
0.2C0-0.1Ni/Cu.
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Fig. 6. Color-map analysis depicting the two distinct intermetallic regions (Cu_x_y), Niy, Coy)eSns + (CU(1_m-n), Nim, Con)eSns: (a) as reflowed,
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intermetallic region adjacent to the solder matrix, site
3 was close to the interface of intermetallic/Cu to
probe the CusSn phase, and site 2 was defined in
the middle. Table I depicted the tested results, and
the plausible phases were also listed based on the
concentration ratio and the XRD pattern results
from Fig. 5, which indicted that the IMC was
CugSnjs based. The strong peak of Cu in Fig. 5 was
from the Cu substrate. The additive couples Ni-Co
were detected at the (Cu, Ni, Co)gSns IMC region.
However, they were not probed in the CusSn phase,
which indicated that Ni and Co did not participate
in the formation of CusSn phase. The nonuniform
concentration distributions of additives Co-Ni were
revealed within the entire (Cu, Ni, Co)gSnjs interme-
tallic region, and the duplex structure phases for
the (Cu, Ni, Co)gSn; intermetallic region could be
suggested as (Cuq_x_y), Cox, Niy)eSns + (Cu_m-_n),
Con, Ni,)gSns. Here, the former represented the up-
per intermetallic phase with higher values of x and y
than m and n for the latter, namely, the inner inter-
metallic phase that is adjacent to the CuszSn phase
(after aging treatment) or Cu substrate (no aging
treatment).

In order to identify the duplex microstructure of the
(Cu, Ni, Co)gSns intermetallic region, the mapping
analysis was performed using EPMA, as illustrated
in Fig. 6. Apparently the concentration distribution
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of Ni-Co was not uniform, that is, the upper interme-
tallic adjacent to the solder matrix contained much
higher Ni and Co concentration. After aging at 110°C,
130°C, and 150°C, respectively, the duplex struc-
ture was still present. However, the Ni and Co con-
centrations decreased with the aging temperature,
especially at 130°C and 150°C, as shown in Fig. 7.

THERMODYNAMIC MODEL FOR THE
MULTICOMPONENT ALLOY

In order to analyze the influence of additives dur-
ing the interfacial reaction, the thermodynamic
models were employed herein. Actually, for the i-j-k-m
quaternary alloy system, the excess Gibbs energy
AGF could be assessed by the following formulation: ™
XiXj XXk

AGE = T AGi+ 5 AGg
Xig Xy K - Xkik)
XiXm XXk
Xiim) Xmgm) " Xigly Kl
XX XkXm
+ T AGin + g———— - AG
Xigm) Kanm) " Xiem) Konlem)
(D

where x, (a = 1, j, k, and m) denotes the compo-
nent element concentration in the quaternary alloy
system, and X)), Xidk), Xidm)» XjGk» XjGm) and
Xyiam) represent the modified component element

c-2

T,
Ao
=,

W

(b) aged at 110°C for 504 h, (c) aged at 130°C for 504 h, and (d) aged at 150°C for 504 h.
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Fig. 7. Ni and Co concentration evolution at the outer IMC region with
the aging temperature, namely, 110°C, 130°C, and 150°C, respectively.

concentrations in the corresponding binary alloy
systems by introducing the similarity coefficient

g%, which is defined as follows:'°

Xl(l_]) =X+ Z X * gfﬁi) (2)

k#lj

where &) = n(ij, ik) + m(ji, jk)

where the deviation sum of squares yields
Xiil
E

X;=0

7(ij,ik) = — AGE )2dX; (4)

Thus, if the component element k or m is considered
as solvent, and the other three elements as solute,
the interaction parameter & can be calculated by
2nE
J_ R1T (a G ) 5
0x;0X;

Actually, at the initial stage of soldering, the Cu
atoms dissolve into liquid solder, and the saturation
solution is generated at the interface between the
solder matrix and the Cu substrate. Since the element
Ag does not participate in the interfacial reaction,
this local region solution system can be simplified as
the Sn-Cu-Ni-Co quarternary alloy system. Conse-
quently, the interaction parameters e}, %, and 5",
are predicted to evaluate the afﬁmty among these
component elements, as shown i 1n Fig. 8.

All the values of sls‘?l, eg, and 8 U are negative, which
indicates that Sn-Cu, Sn-Ni, and Sn-Co are all pos-
sible to form 1ntermetalhcs However the absolute
values of sSn and Ssn are larger than SSD, which means
that the affinities of Sn-Ni and Sn-Co are higher than
that of the Sn-Cu couple. That can explain qualita-
tively why both Ni and Co are involved in the forma-
tion of the intermetallic. The higher concentration of
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Ni and Co in the upper intermetallic region may be
attributed to enhancing the driving force of IMC for-
mation and reducing the interfacial energy between
the IMC and the solder matrix during the soldering
process, which will be addressed elsewhere.

MECHANICAL RESPONSE OF
NONHOMOGENOUS (Cu, Co, Ni)gSn;
INTERMETALLIC

Based on the previous observation and measure-
ment, it has been confirmed that the additive Ni-Co
at the entire (Cu, Co, Ni)gSns intermetallic region
is not distributed evenly. Therefore, it is expected
that the mechanical properties for this portion of
the intermetallic region are also nonhomogeneous.

Since the mechanical properties of the intermetal-
lic could significantly impact the reliability of solder
joint, it would be very essential to estimate some of
the primary mechanical properties, such as hard-
ness, Young’s modulus, etc. The widely concerned
nanoindentation technology was adopted in this
study. The accuracy of the indentation equipment
(Micro Materials, Wrexham, United Kingdom)
assembled with the Berkovich indenter could ensure
the reliable data for the small load (e.g., 2 mN) on
the defined positions. The testing positions, namely
site 1 and site 2, were selected, as shown in Fig. 3,
while the CusSn phase was not included here due to
its quite small size.

It has been known that the reduced Young’s mod-
ulus could be obtained from measuring the contact
stiffness at the onset of the unloading segment.!!

\/— S
E, = (6)

T 28 VA
where S is the contact stiffness, B is a constant re-
lated to the geometry of the indenter, and A is

the projected area by indentation. Meanwhile, the
reduced Young’s modulus could be given by
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Fig. 8. The predicted affinity of Sn-Cu, Sn-Ni, and Sn-Co, respec-
tively, in the Sn-Cu-Co-Ni quarternary system.
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Table II. Nonhomogeneous Mechanical Properties of (Cu, Co, Ni)¢Sn; by Nanoindentation

Phases

(Cu(l—x—y); Coy, Niy)ssn5
(Cu(lfmfn), COm: Nin)GSHS
(Cug—x—y), Coy, Niy)eSn;
(Cu(lfmfn)a COm, Nin)GSHS

Condition

As reflowed

Aging at 150°C

Hardness Young’s Modulus
Sites H (GPa) E (GPa)
1 2.12 £ 0.54 86.6 = 6.5
2 3.81 = 0.43 978 £ 7.1
1 4.15 = 0.14 103.5 £ 6.7
2 5.04 = 0.22 114.3 = 3.2

where E and v denote the Young’s modulus and
Poisson’s ratio of the indented material, respec-
tively, while E;, and »;, represent the parameters
to the indenter, which can be taken as 1,140 GPa
and 0.07, respectively.'? In addition, the hardness H
is represented by the maximum force P, divided
by the projected indentation area A, which could be
derived from the Oliver—Pharr method.!!
Pmax
H A (8
Table II depicted the hardness and Young’s mod-
ulus of (Cu, Co, Ni)gSns intermetallic at differing
positions, namely, outer and inner regions. Appar-
ently, the nonhomogenous mechanical properties of
(Cu, Co, Ni)gSnjs intermetallic were revealed. The
upper intermetallic region (Cu_x_y),Cox, Niy)sSns
bearing higher additives (i.e., Ni and Co) possesses
a more greatly reduced hardness and Young’s mod-
ulus than that for the inner region (Cu;_ n), Cop,
Ni,)eSns. It can be reasoned that the participation
of additives in the CugSnjs crystal microstructure
cause the disordered crystal lattices or some defects.
In addition, the solder entrapped within the (Cu,
Co, Ni)gSns IMC will also be partly responsible for
this result due to the quite low values of these
parameters. The results displayed in Table II indi-
cated that the involvement of additives (i.e., Ni and
Co) in the (Cu, Co, Ni)gSnjs region, as well as the
loose morphology owing to the entrapped solder in-
side, could improve the ductile property of IMCs,
while after the aging process, the hardness and
the modulus increased for both inner and
outer intermetallic regions. The reason could be
that the solder entrapped within the intermetallic
tended to be converted into intermetallics, as well as
the morphology modification during the solid aging
process.

CONCLUSIONS
The following conclusions can be summarized.

® The morphology of IMCs formed between Sn-
3.5Ag-0.2C0-0.1Ni solder and Cu was converted
into columnar like, which was quite different from
the typical scallop like for Sn-Ag/Cu. The reduced
growth rate of IMC during the early aging time or
lower aging temperature was attributed to the
nondense intermetallic morphology with some sol-
der entrapped in the intermetallic region. After
the solid aging process, the CusSn phase was not
generated at 110°C for 504 h, while it appeared at

130°C at some selected sites. A continuous CusSn
layer was observed at 150°C.

® After reflow, the chemical composition of interme-
tallic between Sn-Ag-Co-Ni solder and Cu was
identified as (Cu, Ni, Co)gSns. Two distinct IMC
regions, namely, the outer region adjacent to the
solder matrix and the inner region neighboring to
the Cu substrate, were detected. The outer IMC re-
gion contained much higher Co and Ni concentra-
tions than those at the inner region. After aging,
this duplex structure was still present, while an-
other phase, namely, CuszSn was generated.

® The mechanical properties of (Cu, Ni, Co)gSns
intermetallic were estimated by nanoindenta-
tion. The hardness and Young’s modulus of
the upper (Cu, Ni, Co)gSns intermetallic, which
bear higher additives, were all lower than those
for the inner intermetallic region. After aging,
the hardness and modulus of the intermetallic
were all elevated, which could be attributed to
the consumption of solder entrapped within the
intermetallic, as well as the intermetallic mor-
phology change.
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