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Abstract
For the future electronic packaging, a high density and

environmentally friendly interconnection technology is
urgently needed. This paper suggests a Pb-free electroplated
bumping process for high density interconnection. We
describe a newly defined eutectic Sn/3.5Ag solder bumping
process using an alloy electroplating method and introduce the
UBM (Under Bump Metallurgy) study for electroplated
Sn/3.5Ag bumps. Four different types of UBM layers were
selected and investigated. The bumping process and UBM
interface reactions of Sn/3.5Ag were compared with those of
Pb/63Sn which is most commonly used as a solder bumping
material.

I. Introduction
The demand of high density and fine pitch interconnection

technology is continuously growing. For flip chip technology,
the electroplating bumping method is a good apporach to meet
fine pitch requirements especially for high volume production.
The currently used lead-containing solders are a potential risk
to the global environment and the use of Pb in electronics will
be prohibited by law in Japan in 2005 and in Europe in
2008 [1]. Therefore, Pb-free bumping must be considered in
fine pitch flip chip interconnection. In this study, Sn/3.5Ag
solder was selected as an alternative to replace the eutectic
Pb/63Sn. The eutectic Sn/3.5Ag has been reported to have
good ductility and solderability [1].

For flip chip bumping technology, especially in the case of
electroplated bumps, the selection of a proper UBM is very
important because it serves not only the typical purpose of
UBM such as solder adhesion layer, diffusion barrier,
adhesion promoter but also has to meet technological
requirements like serving as plating base which should be
etched after plating in the presence of solder bumps. One of
typical UBM system for electroplated PbSn solder bumps is a
combination of sputtered TiW/Cu and electroplated Cu [2, 3].
This UBM includes a thick Cu layer (approx. 5 µm) and
creates Cu-Sn IMC (Intermetallic Compounds) in the presence
of Sn containing solder. In the cases of higher Sn content
solders, a higher Sn-Cu IMC growth rate has been reported
[4, 5, 6]. The thick IMC layer can potentially cause
problems in terms of the reliability of the flip chip
interconnects. Therefore, the UBM study for Pb-free solder is
really needed and the selection of metallization, thickness and

process has to be carefully considered and defined. In
addition, the potential to eliminate one process step (e.g. Cu
plating process) can be considered as cost reduction. A very
simple UBM using only a sputtered Cu layer directly to the Al
bonding sites was applied for Pb/5Sn and eutectic Pb/63Sn
solder bumps [7]. But unfortunately, no interface reliability
investigation has been published until now. However, to
define a simple thin film UBM system especially compatible
to the electroplating process and high Sn containing solder
bumps is very important for fine pitch and Pb-free
interconnection.

II. Electroplating Process of Sn/3.5Ag bumps
SnAgCu eutectic solder is now accepted as a general

purpose baseline Pb-free solder [8, 9]. SnAg and SnCu
solder were already introduced in some applications for SMT
(Surface Mount Technology) such as wave soldering and
surface finishing and showed acceptable reliability results.
However, up to now the Pb-free electroplating bumping
process was reported very rarely [10, 11]. We developed a
Bi/42Sn electroplating process for Pb-free flip chip
bumping [12]. But too low melting temperature (139 oC) and
its brittleness were pointed out, even though, it has a lower
IMC growth rate than Pb/63Sn. In this work, Sn/3.5Ag solder
was selected among other Pb-free binary solder materials like
Sn/0.7Cu due to its relatively lower melting temperature1 and
lower surface tension2. According to some report, Sn/3.5Ag
showed better thermal shock resistance than Sn/0.7Cu [1].

In the process, two main issues of SnAg alloy plating are
well known. First, Ag is more easily deposited than Sn
because the standard electrode potential difference between
Ag and Sn is much higher (∆E = 0.9371 V ) than that of Pb
and Sn (∆E = 0.0113 V)3. Therefore, a very strong complex
agent is needed for the Ag ion to inhibit its preferential
precipitation and the amount of Ag ions in the plating solution
should be well controlled. Secondly, in the Sn-Ag binary
phase diagram, a little addition of Ag to the eutectic

                                                
1 Melting temperature; Sn3.5Ag: 221 oC, Sn/0.7Cu: 227 oC,
Pb/63Sn: 183 oC
2 Surface tension in air; Sn/3.5Ag: 431 mN/m, Sn/0.7Cu: 491
mN/m, Pb/63Sn: 417 mN/m [13]
3 Standard electrod potentials of Ag, Sn, and Pb;
Ag+ +e- = Ag ( Eo= +0.7996 V), Sn2++2e- = Sn (Eo = -0.1375 V),
Pb2+ + 2e-  = Pb (Eo = - 0.1262 V) [14]
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composition (3.5 wt. %) induces a large increase of the
liquidus temperature. The 6.5 wt.% - Ag off from eutectic
composition shows 300 oC liquidus temperature. In summary,
compared to eutectic PbSn plating, a very strict control of ion
content of the bath and alloy composition is needed for
eutectic Sn/3.5Ag plating.

In this study, a commercial Sn/3.5Ag electrolyte for lC
application was used. According to our investigation, the
plated SnAg composition was different on the wafers with or
without printed photoresist pattern. Therefore, the optimiz-
ation of the plating process for bumping was required. We
analyzed  the composition of SnAg alloy by EDX (Energy
Dispersive X-ray Analysis) and DSC (Differential Scanning
Calorimetry) parallely as shown in Fig.1 and Fig.2 because
each method may have weaknesses of exact quantification. In
the EDX spectrum in  Fig.1, the gray lines show characteristic
X-ray lines of Ag (Ag Lα1= 2.984 KeV and Ag Lβ1 = 3.151
KeV) and the white peak around 3 KeV seems mainly
composed of Sn LΙ = 3.045 KeV. Although we can get the
quantitative result of 3.5 +/- 1 wt.% Ag such as in Fig.1, it
may have some error due to peak separation difficulties. The
problem of DSC analysis of plated bumps is that the size of
bumps is so small (< 110 µm) that the analyzed sample may
contain some organic or UBM particles. With these two
analyzing methods, we could find the optimum Sn/3.5Ag
plating process condition for flip chip bumping. The DSC
curve in Fig.2 shows the 222.32 oC on-set temperature which
is very near to the melting point of eutectic Sn/3.5Ag. The
typical plating rate is about 0.7 µm/min at a current density of
1.5 A/dm2. Fig. 3 (a), (b), and (c) show the SEM images of
plated Sn/3.5Ag bumps after reflowing process at 250 oC and
(d) shows the eutectic Pb/63Sn bump which is also deposited
by electroplating and reflowed at 210 oC.

Fig. 1 EDX analysis of SnAg bump

Fig. 2 DSC curve of plated SnAg bumps

(a) (b)

(c) (d)
Fig.3 SEM images of electroplated solder bumps
        (a),(b),(c) eutectic Sn/3.5Ag and (d) eutectic Pb/63Sn

III. UBM investigation of Sn/3.5Ag and Pb/63Sn bumps

Experimental
Table I. shows the lists of UBM systems selected for

investigation. TiW/Cu/ep.Cu was introduced because it is
commonly used UBM system for the electroplating bumping
processes. NiV/Cu UBM system which is used for screen
printed bumps [15] is selected because stable adhesion
between Cu6Sn5 IMC and NiV was reported [16] and it
showed good results in our former UBM investigations using
eutectic PbSn [17] and eutectic SnBi bumps as well [12]. The
used Cr/Cr-Cu/Cu UBM is a modified UBM from the well
known C4 process. Phased-in Cr-Cu/Cu/Au UBM was
reported to show stable interface for Pb/5Sn solder but Cu-Sn
IMC spalling has occurred using eutectic Pb/63Sn solder [18].
The Cr-Cu layer which is used in this study is deposited by
sputtering using a Cr-Cu 50-50 wt.% compound target. The
TiW/NiV UBM is a modified UBM from Toshiba [10, 19] for
electroplated Sn/3.5Ag and Pb/63Sn bumps. All UBM layers
except electroplated Cu (in TiW/Cu/ep.Cu UBM) were
sputtered consecutively without breaking the vacuum.

Table I. Selected UBM Systems
No. UBM Thickness (µµµµm)
1 TiW/Cu/electroplated Cu 0.2/0.3/5
2 Cr/Cr-Cu/Cu 0.15/0.3/0.8
3 NiV/Cu 0.2/0.8
4 TiW/NiV 0.2/0.8

For sample preparation, 6 inch Si oxidized wafers with
sputtered 0.8 µm Al layer were prepared and the selected
UBM metallurgies were sputtered.  Four wafers were prepared
for each UBM and two of them were electroplated with
Sn/3.5Ag and the other two with Pb/63Sn. The detailed
electroplating process of eutectic Pb/63Sn bumps is described
in our former publication [2, 12]. The mask pattern for the
lithography process has octagonal openings with sizes of
60 µm and 110 µm and with a pitch of 100 ~ 300 µm.
Photoresist with a thickness of 30 µm has been patterned
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using AZ4562. The height of plated bumps was controlled in
the range of (40 +/- 5) µm. After the Sn/3.5Ag or Pb/63Sn
plating process, the photoresist was removed and the layers
used as plating base were selectively etched. The undercuts
under the bumps were less than 2 µm on both center and
periphery bumps of the wafers. After that, EDX analysis was
carried out for each wafer to check their composition. The
compositions were detected in the range of (3.5 +/-1) wt.%
Ag for Sn/3.5Ag and (63 +/-6) wt.% Sn content for Pb/63Sn.
20 dummy chips (10 with 60 µm and the other 10 with 110 µm
lateral bump base size; hereinafter referred to just as “bump
size”) from the center part and other 20 chips from periphery
of each 6 inch wafer were chosen for each UBM-solder
combination. The samples were reflowed in organic medium
at (210 +/-5) oC for Pb/63Sn and at (250 +/-5) oC  for
Sn/3.5Ag for 1, 10 , and 20 min to study the relation between
interfacial reaction and bump shear strength. SEM cross-
section samples were prepared with 110 µm size bumps for
each UBM-solder combination. Bump shear tests were
performed using a Dage 4000 system for 110 µm and 60 µm
size bumps.

Results and Discussion

A. Cross-sectional SEM images
Cross-sectional SEM was used to study IMC growth

behavior of each UBM and solder combination. The 110 µm
size bumps were prepared for these cross-sectional images
except NiV/Cu-SnAg combination which are prepared with
60 µm bumps. Fig.4 and Fig.5 show the cross-sectioned
bumps after 1 min and 20 min of reflow, respectively.

The duplex IMC structure of Cu6Sn5 η’-phase and the
Cu3Sn ε-phase is well known between Cu and Sn. Among
them, the Cu6Sn5 compound was mainly detected by EDX
between Sn/3.5 Ag and Pb/63Sn solder bumps and Cu
containing UBMs like TiW/Cu/ep.Cu, Cr/Cr-Cu/Cu, and
NiV/Cu. The Ni-Sn IMC, mainly Ni3Sn4, was observed in
TiW/NiV UBM, which is corresponding to our former
investigation using EDX and XRD [12]. After 1 min reflow,
Sn/3.5Ag bumps showed thicker Cu6Sn5 IMC layer (Fig.4(b)
and 4(f)) or already spalled IMC (shwon in Fig.4(d) and 4(h))
compared to Pb/63Sn. The Cu6Sn5 intermetallic compounds
have a tendency to spall into the molten solder when the Cu is
completely consumed, this  IMC spalling phenomena was
reported in the references [20, 21, 22]. Here, we found also
Ni-Sn IMC spalling phenomenon between NiV and Sn/3.5Ag
solder. In contrast to Sn/3.5Ag, Pb/63Sn bumps showed very
thin Cu6Sn5 IMC layers less than 0.5 µm and Ni-Sn IMC was
even not detectable in TiW/NiV UBM. But after the 20 min
reflow, about 2.5 µm thickness of Ni-Sn IMC was observed
(Fig.5 (g)).

The images in Fig.5 present IMC growth between solder
and UBMs after 20 min reflow. Under normal condition, the
storage over melting temperature must be strictly controlled.
However, this 20 min reflow test can give information of
extreme interfacial reaction. Severe IMC spalling was
observed in Cr/Cr-Cu/Cu and TiW/NiV UBM with Sn/3.5Ag
bumps. An interesting thing is the NiV/Cu UBM didn’t show

IMC spalling, this is consistent with Liu and Tu’s result after
40 min reflow at 220 oC using Pb/63Sn [17]. They reported
Cu-Sn spalling with Cr [21] and phased-in Cr-Cu [18] layers
but no spalling occurred on NiV surface. In this study, we
observed IMC spalling on Cr-Cu compound layer and TiW
surface but also not on NiV surface. This indicates that IMC
spalling is strongly related to the remaining material properties
after the Cu or Ni layer was consumed by IMC growth. Tu
group pointed out high interfacial energy between Cu6Sn5
IMC and molten solder as a reason of IMC spalling. From the
binary diagrams, Ni and Cu shows complete solid solution due
to their similarity of structures, lattice parameters, and
electronegativities. But W or Cr is immiscible with Cu, which
means weak interaction. This can be a simple explanation of
the different IMC growth behavior depending on UBMs. But
untl now the real interaction mechanism between IMC and
remained UBM surface is not clearly understood.

B. Bump Shear Test
Bump shear tests using the Dage 4000 shear tester were

performed to relate the interfacial reaction and mechanical
reliability. One set is composed of 3 neighboring chips and 4
sets of chips for each UBM and solder combination were
selected from wafer center and periphery for the test. Fig. 6
shows the shear strength of 110 µm bumps after 20 min of
reflow time. Sn/3.5Ag bumps showed higher values than
eutectic Pb/63Sn bumps for all UBM systems. Failure modes
for 110 µm bumps were mostly ductile or brittle shear through
the solder but not the UBM interface. Coyle [23] and
Choi [24] reported that the ball shear force is directly related
to solder material hardness if the failure occurs through the
solder. Sn/3.5Ag solder was reported to have higher hardness
than Pb/63Sn4. Although we observed different IMC growth
behavior on different UBM and solder combinations, there’re
no significant differences of values or fracture modes.
However, the bump shear strength results of 60 µm bumps
after 20 min reflow shown in Fig. 7 present significant
difference among different UBM-solder combinations.
Samples of NiV/Cu and TiW/NiV UBMs with Sn/3.5Ag
bumps showed lower values and higher standard deviations
than the other samples. The initial shear forces of 60 µm
Sn/3.5Ag bumps just after 1 min reflow were in the range of
20~30 g-force for all combinations. Another interesting point
is that the shear values of Sn/3.5Ag bumps were similar to
those of Pb/63Sn bumps. The shearing of 60 µm bump
showed various fracture modes. These phenomena are
currently being studied in detail. However, this result indicates
that the reliability of small-sized bumps is more dependent on
interfacial reaction. The solder interface reaction and failure
analysis have been reported numerously in scientific and
technical papers about SMT, BGA, or Flip Chip applications.
However, to realize the small size and fine pitch
interconnection, it is very important to understand the real
mechanism of interface reaction and adhesion.

                                                
4 Vickers Hardness; Pb/63Sn: 20 [23], Sn/3.5Ag: 25 [24]
  Elastic Modulus: Pb/63Sn: 39 GPa, Sn/3.5Ag: 50 GPa [13]
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(a) TiW/Cu/ep.Cu – Pb/63Sn (b) TiW/Cu/ep.Cu – Sn/3.5Ag

(c) Cr/Cr-Cu/Cu – Pb/63Sn (d) Cr/Cr-Cu/Cu-Sn/3.5Ag

(e) NiV/Cu – Pb/63Sn (f) NiV/Cu – Sn/3.5Ag

(g) TiW/NiV –Pb/63Sn (h) TiW/NiV – Sn/3.5Ag
Fig.4  SEM cross-sectional images of eutectic Pb/63Sn and Sn/3.5Ag solder bumps on different UBM

systems after 1 min reflow at 210 oC and 250 oC

Cu6Sn5 IMC Cu6Sn5 IMC
ep. Cu

Cu6Sn5 IMC

    Spalled
Cu6Sn5 IMC

Cu6Sn5 IMC Cu6Sn5 IMC

    Spalled
Ni-Sn IMC
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(a) TiW/Cu/ep.Cu – Pb/63Sn (b) TiW/Cu/ep.Cu – Sn/3.5Ag

(c) Cr/Cr-Cu/Cu – Pb/63Sn (d) Cr/Cr-Cu/Cu-Sn/3.5Ag

(e) NiV/Cu – Pb/63Sn (f) NiV/Cu – Sn/3.5Ag

(g) TiW/NiV –Pb/63Sn (h) TiW/NiV – Sn/3.5Ag
Fig.5  SEM cross-sectional images of eutectic Pb/63Sn and Sn/3.5Ag solder bumps on different UBM

systems after 20 min reflow at 210 oC and 250 oC
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Fig.6 Bump shear strength of different UBM systems –
110 µm bumps
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Fig.7 Bump shear strength of different UBM systems –
60 µm size

IV. Summary

 A Sn/3.5Ag alloy electroplating bumping process was
newly introduced. The bumping process is well defined to
meet the 3.5 +/- 1 wt.% Ag alloy composition.
 Eutectic Sn/3.5Ag solder bumps showed higher IMC

growth rate and IMC spalling was observed in an earlier stage
of reflow compared to eutectic Pb/63Sn solder bumps. This
interfacial reaction presumably effects the bump reliability of
small size bump.
 With 110 µm size bump, all 4 types of UBMs showed

similar bump shear values and fracture modes but the
tendency was changed with 60 µm bumps even though they
were processed on the same wafer. This indicates small size
interconnections need more stable interface and the future
UBM investigations should consider bump size effect.
 At this moment, it is not easy to say what is “the best

UBM” for Sn/3.5Ag or Pb/63Sn electroplated bumps.
Additional assembly level test is designed and on-going to get
more practical imformation about different UBM effects.
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