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Nickel has been widely used as an under-bump metallization (UBM) material in the
microelectronics industry. The solid-state reaction between the eutectic SnAg solder
bumps and three thicknesses of Ni/Cu UBM was investigated, with 5 �m-Cu/3 �m-Ni,
3 �m-Cu/2 �m-Ni, and 0 �m-Cu/1 �m-Ni. It was found that the shear strength of
the solder bumps decreased after the solid-state aging at 150 °C for 200 h, and it did
not change much after it was prolonged for 500 and 1000 h. Aging of the Ag3Sn
intermetallic compound (IMC) and grain growth of the solder are responsible for the
decrease in the shear strength. Furthermore, the shear test results indicated that the
fracture mode switched from ductile to brittle for the solder bumps with 1 �m Ni after
aging longer than 200 h, causing the strength of the solder to decrease abruptly. This is
attributed to the consumption of the peripheral Ni layer after the solid-state aging for
1000 h. The Ni consumption rate was measured to be 0.02 �m/h1/2 at 150 °C.

I. INTRODUCTION

Flip-chip technology has been adopted in high-
performance electronics devices because a large number
of tiny solder bumps can be fabricated into an area array
on a chip as input/output (I/O) interconnections.1 Pb-
containing solder has been used for over 30 years to form
flip-chip joints, reacting with under bump metallurgy
(UBM).2,3 However with increasing environmental con-
cerns, the microelectronics industry is paying greater at-
tention to lead-free solder alternatives.4,5 One of the most
promising alternatives is SnAg3.5 solder for flip chip
packages, and manufacturing. SnAg3.5 solder bumps on
a wafer by electrical plating or printing technology is
now commercially available. Therefore, it can be imple-
mented in fine-pitch solder joints.

The metallurgical reactions between the Pb-containing
solders and different UBMs have been studied exten-
sively over the past decade. Copper and nickel are the
two common UBM materials used in the packaging in-
dustry. Copper reacts with the solder alloy very quickly

and provides excellent wetting.6 Yet, for thin Cu film, the
fast consumption rate of the Cu UBM may cause spalling
of the interfacial intermetallic compound (IMC) after
longer reflowing time.7 Therefore, Ni UBM has been
also used due to its lower reaction rate with the solder
alloy.8 Due to its high stress, the Ni film cannot be de-
posited too thickly. Thus, the combination of the Cu and
Ni films was adopted in the packaging industry, and sev-
eral approaches were studied, including Al/Ni(V)/Cu,9

co-sputtering Cu-Ni alloy,10,11 and electroplated Cu/Ni
films.12

With the implementation of Pb-free solder, spalling
also occurs in the Pb-free solder jointed to the Al/Ni(V)/
Cu UBM.13 Electroplated Cu/Ni appears to be a prom-
ising UBM for the Pb-free solders because of the low-
cost process, in which the Ni layer serves as a wetting
layer, and the Cu film serves as a stress buffer layer.
Several studies have addressed the metallurgical reaction
of Pb-free solders and the Ni UBM.14,15 However, the
thickness effect of the Cu/Ni film on the metallurgical
reaction has not been studied, and the minimum thick-
ness of the Ni layer required is still unknown. In this
paper, we examine the interfacial reaction of the SnAg
solder bump with three different thicknesses of the Cu/Ni
film, with 5/3 �m, 3/2 �m, and 0/1 �m. Shear tests were
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performed to investigate the bump strength after various
solid-state aging times. This study provides deeper un-
derstanding of the thickness effect of the Cu/Ni film and
the UBM with SnAg solder.

II. EXPERIMENTAL

Schematics of the three samples used in this study are
shown in Figs. 1(a)–1(c). Titanium of 0.1 �m of was
sputtered onto the oxidized Si wafer and acts as an ad-
hesion layer. Copper of 0.5 �m was then sputtered onto
the Ti layer and served as a seed layer for the subsequent
electroplating process. Then the Cu or Ni layer was elec-
troplated on the Ti/Cu layers. Photolithography was
applied to define the opening for solder electroplating.
Afterwards, the UBM opening was formed by a wet-
etching process. Due to the fast etching rate of Cu, the
diameter of the Cu UBM was smaller than that of the Ni

UBM, as shown in Figs. 1(a) and 1(b). There was no
electroplated Cu layer in the third sample. The Ni film
served as a wetting/reaction layer. Then the eutectic
SnAg solder was electroplated onto the film. The solder
bumps were formed by reflowing in an infrared oven at
260 °C for about 1 min. In this paper, the three samples
in Figs. 1(a)–1(c) were denoted as 5 �m-Cu/3 �m-Ni,
3 �m-Cu/2 �m-Ni, and 0 �m-Cu/1 �m-Ni, respectively.

For metallurgical reaction at solid-state reactions,
samples were aged at 0, 200, 500, and 1000 h at 150 °C
in nitrogen atmosphere. The cooling rate was kept con-
stant about 5 °C/s for all the samples because it can
change the Ag3Sn morphology.16 The mean height and
diameter of solder balls were 95.5 and 142 �m after a
reflow. The shear strength of solder bumps was measured
by a shearing arm at the speed of 100 �m/s and height of
15 �m. The shear strength was obtained by averaging the
results from 50 solder bumps in each test condition on the
same wafer. Thickness and morphology of the interfacial
IMC layer were determined from the cross-sectional ob-
servation. A solution of nitric acid, acetic acid, and glyc-
erin at the ratio of 1:1:1 was used for the selective etching
of Sn. The morphology and composition of IMC were
examined by using a JEOL 6500 field-emission scanning
electron microscope (SEM) and energy dispersive spec-
troscopy (EDS).

III. RESULTS AND DISCUSSION

The microstructures of the as-fabricated solder bumps
for the three samples are shown in Figs. 2(a)–2(c). There
were no clear differences in the microstructure of the
solder and in the interfacial IMCs. Figures 2(d)–2(f)
show the corresponding enlarged SEM images at the
interface of the SnAg solder and the Ni layer. An inter-
metallic compound of Ni3Sn4 was detected at the inter-
face. Significant variations in shear strength were ob-
served for the three samples at various aging times, as
shown in Fig. 3. The shear strength decreased as the
aging time increased, and it decreased abruptly after ag-
ing for 200 h. For the 5 �m-Cu/3 �m-Ni and 3 �m-Cu/
2 �m-Ni samples, it decreased sharply from 56.5 to
47.4 MPa, which is a 16.1% reduction. It was almost
constant after further aging up to 1000 h. In particular,
the shear strength for the 0 �m-Cu/1 �m-Ni sample
dropped from 55.1 to 43.7 MPa after aging for 200 h,
which is a 20.7% reduction. The shear strength dropped
lower than 44.0 MPa, which is typical specification. It
continued to decrease down to 41.0 after aging for 1000 h.

The fracture surfaces were inspected by SEM and
EDS. Figures 4(a)–4(d) show the four typical fracture
surfaces in this study, including ductile facture in the
solder, partial brittle facture in the solder and IMC/Ni
interface, brittle facture in the IMC/Ni interface, and
brittle facture in the IMC/Ti interface. For the 5 �m-Cu/

FIG. 1. Schematic illustrations for the three types of SnAg solder
bumps used in this study: (a) 5 �m-Cu/3 �m-Ni, (b) 3 �m-Cu/2
�m-Ni, and (c) 0 �m-Cu/1 �m-Ni.
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3 �m-Ni and 3 �m-Cu/2 �m-Ni samples, the fracture
occurred inside solder bumps for all solid state reactions,
as shown in Fig. 4(a). The fracture surface of the 0 �m-
Cu/1 �m-Ni sample varied with aging condition. With-
out the thermal aging, fracture occurred inside the solder
bumps. However, the fracture switched to partial brittle
mode for approximate 40% of the bumps, as shown in
Fig. 4(b). The intermetallic compound of Ni3Sn4 was
detected on the fracture surface in these cases. After fur-
ther aging to 500 h, most of the fracture surfaces be-
came brittle mode, while both Ni and Ni3Sn4 IMC re-
gions can be detected on the fracture surfaces, as shown
in Fig. 4(c). With longer aging up to 1000 h, the fracture
surface occurred mainly at the IMC/Ni interface, as

shown in Fig. 4(c). The fracture of a few samples oc-
curred at the IMC/Ti interface, as illustrated in Fig. 4(d).
Titanium, nickel, and Ni3Sn4 IMC layers were found on
the fracture surface, as indicated by arrows in Fig. 4. This
indicated that the 1-�m Ni layer and the 0.5-�m sput-
tered Cu layer might be partially consumed after thermal
aging of 1000 h. The fracture modes for the three types of
the samples are summarized in Table I.

The reduction in shear strength with the increase in
aging time in SnAg-based solders has also been reported
by other researchers.17–19 Coarsening of Ag3Sn was pro-
posed to be responsible for the reduction of strength since
the fine dispersive Ag3Sn IMC may strengthen the solder
by precipitation hardening. On the other hand, the solder

FIG. 2. Cross-sectional SEM images for the SnAg solder bumps: (a) 5 �m-Cu/3 �m-Ni sample, (b) 3 �m-Cu/2 �m-Ni sample, (c) 0 �m-Cu/1
�m-Ni samples, (d) magnified image for the interfacial structure in (a), (e) magnified image for the interfacial structure in (b), and (f) magnified
image for the interfacial structure in (c).
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grains may also grow during the solid-state aging, caus-
ing the decrease in the shear strength. Figures 5(a)–5(d)
show the typical SEM images of the Sn3.5Ag solder
bumps after the aging for 0, 200, 500, and 1000 h, re-
spectively. The solder grains can be observed clearly.
The average grain size of the solder was about 3.3 �m
before the thermal aging, as shown in Fig. 5(a), and it
grew to 15.2 �m after the aging for 200 h of all the
samples, as observed in Figs. 5(b)–5(d). The driving
force of the grain size growth was decreased grain

boundary area.20,21 The grain size remained almost con-
stant after 200 h of aging. In addition, the spherical
Ag3Sn precipitation could be observed, as indicated in
the Figs. 5(a)–5(d).16 The fine Ag3Sn precipitations dis-
tributed in the grain boundary of the solder before ther-
mal aging, and significant ripening took place after 200 h
of aging. The size of the Ag3Sn IMC did not increase
noticeably after aging for 200 h. Because the fracture
occurred in the solder bumps for 5 �m-Cu/3 �m-Ni and
3 �m-Cu/2 �m-Ni samples, the coarsening of the Ag3Sn
IMC and the grain growth of the solder may be respon-
sible for the abrupt drop in the shear strength after 200 h
of aging. Furthermore, the grain size and the size of the
Ag3Sn IMC remained almost unchanged after 200 h of
aging, and the shear strength stayed almost constant for
the two samples after 200 h of aging.

The decrease in the shear strength may be attributed to
the grain growth of the solder and the coarsening of
Ag3Sn precipitation. For the former, the yield strength
(�y) decreased with the increase of the grain size.22 The
Hall–Petch equation related the yield strength (�y) to the
grain size (d) below the equicohesive temperature (ECT)

�y � �0 + �d −1/2 , (1)

where �y is yield strength, �0 is Peierls stress (resistance
of crystal), � is Hall–Petch slope, and d is mean grain

FIG. 4. Four typical fracture modes after shear test in this study: (a) ductile facture in the solder, (b) partial brittle facture in the IMC/Ni interface,
(c) brittle facture in the IMC/Ni interface, and (d) brittle facture in the IMC/Ti interface.

FIG. 3. Shear test results for the three types of SnAg solder bumps at
different aging times up to 1000 h. The shear strength of the 0 �m-
Cu/1 �m-Ni samples dropped below the specification of 44 MPa after
200 h aging.
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size. For the later, the Lifshitz–Slezov–Wagner (LSW)
theory describes the time evolution of Ag3Sn grown dur-
ing thermal aging times.23 In this study, the size of the
Ag3Sn is 0.1–0.6 �m after a reflow, and it grew to 0.6–
3.1 �m in all samples after thermal aging for 200 h. This
coarsening of the Ag3Sn is a ripening phenomenon. The
driving force of the Ag3Sn growth was to minimize the
total interfacial surface area between the Ag3Sn and the
solder, which is a ripening phenomenon. With further
aging to 1000 h, the grain sizes of the Ag3Sn did not
change much. The Ag3Sn precipitates inside the solder
ball produced Orowan’s mechanism of dispersion
strengthening.24 The Orowan’s mechanism of dispersion
strengthening can be described by Eq. (2)

� � Gb/l , (2)

where � is shear strength, G is shear modulus, b is Burg-
ers vector, and l is the distance between two second
phase particles. If precipitation volumes are constant, the

precipitations are smaller, numerous, circular, discon-
tinuous, and with better shear strength. The shear
strength decreased because of the Ag3Sn and the maxi-
mum diameter (l) increased during thermal aging.

To investigate the unique failure mechanism for the
0 �m-Cu/1 �m-Ni samples, the interfacial structure be-
tween the solder and the UBM was examined by scan-
ning electron microscopy (SEM). Figures 6(a)–6(c) show
the cross-sectional SEM images of the interfacial struc-
ture for the 5 �m-Cu/3 �m-Ni samples after the 200,
500, and 1000 h aging, respectively. The Ni3Sn4 layer
grew thicker as the aging time increased, and its compo-
sition remained almost unchanged during the aging proc-
ess. The interfacial microstructure for the 3 �m-Cu/2
�m-Ni samples was quite similar to that of the 5 �m-
Cu/3 �m-Ni samples except that the remaining Ni was
thinner. Figures 7(a)–7(c) show the interfacial structure
for the 0 �m-Cu/1 �m-Ni samples, and the Ni3Sn4 layer
was also detected.

FIG. 5. SEM images showing the grain size of the SnAg solder after (a) 0 h, (b) 200 h, (c) 500 h, and (d) 1000 h thermal aging.

TABLE I. Fracture modes for the three types of samples at various aging times.

Cu/Ni (�m)

Aging (h)

0 200 500 1000

5/3 solder solder solder solder
3/2 solder solder solder solder
0/1 solder Solder and IMC/Ni interface IMC/Ni interface IMC/Ni interface and IMC/Ti interface
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FIG. 6. Cross-sectional SEM images of the 5 �m-Cu/3 �m-Ni sample
after (a) 200 h, (b) 500 h, and (c) 1000 h thermal aging.

FIG. 7. Cross-sectional SEM images of the 0 �m-Cu/1 �m-Ni
samples after (a) 200 h, (b) 500 h, and (c) 1000 h thermal aging.
Complete consumption of the Ni UBM was observed occasionally, as
indicated by the arrow in the (c).
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However, depletion of the 1-�m Ni layer was found at
some locations after the aging for 1000 h, as indicated by
the arrows in Fig. 7(c). Therefore, the Ni layer became
discontinuous. Since Cu atoms diffused much faster than
the Ni atoms and they tend to dissolve into the Ni3Sn4

IMC, the sputtered Cu layer may be consumed quickly,
which would deteriorate the adhesion of the interface
because of the high interfacial energy between the IMC
and the Ti film. The depletion of Ni may be responsible
for the brittle facture mode in the IMC/adhesion inter-
face, as shown in Fig. 4(d). Yet, it was not clear how the
partial brittle facture and the brittle facture in the IMC/Ni
interface happened after the 200 and 500 h aging for the
0 �m-Cu/1 �m-Ni samples since there were no obvious
differences in the microstructure and the composition for
the interfacial IMC among the three types of samples.
One possible reason for this usual fracture mode is the
side-attack of the Ni UBM. Figure 8 shows the cross-
sectional SEM image of the 0 �m-Cu/1 �m-Ni samples
after 1000 h aging, and it is found that the periphery of
the Ni UBM was consumed completely and formed
Ni3Sn4 IMC. This side-attack may result in two conse-
quences for the shear test. First, the periphery may have
higher stress concentration and become a weak point.
During the shear test, a crack may initiate there and
propagate along the IMC/UBM interface, causing the
partially brittle fracture and the brittle fracture in the
IMC/Ni interface. Secondly, once the Ni/Cu in the pe-
riphery of the UBM was consumed completely, the ef-
fective adhesion area was reduced accordingly. Com-
pared with Figs. 2(a)–2(c), the diameter of the UBM with
Ni/Cu layer shrank after the side-attack, which results in
the decrease in the shear stress for the 0 �m-Cu/1 �m-Ni
samples after aging.

FIG. 8. Cross-sectional SEM image of the 0 �m-Cu/1 �m-Ni samples
after 1000 h aging, showing that the periphery of the Ni UBM was
consumed completely and formed Ni3Sn4 IMC

FIG. 9. (a) Thickness of the Ni3Sn4 IMC as a function of the aging
time, (b) thickness of the Ni3Sn4 IMC as a function of the square root
of the aging time, and (c) Ni UBM consumption as a function of the
square root of the aging time for the three types of the SnAg solder
bumps.
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The consumption rate of the electroplated Ni during
aging was measured. Figure 9(a) shows the thickness of
the Ni3Sn4 IMC as a function of aging time for the three
types of the samples. It can be seen to increase with the
increase of aging time. Figure 9(b) illustrates the plot of
the IMC thickness with the square root of the aging time,
and it shows a diffusion-controlled behavior in the IMC
growth. The slope was linear according to Fick’s second
law

X � (kt)1/2 , (3)

where X is interfacial Ni3Sn4 thickness, k is the rate
constant, and t is aging time. The slope is square root of
the rate constant (k1/2), and the value is 0.075 �m/h1/2 at
150 °C. In addition, the consumption of Ni in thickness
was also calculated, as depicted in Fig. 9(c). It shows that
it takes about 1870.6 h to consume the 1-�m Ni layer.
However, due to the non-uniformity of the thickness dur-
ing the electroplating process, the Ni thickness may in
some areas be thinner than 1 �m, which may cause local
depletion of the Ni layer.

IV. CONCLUSIONS

The solid-state reaction between the eutectic SnAg
solder bumps and three various thicknesses of Ni/Cu
UBM has been investigated. It is found that ripening of
the Ag3Sn intermetallic IMC and grain growth of the
solder are responsible for the decrease in the shear
strength after aging at 150 °C for 200 h. Solder bumps
with 5 �m-Cu/3 �m-Ni and 3 �m-Cu/2 �m-Ni showed
no obvious deterioration after the thermal aging up to
1000 h. However, for 0 �m-Cu/1 �m-Ni samples, the
shear strength dropped below the specification after ag-
ing for 200 h. The partial consumption of the 1 �m Ni
layer after aging for 1000 h may be responsible for the
sharp decrease in the shear strength.
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