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Abstract: The Au-20Sn solder is widely used in the packaging of high-end electronic products, and
the requirement on the reliability of the solder joints is more and more strict with a continuous
increase in the performance of the package products. As the oxygen content in the Au-Sn solder is a
key factor dominating the quality of fluxless packaging, in this study, the wettability and spreading
performance of the Au-20Sn solder with different oxygen contents and the interfacial microstructure,
mechanical properties, gas tightness and ratio of soldering area of the Au-Sn/Cu solder joints
prepared using these solders were comprehensively investigated to clarify the effects of trace oxygen
content. The results reveal that the wetting and spreading performances of the solder decrease
sharply with increasing oxygen conte[nt. When the oxygen content increased from 18 to 77 ppm,
the spreading area of the solder on the Cu substrate decreased from 92.8 to 49.2 mm2, reducing
by 47%. Meanwhile, pores and microcracks appear in the solder joint with relatively high oxygen
content, making the shear strength decrease from 56.6 to 31.7 MPa. The oxygen also greatly affects
the gas tightness and ratio of soldering area. For the optical window packaged using Au-Sn solder
containing 40 ppm of oxygen, the leakage rate was higher than 5 × 10−11 mbar·m−3·s−1 and cannot
fulfill the requirements. With increasing oxygen content in the Au-Sn solder, the cleanliness of the
chip packaged with these solders deteriorated, and the solder surface was obviously oxidized. When
the oxygen content was 18 ppm, the ratio of soldering area was 92%, but decreased sharply to 53%
when the oxygen content increased to 77 ppm. It is demonstrated that an oxygen content lower than
27 ppm is required for the Au-20Sn solder used in fluxless packaging.

Keywords: Au-20Sn solder; fluxless packaging; trace oxygen content; ratio of soldering area; gas
tightness; shear strength

1. Introduction

Due to its superior thermal conductivity and electrical conductivity, excellent cor-
rosion resistance and high fatigue resistance, the Au-20Sn solder has been widely used
in the packaging of the military electronic products and some other high-end electronic
products [1–4]. With the continuous increase in power and package density of the electronic
products, the requirement on the reliability of the Au-Sn/Cu solder joints in these electronic
products is more and more strict. A series of investigations on the manufacturing processes
of the Au-20Sn solder and its key properties such as wettability and solderability have
been conducted [5–7]; especially, the reliability of the Au-Sn/Cu solder joints has become a
hotspot of the electronic packaging field.

The Au-Sn solder has good oxidation resistance and theoretically can meet the require-
ment of fluxless packaging, if the oxygen content in the solder is low enough. However,
during the manufacture, transportation, storage, application and other processes, inevitably
a trace oxygen will enter the solder. In this regard, a lot of research focuses on the effects
of oxygen on solderability and reliability of the Au-Sn solder have been conducted. With
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the increased content of oxygen, surface tension of the liquid solder increases and the
wettability decreases obviously [8,9]. Besides, the oxygen entrained into the solder also
results in a large number of defects in the solder joint, which decreases the reliability of the
package products [10,11]. Kuhmann et al. revealed the oxidation and reduction kinetics of
the Au-20Sn solder and found that the Au-20Sn solder shows good wettability when it is
used in fluxless soldering in H2 atmosphere [12]. Although some measures such as using
flux can reduce the oxygen content in the soldering system, fluxless packaging will be
inevitable for some key electronic components, such as flip chip, power-integrated circuit
module and MEMS devices [5,13,14]. Since the oxygen content in the Au-Sn solder is a key
factor that dominates the quality of fluxless soldering, it is essential to clarify the effects
of oxygen content on reliability of the fluxless packaged Au-20Sn solder joints. As a basic
basis to evaluate the packaging quality, it is of great academic and practical importance to
investigate the effects of oxygen content in the Au-Sn solder on the ratio of the soldering
area, mechanical properties and gas tightness of the solder joints.

In this study, the oxygen contents of the Au-20Sn solders from different manufactur-
ers were measured firstly, then these Au-Sn solders were chosen for soldering, and the
influences of oxygen content on wettability and spreading performance of the solder, the
interfacial microstructure, joint strength, gas tightness and ratio of soldering area of the
Au-Sn/Cu solder joints were studied. Based on that, the relationship between oxygen
content and reliability of the Au-Sn/Cu solder joint was evaluated.

2. Experimental Procedure

The Au-20Sn solders used in this study were purchased from different manufacturers.
Before the experiments, the oxygen contents in these solders were detected firstly by a
LECO-ONH836 NHO analyzer, and the result is shown in Table 1. Then, the Au-20Sn
solders with different oxygen contents were selected for further experiments.

Table 1. Oxygen contents of Au-20Sn solders from different manufacturers.

Serial Number of Manufacturers 1 2 3 4 5

Oxygen Content/ppm 18 27 40 53 77

The wetting and spreading tests of the Au-20Sn solder were operated according
to China’s national standard GB/T11364-2008. The substrate is Cu plates with a size
of 40 × 40 × 1 mm3. Before the wetting test, the Cu plates were cleaned in ethanol for
5 min by an ultrasonic cleaning machine (ST13, GT Sonic Co., Ltd, Shenzhen, China). The
Au-20Sn solder blocks each weight 0.2 g were placed at the center of the Cu plates, and
then, the Cu plates were put into a vacuum furnace(CUT180, Acxvac Co., Ltd, Kunshan,
China) and held at 310 ◦C for 1 min. After cooling, the samples were photographed and
the spreading areas were measured using an Image Pro Plus software (Media Cybernetics
Co., Ltd, Rockville, MD, USA). Three specimens were tested for each kind of solder to get
an average value.

The size of the Cu strips for preparation of the lap solder joints used as shear specimens
is 30 × 5 × 1 mm3. Before soldering, the Cu substrate was ground by SiC abrasive paper
and cleaned in an acetone solution.

All the soldering processes were conducted by a vacuum furnace at a vacuum degree
of 1 × 10−4 mbar and a soldering temperature of 310 ◦C, and the heating rate is 10 ◦C/min.
Cross sections of some solder joints were carefully ground and polished, then the mi-
crostructures of the joint interfaces were observed by a field emission scanning electron
microscope (FE-SEM, ZEISS ΣIGMA 500, Jena, Germany), and the composition at different
areas of the solder joints were analyzed by an X-ray energy dispersive spectrometer (EDS,
INCA X-Act, Bradford, British) equipment on the SEM. Shear tests of the solder joints
were carried out according to the China’s National Standard GB/T11363-2008 using a
SANS-CMT5105 microcomputer (Shenzhen SANS Testing Machine Co., Ltd, Shenzhen,
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China) controlled electronic universal tensile testing machine, and the beam movement
rate was 2 mm/min. Five parallel shear samples were tested for each group.

The chips and flat sapphire optical windows were packaged under the same conditions
of the solder joints. The gas tightness of the packaged optical windows was detected
by a ZQJ-542 helium mass spectrometer leak detector (Guangzhou Minder-Highetech
Co., Ltd, Guangzhou, China) and the leakage rate was recorded and compared with the
reference values specified in the China’s National Military Standard GJB548B-2005. X-ray
fluoroscopy was used to get the perspective images of solder layers in the chips, and the
ratio of soldering area was calculated by dividing the actual soldering area on the X-ray
projection images to the theoretical soldering area.

3. Results and Discussion
3.1. Effect of Oxygen Content on Wettability of the Solder

Generally, when a liquid solder can react with the substrate to form solid solution or
intermetallic compounds (IMC), the solder can wet and spread on the substrate smoothly,
because the formation of the new phases will decrease the system Gibbs free energy.
Whereas, the oxides on the surface of the solder will show a very negative effect during the
wetting and spreading processes of the solder on the substrate.

Figure 1 shows the spreading morphologies of the Au-20Sn solders with different
oxygen contents. Obviously, with the increase in oxygen content, the spreading area
decreased significantly and the edge of the solder became less smooth. The measured
spreading areas of the Au-20Sn solders on the Cu plate are shown in Figure 2, in which
it can be found that the spreading area decreases continuously with increasing oxygen
content. When the oxygen content was 18 ppm, the spreading area reached the highest
value of 92.8 mm2 and decreased to 90.9 mm2 when the oxygen content increased to
27 ppm. For the solder with 40 ppm of oxygen, the spreading area decreased to 78.4 mm2,
15.5% lower than that of the solder with 18 ppm of oxygen. With a further increase in
oxygen content, the spreading area decreased sharply. When the oxygen content increased
to 77 ppm, the spreading area was 47% lower than that of the solder with 18 ppm of oxygen,
only 49.2 mm2.

Figure 1. Cont.
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Figure 1. Spreading morphologies of Au-20Sn solders with different oxygen contents on the Cu plate:
(a) 18 ppm, (b) 27 ppm, (c) 40 ppm, (d) 53 ppm, (e) 77 ppm.

Figure 2. Evolution in spreading area of the Au-20Sn solder on Cu plate with increasing oxygen
content in the solder.

Previous investigations have demonstrated that the oxygen at the surface of the Au-Sn
solder exists mainly in the forms of SnO and SnO2 [15]. On one hand, the oxide film at the
surface of the liquid Au-Sn solder increases the surface tension and decreases the wetting
and spreading tendency. On the other hand, the oxides with high melting points increase
the viscosity of the liquid solder and decrease the fluidity, which becomes a blocking
force for spreading, making the flow of the liquid solder slow down or even stop [16].
Therefore, the wettability and spreading performance of the Au-20Sn solder decreases with
the increase in oxygen content.

3.2. Effects of Oxygen Content on Interfacial Microstructure and Strength of Solder Joints

The cross-sectional images of the Au-Sn/Cu solder joints prepared using Au-20Sn sol-
ders with different oxygen contents are shown in Figure 3. It can be found that IMC layers
are formed at all the Au-20Sn/Cu interfaces, which were identified to be ζ-(Au, Cu)5Sn by
EDS and consistent with the previous reports [17]. For the interface soldered by the Au-Sn
solder containing 18 ppm of oxygen, no obvious pores or microcracks were observed, as in
Figure 3a, while a few micropores have appeared at the interface prepared by the solder
with 27 ppm of oxygen (see Figure 3b). When the oxygen content increased to 40 ppm,
more pores appeared around the joint interface, as presented in Figure 3c. With further
increase in oxygen content, the size of the pores increased gradually. Moreover, the adjacent
pores propagate and connect with each other, forming cracks along the joint interface, as
shown in Figure 3d,e. These findings suggest that a small change in oxygen content in the
Au-20Sn solder will have a significant effect on microstructure of the fluxless packaged
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solder joint. As the oxygen in the solder exists mainly as oxides that covers the solder
surface, if there is no flux, the oxides film will not be eliminated after melting of the solder
and exist between the solder and the substrate, forming inclusions at the joint interface
after solidification. Meanwhile, the gas elements dissolved into the solder cannot escape
from the molten solder during the soldering process, resulting in the formation of the small
pores. These defects can easily transform into microcracks under residual stress.

Figure 3. Morphologies of the Au-Sn/Cu joint interfaces soldered by Au-20Sn solders with the
oxygen content of: (a) 18 ppm, (b) 27 ppm, (c) 40 ppm, (d) 53 ppm, (e) 77 ppm.

Shear strength of the Au-20Sn/Cu solder joints prepared with solders containing
different amounts of oxygen is exhibited in Figure 4. With the oxygen content increased
from 18 to 77 ppm, the shear strength decreased by 44%, from the top value of 56.6 to
31.7 MPa, which is consistent with the deterioration trend in the microstructure of the
solder joints. Besides, the shear strength was close to the results reported by some early
literatures, although the test conditions were not so identical [18,19]. The pores and
microcracks greatly decrease the bonding strength between the solder, interfacial IMC and
the substrate and further decrease the shear strength, which can also be proved by the
fracture morphologies shown in Figure 5. As shown in Figure 5a, there were many small
pores on the fracture surface when the oxygen content was only 18 ppm. With increasing
oxygen content, the number and size of pores were gradually raised. When the oxygen
content was above 40 ppm, not only pores but also micro-cracks formed, as shown in
Figure 5d,e, which corresponds to the microstructure observation.
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Figure 4. Evolution in shear strength of the Au-Sn/Cu joints with increasing oxygen content in
the solder.

Figure 5. Fracture morphologies of Au-Sn/Cu solder joints with increasing oxygen content in the solder: (a) 18 ppm,
(b) 27 ppm, (c) 40 ppm, (d) 53 ppm, (e) 77 ppm.
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3.3. Effect of Oxygen Content on Air Tightness

The power devices applied in space environment or military field usually need to
service in harsh conditions such as high temperature, high humidity or acid-base conditions
for a long time, and excellent radiation resistance and adverse environment resistance
are required for the hybrid microelectronic modules. Therefore, hermetical packaging
is necessary for these modules, in order to ensure the performance and reliability of the
internal circuits and components in the service environment [20,21].

Table 2 lists the leakage rates of the devices packaged using Au-20Sn solders with
different contents of oxygen. As in the table, the helium leakage rate increases with
increasing oxygen content, i.e., the gas tightness of the package devices decreases gradually.
When the oxygen content was lower than 27 ppm, the leakage rate was more than two
orders of magnitude lower than the reference value, showing superior gas tightness. For
the device packaged using the solder containing 40 ppm of oxygen, the leakage rate was
close to the reference value, but we cannot guarantee the qualified rate of the package
devices in practical production. When the oxygen content was higher, the gas tightness
decreased sharply and will not fulfill the requirement of China’s National Military Standard
GJB548B-2005 “Test methods and procedures for microelectronic devices” on package
gas tightness.

Table 2. Leakage rates of package devices using Au-20Sn solders with different contents of oxygen.

Oxygen Content/ppm
Leakage Rate/Mbar·m−3·s−1

Qualified
Test Value Reference Value

18 6.4 × 10−14

5 × 10−11

Yes
27 8.5 × 10−13 Yes
40 5.2 × 10−11 No
53 1.3 × 10−10 No
77 7.7 × 10−8 No

3.4. Effect of Oxygen Content on Ratio of Soldering Area

The reliability of solder joints is decisive for lifetime of the power devices. Although
the Au-20Sn solder has good thermal conductivity and can act as a heat dissipation carrier
when it is directly connected to the chip, it will be difficult for the solder to fully play its
good heat dissipation property if the ratio of the soldering area is not ideal. The ratio of
the soldering area of a solder joint is the ratio of the actual soldering area to the theoretical
soldering area, which is an important index to judge the soldering quality and has an
important influence on the physical and mechanical properties of the solder joints [22].
Therefore, the reliability of a solder joint is closely related to its ratio of soldering area.
According to China’s National Military Standard GJB548B-2005, when the ratio of void
in a solder joint is higher than 50%, or a single void crosses the whole length/width of a
semiconductor chip exceeds 10% of the whole predetermined contact area, the soldering
product will be considered to be unqualified.

To reveal the effect of oxygen content in the Au-20Sn solder on reliability of the solder
joint, X-ray inspection of the solder joints was conducted to get their ratio of soldering
area. Figure 6a,c,e,g,i show the appearances of chips packaged with Au-Sn solders with
different oxygen contents. When the oxygen contents were 18 and 27 ppm, the appearances
of the chips were fine and clean, and the solder at the edge was smooth and continuous,
with no obvious overflow or oxidation. With increasing oxygen content, the appearance
of cleanliness on the chip gradually became worse, and the solder edge became uneven.
In addition, surface oxidation of solder was more and more obvious, and the soldering
quality worsened. The X-ray flaw detection images corresponding to the chip appearance
are presented in Figure 6b,d,f,h,j, in which the gray-white area indicates the void area
in the solder layer. It is obvious that with increasing oxygen content, the void area and
size of each void increase. The ratio of soldering area of the chips packaged using solders
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with different oxygen contents is shown in Figure 7. When the oxygen contents were
18 and 27 ppm, the ratio of the soldering area was 92 and 88%, respectively, indicating that
the soldering quality is quite high. With a further increase in oxygen content, the ratio
of soldering area decreased sharply. For the chip prepared using solder with 77 ppm of
oxygen, the ratio of the soldering area decreased to 53%, and the structure continuity of the
solder joints decreased greatly.

Figure 6. Appearances and X-ray inspection images of chips packaged using Au-20Sn solders with
the oxygen content of: (a,b) 18 ppm; (c,d) 27 ppm;(e,f) 40 ppm; (g,h) 53 ppm; (i,j) 77 ppm.
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Figure 7. Relationship between oxygen content in the Au-20Sn solder and ratio of soldering area of
in the chips packaged using these Au-Sn solders.

4. Conclusions

The effects of a trace content of oxygen on performances of the Au-20Sn solder and
Au-Sn/Cu solder joint were comprehensively investigated. Based on the experimental
results and discussions, the following conclusions can be drawn:

(1) The wettability and spreading performances of the Au-20Sn solder deteriorates
sharply with the increasing oxygen content, because the Sn-O oxides film at the
surface of the liquid solder increases the surface tension and decreases the fluidity.
When the oxygen content increased from 18 to 77 ppm, the spreading area of the
solder on Cu decreased sharply by 47%.

(2) Pores and microcracks appeared in the solder joint interface packaged using solders
with a relatively high content of oxygen, which were induced by the included oxides
and gas elements. These interfacial defects made the shear strength of the Au-Sn/Cu
solder joint decrease from 56.6 to 31.7 MPa when the oxygen content increased from
18 to 77 ppm.

(3) The package gas tightness decreases with increasing oxygen content. Using a Au-20Sn
solder containing higher than 40 ppm of oxygen, the leakage rate of the packaged flat
sapphire optical window was overly high and unqualified.

(4) The increasing trace oxygen content in the Au-20Sn solder made more voids appear
in the solder layer of the fluxless soldered chip and resulted in an obvious decrease
in the ratio of soldering area; meanwhile, the solder edge became uneven, and more
obvious surface oxidation occurred.
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