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Reﬂow soldering using a Bi-coated Sn-3.0(wt%)Ag-0.5Cu (SAC305) solder ball was successfully performed at a
low peak temperature of 215 °C. The Bi shell promptly transformed into a Sn-58Bi eutectic alloy by rapid Bi
diﬀusion into the inner SAC305 during heating, which resulted in melting at 138 °C. The bonding area on a Cu
pad produced by melting increased proportionally with the initial thickness of the Bi shell. Although the overall
shear force of the solder bump was lower than those of Sn-58Bi and SAC305 bumps due to the smaller bonding
area, the shear force per unit area was the highest.

1. Introduction
Ever since the identiﬁcation of Sn-3.0(wt%)Ag-0.5Cu (SAC305) as a
viable Pb-free solder composition, Pb-free soldering technology has
dominated the electronic packaging industry with relatively satisfactory properties provided by this composition [1–6]. Thus far, the extensive development of area-array-type packages has demanded that
solder balls of this composition be used as typical bumping and interconnection material [4–6]. However, there is still a need for low
thermal-resistance organic substrates and a reduction in the thermal
degradation of devices; these demands could be met by producing a
solder ball made of Pb-free solder alloys with a lower melting point.
While Sn-58(wt%)Bi alloy has been considered for low melting point
solders, the high-strain rate brittle fracture of joints made using the
alloy and its relatively low electrical conductivity have hindered its
widespread commercial use [7–12].
The various properties of solder balls are dependent on the physical
and mechanical characteristics of their constituent alloy. For this
reason, many studies have sought to enhance the properties of the
solder by the addition of secondary materials, such as metals [13,14],
intermetallic compounds (IMCs) [15,16], ceramics [17–20], carbon
nanotubes [21,22], and graphene [23,24] to the alloy. However, because such addition does not change the fundamental physical properties of the matrix material, characteristics such as the high meting
point of SAC305 and the electrical conductivity and strain-rate sensitivity of Sn-58Bi cannot be signiﬁcantly improved.
To concurrently obtain a reduction in bonding temperature, enhancement of electrical conductivity, and mitigation of strain-rate
sensitivity, we fabricated solder balls with core-shell structures. The
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shell was made of Bi to induce bonding by melting at a lower temperature and the core was comprised of the SAC305 alloy, which has a
higher electrical conductivity than Sn-58Bi. Previous work with the
goal of lowering the bonding temperature by inducing melting-point
depression in the surface has involved investigation of a Sn-Bi-coated
Sn-3.5Ag plate [25]. However, there were some drawbacks to this
material, speciﬁcally, the Sn-Bi alloy composition is extremely sensitive
to changes in current density and the material was not ball-shaped. A
similar material with more practical applicability is a pure Bi-coated
solder ball. Korhonen et al. prepared 1 µm-thick Bi-coated SnAg solder
balls and tried to bond them with Au-ﬁnished Cu as well as Bi/Sn-ﬁnished Cu pads at various temperatures [26]. In the work, although the
thermodynamic approach and phase diagrams calculations regarding
the phase change by soldering were explained in detail, the study did
not involve the role and optimization of the Bi-coating thickness and
measurement of the bonding strength, both of which are very crucial for
industrial applications. To this end, the characterization of low-temperature soldering using a Bi-coated SAC305 solder with diﬀerent Bishell thicknesses was conducted in this study.
2. Materials and methods
The pure Bi shells on SAC305 solder balls (450 µm, MK Electron Co.,
Ltd) were formed by electroless plating. Prior to coating, the oxide
layers on the SAC305 solder balls were removed by dipping and stirring
in a pretreatment solution for 30 s. The pretreatment solution was
prepared by mixing hydrochloric acid (HCl, 35.0–37.0%, Daejung
Chemical) and hydroﬂuoric acid (HF, 48.0–51.0%, J. T. Baker) in a
molar ratio of 1:1 and diluting this mixture to a concentration of 1%

Applied Surface Science 454 (2018) 227–232

J.H. Hwang, J.-H. Lee

(CH2COOH)3, 98.0%, Junsei Chemical), 0.34 M sodium citrate
(C6H5Na3O7·2H2O, 99.0%, Susin Chemical), 0.08 M ethylenediaminetetraacetic acid (C10H16N2O8, 99.0%, Susin Chemical), and 0.313 M
sodium phosphate monohydrate (NaH2PO2·H2O, 98.0%, Kishida
Chemical) with 30 ml of distilled water. The pH value of the mixed
solution was adjusted to 8.75 by adding ammonia solution while stirring at 50 °C for 1 h. SAC305 solder balls (0.15 g) were dipped and
stirred in the plating solution for four diﬀerent plating times of 5, 10,
15, and 20 min to fabricate Bi shells of diﬀerent thicknesses. Finally, the
Bi-coated SAC305 solder balls were washed with distilled water three
times and dried.
The melting and thermal properties of the fabricated solder balls
were investigated using a diﬀerential scanning calorimeter (DSC, DSC60, Shimadzu). The cross-sectional microstructures of solder balls and
solder bumps formed on pads were imaged using a scanning electron
microscope (SEM, VEGA 3 LMU, TESCAN). As the pad material, organic
solderability preservative (OSP)-coated Cu was used. To analyze, in
detail, the change in the elemental content on the bonding interface, an
electron probe microanalyzer (EPMA, JXA-8530F, JEOL) was used. The
solderability of the fabricated solder balls was quantitatively evaluated
by shear testing the bumps formed after reﬂow soldering. For comparison, Sn-58Bi (450 µm, Duksan Hi-Metal Co., Ltd) and SAC305
solder balls were also evaluated. The peak temperatures for the reﬂow
bumping were diﬀerent for the diﬀerent materials: 181 °C for Sn-58Bi,

Fig. 1. DSC results of Bi-coated SAC305 solder balls prepared with diﬀerent Bi
thicknesses: (a) 1.7, (b) 3.4, (c) 7.0, and (d) 12.0 µm.

using distilled water. Immediately after pretreatment, Bi shells were
fabricated by dipping and stirring the washed solder balls in a Bi plating
solution. The Bi plating solution consisted of 0.08 M bismuth(III)
chloride (BiCl3, 97.0%, Junsei Chemical), 0.2 M nitrilotriacetic acid (N

Fig. 2. Cross-sectional SEM images of Bi-coated SAC305 solder balls obtained before and after reﬂow soldering at 215 °C with diﬀerent thicknesses of Bi shell: (a) 1.7,
(b) 3.4, (c) 7.0, and (d) 12.0 µm.
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Fig. 3. (a, c, e, g) Cross-sectional SEM images and (b, d, f, h) EPMA results taken at the Bi-coated SAC305 solder ball/Cu pad interface after reﬂow at 215 °C with
diﬀerent thicknesses of Bi shell: (a) 1.7, (b) 3.4, (c) 7.0, and (d) 12.0 µm. Note that the formed Cu-Sn IMC was discontinuous when the Bi thickness was 1.7 and 3.4 µm
and the IMC consisted of Cu6Sn5 and Cu3Sn in all samples.

3. Results and discussion

215 °C for Bi–coated SAC 305, and 249 °C for SAC305. Bump shear tests
were conducted using a speed-adjustable bond tester (DAGE-4000HS,
Nordson DAGE) at a ﬁxed shear height of 50 μm. One hundred samples
were tested under each condition, and the average values are reported.

Fig. 1 shows the DSC results from Bi-coated SAC305 solder balls at
various average thicknesses of the initial Bi shell when they were heated up to 300 °C at a heating rate of 10 °C/min. The most striking result
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217 °C, the melting point of SAC305, was also observed for all solder
balls. However, the latter endothermic peaks were not as sharp as the
low-temperature peaks, especially with regards to the approach shape.
Further, with increasing Bi thickness, the peaks moved to slightly lower
temperatures and exhibited more rapidly occurring endothermic phenomena in the low-temperature tail of the peak, implying that the
ternary composition of Sn-Ag-Cu transformed into quaternary compositions of Sn-Ag-Cu-Bi with Bi diﬀusion into the core SAC 305 [28,29].
Cross-sectional SEM images of the four-types of Bi-coated SAC305
solder balls before and after the reﬂow soldering at a peak temperature
of 215 °C are presented in Fig. 2. The bonding area of the solder ball on
an OSP/Cu pad (obtained by surface melting) increased proportionally
as the Bi shell thickness increased, although the inevitable formation of
pores by the evaporation of the solvent in the ﬂux was observed in the
bonding region. Another impressive result is that a large amount of the
molten skin was transferred to the interface between the solder ball and
the OSP/Cu pad by ﬂow under gravity. Consequently, this phenomenon
increased the ﬁnal volume of molten Sn-Bi in the bonding region. The
increased volume of molten Sn-Bi eventually eroded away the core SAC
solder near the interface.
Fig. 3 shows cross-sectional SEM images and EPMA results of the Bicoated SAC305 solder ball/Cu pad interface after reﬂow at 215 °C at
various Bi shell thicknesses. For all thickness values, a Cu-Sn IMC was
formed between the solder ball and the Cu pad although the IMC was
discontinuous when the Bi thickness was 1.7 and 3.4 µm. The continuity
and average thickness of the IMC increased proportionally with increasing Bi thickness. From the EPMA results, it was found that the IMC
consisted of Cu6Sn5 and Cu3Sn although there were drastic compositional changes within the IMCs as they were very thin [30]. These results imply that the bumping process on a Cu pad using the Bi-coated
SAC305 solder ball mitigates the excessive growth of IMCs that has
been reported to be detrimental to the reliability of the solder joint
[31–35]. Since Sn is consumed to form the Cu-Sn IMC, the composition
of the molten Sn-Bi alloy will transfer into a hypereutectic one (Bi-rich
composition). This IMC, which is comprised of the two phases Cu6Sn5
and Cu3Sn, grows from a discontinuous to a continuous layer with increasing thickness of the Bi shell.
Fig. 4a shows the maximum shear force values before failure measured after the reﬂow bonding of three-types of solder balls (Bi-coated
SAC305, Sn-58Bi, and SAC305), each with diameters of 450 µm. The
thickness of the Bi shell in the Bi-coated SAC305 solder ball was
12.0 µm. Of the average value of forces measured at all shear rates from
10 to 50 mm/s, the force of Sn-58Bi solder ball, which had the largest
bonding area, was the highest at 1508 gf. The average bonding areas
were measured to be 0.229, 0.183, and 0.115 mm2 for Sn-58Bi,
SAC305, and Bi-coated SAC305, respectively. The force of the Bi-coated
SAC305 solder balls was the lowest due to its much smaller bonding
area compared with the Sn-58Bi and SAC305 solder balls. The reduced
bonding area can be directly linked to a decrease in shear force of the
bonded solder ball. Detailed plots of the maximum shear force versus
the shear rate are displayed in Fig. 4b. We note again that at all shear
rates from 10 to 50 mm/s, Sn-58Bi solder balls showed the highest
maximum shear force value and Bi-coated SAC305 solder balls showed
the lowest.
Since the low shear forces of Bi-coated SAC305 solder balls were
attributed to their reduced bonding areas, their shear force values were
normalized by their bonding areas to compare the shear force values
per unit area. Fig. 5 represents the area-normalized shear force (shear
strength) values of bonded three-type solder balls. Interestingly, the
shear strength of the Sn-58Bi solder balls divided by area was the
smallest in value. In contrast, the area-normalized shear strength value
of the Bi-coated SAC305 solder balls was the highest. This result means
that bonding of the Bi-coated SAC305 solder ball was the best of the
diﬀerent materials for identical bonding areas. As mentioned earlier,
the Bi content in the bonding region increases due to consumption of Sn
by the formation of a Cu-Sn IMC, and it has been reported that

Fig. 4. (a) Maximum shear force before failure measured after reﬂow soldering
of various solder balls of 450 µm and (b) maximum shear force measured as a
function of shear rate.

Fig. 5. Area-normalized shear force (shear strength) values of the bonded threetype solder balls.

was the endothermic peak near 138 °C for all four solder balls types,
which suggests the in situ formation of a eutectic Sn-58Bi composition
on the skin of the solder ball by fast Bi diﬀusion into the inner SAC305
alloy [27]. The size of the peak was proportional to the Bi thickness,
meaning that the volume of formed Sn-58Bi alloy evidently increased
with increasing Bi volume. An additional endothermic peak near
230
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increased Bi content in Sn-Bi increases the strength of the alloy [36].
Lastly, the change in the fracture energy measured as a function of
shear rate is shown in Fig. 6. With an increase in the shear rate, the
fracture energy of the SAC305 solder increased. However, the fracture
energy of Sn-58Bi drastically decreased due to the brittle fracture
characteristic of low elongation behavior in the shear rate range of
30–40 mm/s, due to its sensitivity to high strain rate. While the fracture
energy of the Bi-coated SAC305 solder ball was the lowest up to a shear
rate of 30 mm/s, the decrease in its fracture energy was relatively low
in the range of 30–50 mm/s, implying that the strain-rate sensitivity
was mitigated in comparison with that of pure Sn-58Bi. As a result, the
energy value of the Bi-coated SAC305 was higher than that of Sn-58Bi
from the shear rate of 40 mm/s, with lower brittle fracture behavior
despite its inherently small bonding area.
Fig. 7 shows the representative fracture surfaces observed after
shear testing. Despite signiﬁcantly reduced bonding area, the fracture
surfaces created after reﬂow bonding of a Bi-coated SAC305 ball presented ductile fracture in the solder bump, just like the results observed
in the bumps fabricated with Sn-58Bi and SAC305 solder balls. This
fracture characteristic indicates that the reﬂow bonding using Bi-coated
SAC305 balls proceeds as a normal soldering process.
We believe that this Bi-coated SAC305 solder ball is a potentially
useful material for solder bumps of a uniform height required in a
package stacking process for the construction of a package on package
structure because of the partial melting that occurs only at the surface.
It may also be used as a higher solder bump obtained through partial
melting of the surface in an identical pad size for the establishment of
more reliable bonding in a device mounting process.

Fig. 6. Fracture energy of the bonded three-type solder balls measured as a
function of shear rate.

4. Conclusions
Low-temperature reﬂow soldering using a Bi-coated SAC305 solder
ball was successfully demonstrated at a peak temperature of 215 °C.
With the rapid diﬀusion of Bi to the inner SA305 during the heating, the
Bi shell immediately transformed into a Sn-58Bi eutectic alloy, which
induced melting at 138 °C and initiated wetting on a Cu pad at higher
temperatures. With an increase in the initial thickness of the Bi shell,
the volume of the molten alloy on the surface increased, along with the
bonding area. The Cu-Sn IMC growth at the interface of the solder ball/
Cu pad also accelerated due to the transportation of the molten alloy to
the bonding region on the pad by ﬂow under gravity. The maximum
shear force of the joint reﬂow-bonded by the Bi-coated SAC305 solder
ball was lower than those of joints formed by Sn-58Bi and SAC305 due
to its small bonding area, however, the shear force per unit area of the
Bi-coated SAC305 was the highest. Moreover, the strain-rate sensitivity
leading to brittle fracture, a crucial problem observed in Sn-58Bi alloys,
was mitigated in the Bi-coated SAC305 solder ball.
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