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DESCRIPTION

Title of Invention:

SOLDER ALLOY, SOLDER BALL, SOLDER PASTE, AND SOLDER JOINT

Technical Field
[0001] The present invention relates to a solder alloy, a solder ball, a solder paste, and a solder

joint, with a low melting point.

Background Art

[0002] In recent years, downsizing of electronic devices such as CPUs (Central Processing
Units) have been required. As an electronic device is downsized, a thermal load during
soldering increases, so that soldering at a low temperature has been desired. A lower soldering
temperature will enable manufacturing of a highly reliable circuit board. For soldering at a
low temperature, a solder alloy with a low melting point must be used.

[0003] Examples of low melting point solder alloys include Sn-58Bi and Sn-521n, as disclosed
in JISZ3282 (2017). These alloys have melting temperatures of respectively 139°C and 119°C,
and both have alloy compositions representing solders with low melting points. In particular,
Sn-58Bi has been widely used as a low-cost solder alloy.

[0004] However, during solidification of the above-described Sn-Bi solder alloy with a high
content of Bi, Bi segregates in Sn and coarse Bi phases precipitate. The Bi phases exhibit hard
and brittle properties, and may deteriorate the mechanical properties such as the ductility of the
solder alloy. Therefore, in order to suppress an increase in melting point and improve the
mechanical properties, various solder alloys have been investigated.

[0005] For example, Patent document 1 discloses a solder alloy obtained by improving the
ductility, thermal fatigue resistance, creep resistance, and drop impact resistance of the Sn-Bi
solder alloy by structural refinement. In order to improve these mechanical properties, the
same document discloses that the solder alloy may contain Ag, Cu, Sb, and Ni, etc.

[0006] Patent document 2 discloses a solder alloy having fine crystal grains and improved in
wet-spreading properties, tensile strength, and vibration resistance. In order to improve these
properties, the same document discloses that, by using the fact that Bi and Si form an all-
proportional solid solution, contents of these have a predetermined relationship. In addition,

the same document discloses that, after producing an intermediate alloy of Bi and Sb, by
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melting the intermediate alloy together with an intermediate alloy of Sn-Cu, Sn-Ag, and Sn-Ni,

etc., a predetermined solder alloy is produced.

Citation List
Patent Document
[0007] US Patent Application Publication No. 2020/0070287
Japanese Unexamined Patent Application Publication (Translation of PCT Application)
No. 2019-527145

Summary of Invention

Technical Problem

[0008] As described above, in Patent documents 1 and 2, improvements in mechanical
properties, etc., by refinement of the alloy structure are described. One of the reasons for the
improvements in mechanical properties by refinement of the alloy structure is relaxation of
stress to be applied to the solder alloy. As the alloy structure is refined, the area of the crystal
grain boundary increases, so that stress is easily relaxed. As the crystal grain size is small,
stress per grain relatively increases, so that the crystal grain easily deforms, and the stress is
relaxed.

[0009] However, according to downsizing of electronic devices in recent years, solder bumps
to be formed on electrodes also become smaller, so that the solder bumps easily deform more
than necessary, and eventually, the mechanical properties required as a solder joint may
deteriorate. Patent document 1 describes that the ductility is improved by refinement of the
alloy structure, and accordingly, the drop impact resistance is improved, however, as the
ductility is high, even when an electronic device joined to a substrate is displaced due to
deformation of a solder alloy constituting solder joints, an electrically conductive state is
maintained in some cases. However, there is concern that deformation of an electric conductive
pathway degrades the mechanical and electrical reliabilities, and high hardness in a high-
temperature environment has also been required.

[0010] In the case where the ductility is high, when the electronic device is displaced by an
external stress, the sectional area of the solder alloy constituting a solder joint decreases.
Accordingly, the Joule heat generated in the solder joint increases, and may adversely affect the
electronic device thermally. Therefore, high hardness in a high-temperature environment is

considered to be necessary.
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[0011] Further, according to expansion in use application of a solder with a low melting point,
the application thereof is expanded to bumps of the inside of electronic components and CPUs.
Under this situation, in consideration of manufacturing and shipment of these components,
securing of strength is considered to be necessary to prevent deterioration at the time of an
inspection before shipment and improve storage stability.
[0012] Patent document 2 discloses that, since Sb and Bi formed an all-proportional solid
solution, Sb dissolved in the Bi phase structure during solidification, and exhibited a fine BiSb
laminar distribution, and the alloy brittleness problem caused by Bi phase assemblage was
structurally reliably solved. However, in response to the fact that the brittleness of the solder
alloy becomes a problem and deteriorates the mechanical properties, in recent electronic
devices which have been significantly downsized, when the ductility is improved to avoid the
brittleness, as described above, the improvement in ductility may cause a problem.
[0013] Electronic devices have been used as vehicle-mounted devices, and solder joints must
be prevented from being ruptured even when exposed to a harsh environment with extreme
temperature changes. In order to prevent rupture of solder joints, it is considered that, as a
solder alloy has higher ductility and tensile strength, the solder is more excellent in heat cycle
resistance. However, the conventional technologies in which investigations have been made
only for improving the ductility and tensile strength cause harmful effects as described above.
[0014] In recent years, according to improvements in performance of electronic devices, a
current density to be conducted to a solder joint has dramatically increased. An increase in
current density causes electromigration in the solder joint in some cases. As the
electromigration progresses, the solder joint ruptures, or electrical properties are deteriorated
due to an increase in resistance value.
[0015] Here, the electromigration (hereinafter, referred to as “EM” as needed) is the following
phenomenon. First, atoms constituting the solder joint collide with electrons that generate a
current, and the momentum is transmitted from the electrons to the atoms. The atoms that
have obtained the momentum in an electron flowing direction migrate along the flow of the
electrons to the anode side of the solder joint. At this time, in the solder alloy consisting
primarily of Sn, Bi and Sn migrate in this order and segregate at the anode side, and an empty
lattice is generated at the cathode side of the solder joint. Such an empty lattice gradually
expands and generates a void. As the void grows, the resistance value rises, and eventually,
the solder joint ruptures.

[0016] On the other hand, in an Sn-Bi solder alloy with a Bi content of more than several tens
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of percent, contrary to the behavior of a solder alloy having a Bi content of several percent and
consisting primarily of Sn, Bi segregates at the anode side, and Sn segregates at the cathode
side. The Bi segregation layer causes a brittleness increase, conductivity deterioration, and a
Joule heat increase, and deteriorates the mechanical reliability and the electrical properties of
the joined portion. The Si-Bi solder alloy has properties in which EM easily progresses even
in a lower-temperature environment or a lower-current environment as compared with the
solder alloy consisting primarily of Sn. In recent years, due to a growing demand for further
miniaturization and higher-current environment of electronic components, the EM has become
a big problem, and in particular, reduction of the risk of EM is essential for the Sn-Bi solder
alloy.

[0017] An objective of the present invention is to provide a solder alloy, a solder ball, a solder
paste, and a solder joint, which have a low melting point, high hardness in a high-temperature

environment, heat cycle resistance, and electromigration resistance.

Solution to Problem

[0018] Inthe Sn-Bi solder alloy with a low melting point, instead of pursuing high ductility as
in the conventional case, the inventors investigated additive elements necessary for realizing
both of high hardness in a high-temperature environment and heat cycle resistance. It is
considered that, even when the Bi content in the Sn-Bi solder alloy slightly deviates from the
eutectic composition, Bi segregates and the solder alloy becomes brittle, and accordingly, the
hardness deteriorates, and the heat cycle resistance also deteriorates.

[0019] Therefore, the inventors focused on the fact that formation of a hard and homogeneous
intermetallic compound with a high melting point in the solder alloy is effective to suppress a
hardness decrease in a high-temperature environment caused by Bi segregation and realize
excellent heat cycle resistance. In order to improve the hardness in a high-temperature
environment, a crystal phase with a high melting point needs to be precipitated in the solder
alloy. In addition, in order to avoid rupture of a joint interface in a solder joint, growth of the
crystal phase formed at the joint interface needs to be suppressed.

[0020] In the present invention, in order to improve the heat cycle resistance, the creep
properties need to be improved. The creep properties are usually evaluated by applying a
predetermined stress to a sample at a room temperature, and measuring a time to rupture.
However, at the time of heat cycle, a stress to be applied to a solder joint is presumed to be

greater in a high-temperature environment than in a low-temperature environment. Therefore,
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in order to improve the creep properties at the time of heat cycle, a secondary creep rates in a
creep curve in a high-temperature environment needs to be decreased. Therefore, in the Sn-
Bi solder alloy, by focusing on precipitation of a crystal phase with a high melting point and a
decrease of the secondary creep rates as a minimum creep rate in a high-temperature
environment, the inventors selected additive elements and investigated their contents.
[0021] As a result, Ag, Sb, Cu, and Ni were selected as elements forming intermetallic
compounds with Sn. Ag forms Ag3Sn, and Sb forms SbSn. Cu forms a compound layer of
CueSns, etc., at the joint interface, and Ni forms fine (Cu, Ni)sSns by substitution by Cu.
However, even when these are randomly formed in the solder alloy and at the joint interface, it
1s difficult to realize both of high hardness in a high-temperature environment and heat cycle
resistance. In the case of a solder alloy with low hardness, a pin to be used for a high-
temperature pin contact test for measuring the performance of a semiconductor component
easily sticks in the solder alloy, and may cause a problem in the subsequent process of mounting
the component after the test.
[0022] In more detail, concerning Ag, in order to suppress an increase in melting point, the
content of Ag was adjusted so that Ag3Sn precipitated as a primary crystal in the vicinity of a
eutectic composition when molten solder was cooled. Concerning Sb, as with Ag, the content
thereof was adjusted so that an increase in liquidus-line temperature was avoided as far as
possible, and at a room temperature, SbSn was formed and the secondary creep rates decreased,
and the heat cycle resistance was improved. Concerning Cu, the content thereof was adjusted
to form a thin compound layer of CueSns, etc.  Concerning Ni, the content thereof was adjusted
so that, by refining CueSns, posterior growth was suppressed even after a solder joint was
formed.
[0023] The inventors gained finding that, as the contents of the respective constituent elements
were adjusted as described above so that precipitations of various intermetallic compounds
were controlled, AgsSn and SbSn appropriately precipitated, and in addition, even Bi
segregation could be suppressed, and variation in crystal grain size became small.
Accordingly, finding that the structure of the solder alloy could be homogenized was gained.
[0024] Further, concerning the Sn-Bi solder alloy with a low melting point, the inventors
investigated an alloy structure that exhibited EM resistance in addition to high hardness and
excellent heat cycle resistance. Accordingly, finding that even when the Bi content in the Sn-
Bi solder alloy deviated from the eutectic composition, the Bi segregation behavior itself was

not inhibited, and the EM resistance was deteriorated was obtained. Therefore, as means to
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block Bi segregation in the Sn-Bi solder alloy, the inventors focused on the fact that, as long as
an intermetallic compound with Sn was homogeneously formed in the solder alloy, the
intermetallic compound did not have to be made excessively finer, and the solder alloy exhibited
excellent EM resistance even when the crystal grain size was slightly large.
[0025] As described above, when focusing on high hardness and excellent heat cycle
resistance, structural homogenization was realized to some degree. However, finding that
occurrence of EM could not be sufficiently suppressed by adjustment of the alloy structure
focused only on mechanical properties and heat cycle resistance, was gained. When an
intermetallic compound to precipitate is fine, the Sn-Bi solder structure also easily assumes a
complicated fine structure. A grain boundary increase by simple refinement of the metallic
structure accelerates EM as an atomic transport phenomenon, and addition of an element may
appear as an unintended negative action. Therefore, in order to prevent the crystal grain size
distribution from becoming narrower and prevent the crystal grain size from becoming
excessively fine, through investigation of the EM delay effect of the intermetallic compound
species and investigation of the balance of refinement and homogenization effects of respective
elements on the solder structure, further detailed adjustment was made. As a result, a solder
alloy structure which realized both of securing appropriate homogeneity and mechanical
properties of the solder alloy structure, and EM suppressing power by a compound, and had
EM resistance improved by delaying Bi segregation when being energized, was obtained, and
the present invention was completed.

The present invention obtained from these findings is as follows.
[0026] (0) A solder alloy consisting of, by mass%,

Bi: 30 to 60%,

Ag: 0.7 to 2.0%,

Cu: more than 0% and 1.00% or less,

Ni: 0.01 to 1.00%,

Sb: 0.2 to 1.5%, with the balance being Sn.

The term “with the balance being Sn” defines that the balance is Sn together with
unavoidable impurities.

(1) A solder alloy having an alloy composition consisting of, by mass%,

Bi: 30 to 60%,

Ag: 0.7 to 2.0%,

Cu: more than 0% and 1.00% or less,
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Sb: 0.2 to 1.5%, with the balance being Sn.

The term “with the balance being Sn” defines that the balance is Sn together with
unavoidable impurities.
[0027] (2) The solder alloy according to (0) or (1) above, wherein, by mass%,

the alloy composition further comprises at least one of P, Ge, Ga, and As: 0.1% or less
in total.
[0028] (3) The solder alloy according to any one of (0) to (3) above, wherein, by mass%,

the alloy composition further comprises at least one of Fe and Co: 0.1% or less in total.
[0029] (4) The solder alloy according to any one of (0) to (3) above, wherein, by mass%,

the alloy composition further comprises Pd: 0.1% or less.
[0030] (5) The solder alloy according to any one of (0) to (4) above, wherein, by mass%,

the alloy composition further comprises Zr: 0.1% or less.
[0031] (6) The solder alloy according to any one of (0) to (5) above, wherein, by mass%,

the alloy composition further comprises Zn: 0.1 % or less.
[0032] (7) The solder alloy according to any one of (0) to (6) above, wherein, by mass%,

the alloy composition further comprises Pb: less than 0.02%.
[0033] (8) The solder alloy according to (0) or (1), wherein, by mass%,

the alloy composition further comprises at least one selected from the group consisting
of,

at least one of, P: less than 0.01%, Ge: 0.01% or less, Ga: less than 0.01%, and As:
more than 0.001% and 0.01% or less,

Co: less than 0.01%,

Pd: 0.01% or less, and

Pb: less than 0.004%.

[0034](9) The solder alloy according to any one of (0) to (8) above,

wherein the alloy composition satisfies at least one of the following relations (1) to (3):

13.00 < Bi/(Ag+Cu+Ni+Sb) < 23.27 Relation (1)

0.017 < (Ag+Cu+Ni)/Sn < 0.039 Relation (2)

70.9 < (Bi+Ag+Sb)/(Cu+Ni) < 6349 Relation (3)

wherein Sn, Bi, Ag, Cu, Ni, and Sb in the relations (1) to (3) each represent the contents
(mass%) thereof in the solder alloy.

[0035] (10) A solder ball consisting of the solder alloy according to any one of (0) to (9) above.
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[0036] (11) A solder paste comprising the solder powder comprising the solder alloy according
to any one of (0) to (9) above.
[0037] (12) A solder joint comprising the solder alloy according to any one of (0) to (9) above.

Brief Description of Drawings
[0038] Fig. 1 is a schematic diagram of a melting curve obtained by DSC.

Fig. 2 is a schematic diagram of a creep curve.

Fig. 3 is cross-sectional photographs of solder joints made of solder balls having alloy
compositions of Example 4, Example 7, Comparative Example 4, and Comparative Example 5,
Fig. 3A is a cross-sectional photograph of Example 4 taken at a magnification of 350, Fig. 3B
is a cross-sectional photograph of Example 4 taken at a magnification of 2000, Fig. 3C is a
cross-sectional photograph of Example 7 taken at a magnification of 350, Fig. 3D is a cross-
sectional photograph of Example 7 taken at a magnification of 2000, Fig. 3E is a cross-sectional
photograph of Comparative Example 4 taken at a magnification of 350, Fig. 3F is a cross-
sectional photograph of Comparative Example 4 taken at a magnification of 2000, Fig. 3G is a
cross-sectional photograph of Comparative Example 5 taken at a magnification of 350, and Fig.
3H is a cross-sectional photograph of Comparative Example 5 taken at a magnification of 2000.

Fig. 4 is top face photographs of samples of solder bumps made of solder alloys of
Example 4, Comparative Example 4, and Comparative Example 6, subjected to Vickers
hardness measurement, Fig. 4A is Example 4, Fig. 4B is Comparative Example 4, and Fig. 4C
is Comparative Example 6.

Fig. 5 is a diagram illustrating Vickers hardness measurement results of Comparative
Example 4, Example 4, and Comparative Example 6.

Fig. 6 is a diagram illustrating Weibull plots of heat cycle test results of Example 4,
Examples 25 to 28, and Comparative Examples 4 to 7.

Fig. 7 is a diagram illustrating creep curves in secondary creep regions of Example 4,
Example 18, Example 23, Example 28, Comparative Example 4, and Comparative Example 6.

Fig. 8 is a diagram illustrating EM resistance test results of Example 4, Example 28,
and Comparative Example 4.

Fig. 9 is cross-sectional photographs before and after EM resistance tests of solder
joints made of solder balls having alloy compositions of Example 4, Example 28, and
Comparative Example 4, Fig. 9A is a cross-sectional photograph of Comparative Example 4

before energization, Fig. 9B and 9C are cross-sectional photographs of Comparative Example



10

15

20

25

30

9
4 after 700-hour energization, Fig. 9D is a cross-sectional photograph of Example 4 before
energization, Fig. 9E and 9F are cross-sectional photographs of Example 4 after 700-hour
energization, Fig. 9G is a cross-sectional photograph of Example 28 before energization, and

Fig. 9H and 91 are cross-sectional photographs of Example 28 after 700-hour energization.

Description of Embodiments

[0039] The present invention is described in more detail below. In the present description,
"%" relating to the solder alloy composition refers to "mass%" unless otherwise specified. In
the solder alloy of the present application, Bi, Ag, Cu, Ni, and Sb are essential elements, and P,
Ge, Ga, As, Fe, Co, Pd, Zr, Zn, and Pb are optional elements.

[0040] 1. Alloy Composition of Solder Alloy

(1) Bi: 30 to 60%

Bi is an element which is added to decrease a melting point of a solder alloy, and has a
correlation to hardness and heat cycle resistance of the solder alloy. In addition, Bi can adjust
the electric conductivity of a solder alloy. A melting point of Sn-Bi eutectic alloy is as low as
139°C, and the content described above is over the solid solubility limit in Sn, so that Bi
appropriately precipitates in the Sn matrix.

[0041] The Bi content of less than 30% increases the melting point and hinders the aimed at
low-melting-point mounting.  In addition, the heat cycle resistance deteriorates. As
described later, the hardness and the heat cycle resistance are improved to some degree by
adding Ag and Sb, however, an excessive increase in content of Ag and/or Sb causes the alloy
structure to become inhomogeneous, and induces a melting point increase, so that, in the present
invention, sufficient improvements cannot be obtained only by addition of Ag and Sb. In
terms of the lower limit, the Bi content is 30% or more, preferably 35% or more, more
preferably 36% or more, and further preferably 40% or more. On the other hand, a Bi content
of more than 60% causes the alloy structure to become inhomogeneous due to Bi segregation,
and causes significant embrittlement and deteriorates the hardness. Along with this, the pin
contact property also deteriorates. In terms of the upper limit, the Bi content is 60% or less,
preferably 58% or less, more preferably 50% or less, and further preferably 45% or less.

[0042] When emphasis is put on the heat cycle resistance, in terms of the lower limit, the Bi
content is 30% or more, preferably 35% or more, more preferably 36% or more, further
preferably 40% or more, particularly preferably 45% or more, and most preferably 50% or more.

In terms of the upper limit, the Bi content is 60% or less, preferably 58% or less.
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[0043] Bi greatly contributes to the creep rate in a high-temperature environment. The
secondary creep rates as a minimum creep rate in a high-temperature environment may change
according to the Bi content. Therefore, the hardness and the heat cycle resistance may be
further improved when the creep rate is appropriate according to the Bi content.  In the present
invention, there is a preferred relationship between the Bi content and ((creep rate)/(Bi content
(mass%))).
[0044] When the Bi content is 42.0% or less, the value of ((creep rate)/(Bi content (mass%)))
is preferably 0.25 or less, more preferably 0.24 or less, further preferably 0.23 or less,
particularly preferably 0.22 or less, and most preferably 0.21 or less, and may be 0.20 or less,
0.19 or less, and 0.18 or less. When the Bi content is more than 42.0% and 50% or less, the
value of ((creep rate)/(Bi content (mass%))) is preferably 0.15 or less, more preferably 0.13 or
less, further preferably 0.10 or less, and particularly preferably 0.08 or less. When the Bi content
is more than 50.0% and 62% or less, the value of ((creep rate)/(Bi content (mass%))) is
preferably 0.05 or less, more preferably 0.03 or less, and further preferably 0.02 or less. The
lower limit of ((creep rate)/(Bi content (mass%))) has to be 0.001 or more regardless of the Bi
content. When the alloy composition is within the scope of the present invention, and ((creep
rate)/(Bi content (mass%))) is within the range described above, excellent hardness and heat
cycle resistance are exhibited.
[0045] (2) Ag: 0.7 to 2.0%

Ag is an element that improves the wettability with electrodes, and increases the
hardness in a high-temperature environment by precipitation of Ag3Sn. Since an appropriate
Ag content causes formation of a homogeneous alloy structure, this decreases the secondary
creep rates and improves the heat cycle resistance. In addition, Ag is an element that also
improves the EM resistance since it blocks Bi segregation. Further, an appropriate Ag content
contributes to an improvement in electric conductivity.

[0046] The Ag content of less than 0.7% causes an insufficient precipitation amount of AgsSn,
and deteriorates the hardness in a high-temperature environment and the heat cycle resistance.
Along with this, the pin contact property also deteriorates. In addition, Bi segregation is
hardly inhibited, so that the EM resistance deteriorates. In terms of the lower limit, the Ag
content is 0.7% or more, preferably 0.8% or more, more preferably 0.9% or more, and further
preferably 1.0% or more. On the other hand, an Ag content of more than 2.0% causes a large
precipitation amount of Ag3Sn, and accordingly, the alloy structure becomes inhomogeneous,

and the melting point increases. Further, the heat cycle resistance deteriorates. In terms of
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the upper limit, the Ag content is 2.0% or less, preferably 1.5% or less, more preferably 1.3%
or less, and further preferably 1.2% or less.
[0047] (3) Cu: more than 0% and 1.00% or less

Cu prevents dissolution of electrodes, etc., including Cu, and forms a compound layer
of CueSns, etc., at a joint interface, and can improve the heat cycle resistance by suppressing
posterior growth of a compound composing the compound layer. In a case where the Cu
content is 0%, even when a Cu electrode is used, a compound layer of CusSns cannot be formed
to a degree sufficient to suppress the posterior growth, and the heat cycle resistance deteriorates.
In terms of the lower limit, the Cu content is more than 0%, preferably 0.01% or more, more
preferably 0.05% or more, further preferably 0.10% or more, particularly preferably 0.20% or
more, and most preferably 0.30% or more. On the other hand, the Cu content of more than
1.00% may cause a coarse intermetallic compound to precipitate, deteriorate the homogeneity
of the alloy structure, and cause an increase in melting point. In terms of the upper limit, the
Cu content is 1.00% or less, preferably 0.80% or less, more preferably 0.70% or less,
particularly preferably 0.60% or less, and most preferably 0.50% or less.

[0048] (4) Ni: 0.01 to 1.00%

Ni is an element that assumes a form of (Cu, Ni)sSns by partially substituting Cu of a
CuesSns-based compound formed at a joint interface, and can suppress growth of this compound
after forming a solder joint, and thereby improves the heat cycle resistance. A Ni content of
less than 0.01% causes an insufficient precipitation amount of (Cu, Ni)¢Sns, cannot suppress
growth of the compound, and deteriorates the heat cycle resistance. In terms of the lower limit,
the Ni content is 0.01% or more, preferably 0.02% or more, and more preferably 0.03% or more.
On the other hand, the Ni content of more than 1.00% may cause precipitation of a coarse
intermetallic compound and deteriorate the homogeneity of the alloy structure, and causes an
increase in melting point. In terms of the upper limit, the Ni content is 1.00% or less,
preferably 0.80% or less, more preferably 0.50% or less, further preferably 0.30% or less,
particularly preferably 0.10% or less, and most preferably 0.05% or less.

[0049] (5) Sb: 0.2to 1.5%

As with Ag, Sb is an element that can improve the EM resistance as well as the hardness
and the heat cycle resistance. Sb can also improve the pin contact property. Sb causes
precipitation of a hard SbSn compound with a high melting point, so that by combination with
Ag, high hardness can be more stably secured in a high-temperature environment. As an

appropriate Sb content is added to a solder alloy with the Ag content falling within the above-
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described range, the secondary creep rates decreases, and the heat cycle resistance is improved.
Further, along with formation of a homogeneous alloy structure, Bi segregation is blocked, so
that migration of Sn is suppressed, and the EM resistance is also improved.
[0050] The Sb content of less than 0.2% causes an insufficient precipitation amount of SnSb,
so that the hardness deteriorates. According to this, the pin contact property also deteriorates.
In terms of the lower limit, the Sb content is 0.2% or more, preferably 0.3% or more, more
preferably 0.4% or more, and further preferably 0.5% or more. On the other hand, the Sb
content of more than 1.5% may cause precipitation of a coarse intermetallic compound and
deteriorate the homogeneity of the alloy structure, and excessive addition of Sb causes an
increase in melting point.  In terms of the upper limit, the Sb content is 1.5% or less, preferably
1.3% or less, more preferably 1.0% or less, further preferably 0.8% or less, particularly
preferably 0.7% or less, and most preferably 0.6% or less.
[0051] (6) At least one of relations (1) to (3)

13.00 < Bi/(Ag+Cu+Ni+Sb) < 23.27 Relation (1)

0.017 £ (Ag+Cu+Ni)/Sn <£0.039 Relation (2)

70.9 < (Bi+Ag+Sb)/(Cu+Ni) < 6349 Relation (3)

Sn, Bi, Ag, Cu, Ni, and Sb in the relations (1) to (3) each represent the contents (mass%)
thereof in the solder alloy.
[0052] It is preferable that the solder alloy according to the present invention satisfies at least
one of the relations (1) to (3) when the respective constituent elements are within the above-
described ranges. In the relation (1), the balance between Bi which is essential as a solder
alloy with a low melting point and the other additive elements is considered. By satisfying
the relation (1), various effects of the solder alloy according to the present invention, such as
suppression of intermetallic compound coarsening, hardness, heat cycle resistance, and EM
resistance can be concurrently exerted. In the relation (2), the balance between a total content
of'a group of elements having a risk for causing coarsening of an intermetallic compound when
their contents are excessively large, and a content of Sn forming a compound together with the
element group, is considered. By satisfying the relation (2), a precipitation amount of the
intermetallic compound is appropriately adjusted, so that coarsening of an intermetallic
compound can be more sufficiently suppressed, and the hardness can be further improved. In
the relation (3), the balance between a total content of a group of elements that improves the
hardness of the solder alloy, and a total content of a group of elements that constitutes an

intermetallic compound to be formed at a joint interface, is considered. By satisfying the
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relation (3), coarsening of an intermetallic compound is suppressed, and the heat cycle
resistance and the EM resistance are further improved.

In the calculation of relations (1) to (3), the numerical values as shown in Tables 1 and
2, which are measured values of the alloy composition, have been used. In the calculation, in
order to ensure that each and every value employed comprises the identical number of digits
(based on the digits shown for the lower and upper limits in the respective relation), zeros have
been added to the values shown in the tables, for those digits not shown. For example, in case
that the Ag content is given as 1.0 mass% as the measured value, the Ag content used in the
calculation of relations (1) to (3) was amended to comprise additional digits “0” depending on
the required adaption. With respect to the relations (1) to (3), it follows, from the digits given
in the upper and lower limits, that relation (1) is calculated with values comprising two decimal
digits, relation (2) is calculated using three decimal digits, while relation (3) is calculated with
only one decimal digit. This calculation rule is employed in the present application and is also
intended to be employed for calculations in relation with further compositions described
elsewhere, as all compositions have to be treated in the same manner. Concerning the amount
of Sn in relation (2), unavoidable impurities are not considered, i.e. their respective amount is
treated as 0 mass%. Accordingly, only essential and optional elements are considered.
[0053] From the viewpoint of further exerting the above-described effects, in terms of the
lower limit, the relation (1) is preferably 13.00 or more, more preferably 13.20 or more, further
preferably 14.78 or more, even more preferably 15.69 or more, particularly preferably 15.81 or
more, and most preferably 17.17 or more. In terms of the upper limit, the relation (1) is
preferably 23.27 or less, more preferably 23.12 or less, further preferably 22.99 or less, and
particularly preferably 22.92 or less.
[0054] In terms of the lower limit, the relation (2) is preferably 0.017 or more, more preferably
0.021 or more, further preferably 0.023 or more, more further preferably 0.024 or more, and
particularly preferably 0.025 or more. In terms of the upper limit, the relation (2) is preferably
0.039 or less, and most preferably 0.026 or less.
[0055] In terms of the lower limit, the relation (3) is preferably 70.9 or more, more preferably
75.5 or more, and further preferably 77.5 or more. In terms of the upper limit, the relation (3)
is preferably 6349 or less, more preferably 1042.5 or less, more further preferably 500 or less,
particularly preferably 180.4 or less, and most preferably 116.0 or less, and may be 113.2 or
less.

[0056] (7)  Atleast one selected from the group consisting of, at least one of P, Ge, Ga, and
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As: 0.1% or less in total, at least one of Fe and Co: 0.1% or less in total, Pd: 0.1% or less, Zr:
0.1% or less, Zn: 0.1 % or less, and Pb: 0.02% or less.

An alloy composition of the solder alloy according to the present invention can contain
at least one of P, Ge, Ga, As, Fe, Co, Pd, Zr, Zn, and Pb as an optional element. These will be
described in detail below, and preferably, the alloy composition can contain at least one selected
from the group consisting of, by mass %, at least one of, P: less than 0.01%, Ge: 0.01% or less,
Ga: less than 0.01%, and As: more than 0.001% and 0.01% or less, Co: less than 0.01%, Pd:
0.01% or less, and Pb: less than 0.004%.

[0057] (7-1) at least one of P, Ge, Ga, and As: 0.1% or less in total

These elements are optional elements that may be contained to a degree without
inhibiting the above-described effects. In addition, these elements are optional elements that
can suppress oxidation of Sn since these are oxidized in preference to Sn. According to the
effects of surface reformation and oxidation suppression of the solder alloy, oxidation at the
time of production of a solder alloy and formation of a solder joint and aging discoloration can
be reduced, and the wettability can be improved. A total content of these elements is
preferably 0.1% or less, and more preferably 0.003 to 0.03%. Although contents of the
respective elements are not particularly limited, in order to sufficiently exert the above-
described effects, the P content is preferably 0.0005 to 0.010%, and more preferably 0.001 to
0.008%, the Ge content is preferably 0.0005 to 0.01%, and more preferably 0.001 to 0.008%,
and the Ga content is preferably 0.0005 to 0.01%, and more preferably 0.001 to 0.008%.
[0058] (7-2) at least one of Fe and Co: 0.1% or less in total

These elements are optional elements that may be contained to a degree without
inhibiting the above-described effects. These elements are optional elements that can be
selected when making a more homogeneous alloy structure by modifying the dispersiveness of
compounds in the solder alloy. Unless a total content of these elements is more than 0.1%,
fluidity of the solder alloy on the solder surface is not inhibited. A total content of these
elements is preferably 0.1% or less, and more preferably 0.002 to 0.02%. Although contents
of the respective elements are not particularly limited, in order to sufficiently exert the above-
described effects, an Fe content is preferably 0.001 to 0.01%, and more preferably 0.002 to
0.008%, and a Co content is preferably 0.002 to 0.01%, and more preferably 0.003 to 0.008%.
[0059] (7-3) Pd: 0.1% or less

Pd is an optional element that may be contained to a degree without inhibiting the

above-described effects. As with Ni, Pd is disposed as a substitution element for Cu in CusSns,
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and forms (Cu, Ni, Pd)eSns, and can further suppress compound growth at a joint interface.
Pd also acts to suppress coarsening of the alloy structure in Sn-Bi-based solder alloy. The Pd
content is preferably 0.1% or less, more preferably 0.0005 to 0.01%, and further preferably
0.001 to 0.01%.
[0060] (7-4) Zr: 0.1% or less

This element is an optional element that may be contained to a degree without
inhibiting the above-described effects. Zr has carbide reduction action, and can reduce
carbonized flux residue remaining on a metal surface after mounting. As with Fe and Co, Zr
can also contribute to modification of compound dispersiveness. The Zr content is preferably
0.1% or less, and more preferably 0.001 to 0.01%.
[0061] (7-5) Zn: 0.1 % or less

This element is an optional element that may be contained to a degree without
inhibiting the above-described effects. In addition, Zn can suppress coarsening of the alloy
structure in Sn-Bi-based solder alloy. Zn is also used to suppress growth of a compound
generated at a joint interface, and can reduce Bi segregation. The Zn content is preferably
0.1% or less, and more preferably 0.001 to 0.01%.
[0062] (7-6) Pb: 0.02% or less

This element is an optional element that may be contained to a degree without
inhibiting the above-described effects. In addition, Pb reduces the missing rate and can be
selected as a wetting behavior improving element. The Pb content is preferably 0.02% or less,
more preferably 0.0005 to 0.003%, and further preferably 0.001 to 0.004%.
[0063] (8) Balance: Sn

The balance of the solder alloy according to the present invention is Sn. In addition
to the above-described elements, unavoidable impurity may be contained. The balance of the
solder alloy according to the present invention may consist of Sn and unavoidable impurities.
Even when unavoidable impurity is contained, it does not affect the above-described effects.
As described later, even when an element that is not contained in the present invention is
contained as an inevitable impurity, it does not influence the above-described effects. The
unavoidable impurities are not elements listed as essential elements (i.e., Bi, Ag, Cu, Ni, and
Sb) nor as optional components (i.e., P, Ge, Ga, As, Fe, Co, Pd, Zr, Zn, and Pb).
[0064] (9) In, Ti, Ce

It is preferable that the solder alloy according to the present invention does not contain

these elements. Although In contributes to a decrease in melting point of the solder alloy, In
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may deteriorate the heat cycle resistance, so that it is preferable that In is not contained in the
solder alloy according to the present invention. Ti and Ce increase the melting point and
hinder mounting at a low melting point, and promote surface oxidation of Sn-Bi solder alloy,
so that it is preferable that Ti and Ce are not contained in the solder alloy according to the
present invention.
[0065] (10) Homogenization of Precipitate

As a method for measuring the homogeneity of precipitate which has an influence on
the properties of a solder alloy, a method prescribed below was used. A cross section of a
solder joint was imaged at a magnification of 350 with an FE-SEM, intermetallic compound
phases and Bi phases were identified with an EDS attached to the SEM, an area (S) of each
phase was obtained, and crystal grain sizes of the intermetallic compound phases were obtained
by a square root of (4S/m). An average crystal grain size and a maximum crystal grain size
were measured by extracting intermetallic compound phases with crystal grain sizes of 1 pum
or more and when Bi phases with crystal grain sizes of 5 um or more were present, Bi phases
of 5 um or more. Bi phase is generally observed as a structure having a small grain size, in
which the Bi phase and Sn phase are mixed in a patchy manner and the Bi phase has a curved
grain boundary surface, and the Bi phase is usually not used for homogeneity judgment,
however, when Bi crystal grains with crystal grain sizes of 5 um or more were present, Bi
crystal grains of 5 um or more were extracted. Concerning crystal grains identified in this
way, their average crystal grain size and maximum crystal grain size were measured by using
image analysis software (Scandium manufactured by EMSIS GmbH).
[0066] In detail, the following calculations were performed. The numbers and total areas of
intermetallic compound phases with crystal grain sizes of 1 um or more and Bi phases with
crystal grain sizes of 5 um or more were obtained. An average area (S) was obtained by
dividing a sum of the areas of the intermetallic compound phases and the Bi phases of 5 um or
more by a sum of the numbers of intermetallic compound phases and Bi phases of 5 um or
more. The square root of (4S/m) was obtained as the average crystal grain size by the obtained
average area (S). Concerning the maximum crystal grain size, the largest intermetallic
compound phase or Bi phase was visually selected from an image taken at a magnification of
350 with an FE-SEM, and the square root of (4S/m) was obtained as the maximum crystal grain
size by its area (S). The average crystal grain size is preferably 3 um to 15 um. The
maximum crystal grain size is preferably more than 3 um and 30 um or less, and more

preferably 5 to 20 um. Within these ranges, the crystal grain size is neither excessively small
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nor excessively large, and this contributes to further homogenization of the structure, and can
bring about a precipitation effect that realizes both of the hardness in a high-temperature
environment and the heat cycle resistance, and suppress deterioration of EM properties caused
by excessive refinement of the metallic structure of the Sn-Bi solder.
[0067] 2. Solder Ball

The solder alloy according to the present invention can be used as a solder ball. The
solder ball according to the present invention is used to form bumps of electrodes and a substrate
of a semiconductor package such as a BGA (Ball Grid Array). A diameter of the solder ball
according to the present invention is preferably within a range of 1 to 1000 um. The solder
ball can be produced by a general solder ball producing method.

[0068] 3. Solder Paste

The solder alloy according to the present invention can be used as solder paste. The
solder paste is obtained by mixing solder alloy powder with a small amount of flux and
processing these in paste form. The solder alloy according to the present invention may be
used as solder paste for mounting an electronic component to a printed circuit board by a reflow
soldering method. The flux to be used for the solder paste may be either a water-soluble flux
or a water-insoluble flux. Typically, a rosin-based flux as a rosin-based water-insoluble flux
is used.

[0069] 4. Solder Joint

The solder joint according to the present invention connects an IC chip and a substrate
(interposer) of the IC chip in a semiconductor package, or joins and connects a semiconductor
package and a printed circuit board. That is, the solder joint according to the present invention
is a connecting portion of an electrode, and can be formed by using general soldering conditions.
[0070] 5. Method for producing the solder alloy

The method for producing the solder alloy according to the present invention may be
performed in the usual manner.

When producing the solder alloy according to the present invention, as in a
conventional case, when a BiSb alloy is produced in advance and then Sn is added, formation
of a compound of Sb and Sn may be inhibited. When a solid solution of Bi and Sb is
maintained, homogeneous alloy structure formation may be inhibited. Therefore, the process
of producing the solder alloy according to the present invention is not particularly limited unless
Sn is added after production of a BiSb alloy as described above. As a production example, it

is preferable that alloys of Sn and the respective additive elements are produced, and the alloys
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are weighed so that their amounts are as predetermined, and molten under the conditions
described above. For example, Ag, Cu, and Bi are respectively added to molten Sn, and Sb
and Ni may be added as SnSb alloy or SnNi alloy. That is, in consideration of the properties
of the respective constituent elements, the respective constituent elements are preferably added
in the form of a single element or an alloy to Sn.
[0071] By using a low-alpha-ray material as a raw material of the solder alloy according to the
present invention, a low-alpha-ray alloy can be produced as the solder alloy. When such a
low-alpha-ray alloy is used for forming solder bumps around a memory, soft errors can be
suppressed.
[0072] The joining method using the solder alloy according to the present invention may be
performed in the usual manner by using, for example, a reflow method. A melting temperature
of the solder alloy when flow soldering is performed may be a temperature approximately 20°C
higher than the liquidus-line temperature. In the case of joining by using the solder alloy
according to the present invention, the alloy structure can be made appropriate finer by
considering a cooling rate for solidification. For example, a solder joint is cooled at a cooling
rate of 2 to 3 °C/s or more. The other joining conditions can be adjusted as appropriate according

to the alloy composition of the solder alloy.

[Examples]
[0073] Solder alloys having alloy compositions described in Table 1 and Table 2 were prepared,
their alloy structures were observed, homogeneities of the alloy structures were evaluated,
melting points (liquidus-line temperatures) and solidus-line temperatures were measured,
99.9% melting judgment was performed at 200°C or less, surface hardness measurements of
bumps were also made, and further, a heat cycle test was conducted as a test for the TCT
resistance, secondary creep rates were measured, and in addition, EM resistances were
evaluated.
[0074] - Observation of Alloy Structures and Evaluation of Homogeneities of Alloy Structures
Solder balls having alloy compositions described in Table 1 and Table 2 were produced.
Solder balls with a diameter of 0.24 mm were placed on electrodes of a substrate on which a
soldering flux (product name: WF-6317 made by Senju Metal Industry Co., Ltd.) made of a
solvent, an activator, a thixotropic agent, and an organic acid, etc., was applied, one BGA
component was mounted by a mounter, reflow soldering was performed under conditions of a

maximum temperature of 190°C and a holding time of 90 seconds, and accordingly, a test
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substrate was fabricated. A component joined portion was molded from resin and ground, and
a portion where the solder alloy was ground by about half was imaged at a magnification of
350 with an FE-SEM. Then, the cross-sectional portion was subjected to qualitative analysis
by EDS attached to the SEM and intermetallic compound phases were identified, and an
average crystal grain size and a maximum crystal grain size were measured by using image
analysis software (Scandium made by EMSIS GmbH).
[0075] Concerning the average crystal grain size, first, intermetallic compound phases and Bi
phases were identified from the obtained image by EDS, areas (S) of these were obtained, and
crystal grain sizes of the intermetallic compound phases and the Bi phases were obtained by a
square root of (4S/m). In these measurements, intermetallic compound phases with crystal
grain sizes of 1 um or more and Bi phases with crystal grain sizes of 5 um or more were
extracted. The numbers and total areas of extracted intermetallic compound phases and Bi
phases were obtained, and an average area (S) was obtained by dividing a sum of the areas of
the intermetallic compound phases and the Bi phases by a sum of the numbers of intermetallic
compound phases and Bi phases. A square root of (4S/m) was obtained as an average crystal
grain size by the obtained average area (S). Concerning the maximum crystal grain size, the
largest intermetallic compound phase was visually selected from an image imaged at a
magnification of 350 by an FE-SEM, and from its area (S), the maximum crystal grain size was
obtained as a square root of (4S/m).
[0076] A case where the average crystal grain size was 3 to 15 um was evaluated as “o0,” and
a case where the average crystal grain size was less than 3 um and a case where the average
crystal grain size was more than 15 pm were evaluated as “x.” Concerning the maximum
crystal grain size, a case where the maximum crystal grain size was more than 20 um and 30um
or less was evaluated as “0,” and a case where the maximum crystal grain size was 5 to 20 um
was evaluated as “00.” A case where the maximum crystal grain size was more than 30 pm,
and a case where the maximum crystal grain size was less than 3 um, were evaluated as “x.” In
these evaluations, “o0” is an evaluation that no problem occurs in practical use, “00” is an
evaluation as practically satisfactory, and “x” is an evaluation that a problem may occur in
practical use.
[0077] - Melting point (liquidus-line temperature), solidus-line temperature, and 99.9%
melting judgment at 200°C or less

The respective solder alloys described in Table 1 and Table 2 were prepared, and

liquidus-line temperatures and solidus-line temperatures of the solder alloys were measured.
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The solidus-line temperature measurement was made according to JIS Z3198-1: 2014. The
liquidus-line temperature measurement was made according to a method using DSC similar to
the solidus-line temperature measuring method of JIS Z3198-1: 2014, instead of the liquidus-
line temperature measurement of JIS Z3198-1: 2014.
[0078] Then, as indicated in Fig. 1, based on the melting curve obtained by DSC, a melting
rate was judged based on an area ratio that was a value obtained by dividing a whole area drawn
by a curved portion indicating melting reaction of the solder alloy, that is, reaction calories
necessary for complete melting (the area between the liquidus line and the solidus line) by
reaction calories (the area of the shaded portion) completed before reaching 200°C, and
multiplying the result of dividing by 100. A case where 99.9% was judged to have melted
before reaching 200°C was evaluated as “0,” and a case where melting did not reach 99.9%
was evaluated as “x.” “0” is an evaluation as having no problem in practical use, and “x” is
an evaluation that a problem may occur in practical use.
[0079] - Measurement of surface hardness of bumps

In a surface hardness measurement, the model number HM-100 made by Mitutoyo
Corporation was used, and a load of 1.96N was applied for 60 seconds at 110°C, and 5 arbitrary
bumps were measured, and an average of the measurement results was used as Vickers hardness.
A case where the Vickers hardness was more than 9.0 Hv was judged as “00,” a case where the
Vickers hardness was 7.0 to 9.0 Hv was judged as “o,” and a case where the Vickers hardness
was less than 7.0 Hv was judged as “x.” “0” is an evaluation that no problem occurs in practical
use, “00” is an evaluation as practically satisfactory, and “x” is an evaluation that a problem
may occur in practical use.
[0080] - Heat cycle test (reliability)

Solder balls including the solder alloys described in Table 1 and Table 2 were produced.
Solder balls with a diameter of 0.24 mm were placed on electrodes of a substrate on which a
soldering flux (product name: WF-6317 made by Senju Metal Industry Co., Ltd.) made of a
solvent, an activator, a thixotropic agent, and an organic acid, etc., was applied, 15 BGA
components were mounted by a mounter, reflow soldering was performed under conditions of
a maximum temperature of 190°C and a holding time of 90 seconds, and accordingly, a test
substrate was fabricated.
[0081] Test substrates on which soldering of the respective solder alloys were performed were

put into a heat cycle tester set to the conditions of a low temperature of -40 °C, a high

temperature of +100 °C, and a holding time of 10 minutes, and solder joints of the test substrates
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in the tester were observed. The numbers of cycles in which solder joints joining 15 BGA
components and the test substrates ruptured were measured, and the average number of rupture
cycles was obtained. Rupture judgment was made according to resistance value records using
a daisy chain circuit, and the judgment was made at a timing a resistance value of over 200%
was reached from the start of the test. The reliability was judged as “o0” when the number of
cycles was more than 3500, the reliability was judged as “o” when the number of cycles was
3000 to 3500, and the reliability was judged as “x” when the number of cycles was less than
3000. “o” is an evaluation that no problem occurs in practical use, “00” is an evaluation as
practically satisfactory, and “x” is an evaluation that a problem may occur in practical use.
[0082] - Measurement of secondary creep rate (creep properties)

The tension test (measuring apparatus: CCS-0002M (manufactured by GSE Co., Ltd))

was used, and a fabricated test piece was put in a constant-temperature bath at 110 °C, a creep
test was conducted by applying a load of 6.25 MPa, a minimum creep rate was calculated from
an obtained creep curve. A schematic diagram of the creep curve is indicated in Fig. 2. As
dimensions of the test piece including the solder alloy described in Table 1, a distance between
gauge points was 50 mm, and a diameter of a parallel portion was 10 mm.
[0083] For evaluation, a secondary creep rates per Bi content ((creep rate)/(Bi content
(mass%))) was calculated. In the alloy composition with a Bi content of 42.0% or less, a case
where the value of ((creep rate)/(Bi content (mass%))) was more than 0.23 and 0.25 or less was
judged as “A,” and a case where the value was 0.23 or less was judged as “o.” In the alloy
composition with a Bi content of more than 42.0% and 50% or less, a case where the value of
((creep rate)/(Bi content (mass%))) was more than 0.13 and 0.15 or less was judged as “A,” and
a case where the value is 0.13 or less was judged as “o.” In an alloy composition with a Bi
content of more than 50% and 62% or less, a case where the value of ((creep rate)/(Bi content
(mass%))) was more than 0.03 and 0.05 or less was judged as “A,” and a case where the value
15 0.03 or less was judged as “o0.” “A” is an evaluation that no problem occurs in practical use,
and “o” is an evaluation as practically satisfactory, and when these evaluations were given, the
hardness and/or reliability was judged to be at a level having no problem in practical use. A
case where the value of ((creep rate)/(Bi content (mass%))) was outside the above-described
ranges, that is, the creep rate according to the Bi content was high, was judged as “x.” “x”is
an evaluation that a problem may occur in practical use, and when this evaluation was given,
the hardness or reliability was judged to induce a problem in practical use.

[0084] - EM resistance
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As the EM test sample, a package was fabricated by using solder balls with a diameter
of 0.24 mm made of a solder alloy described in Table 1 and performing reflow soldering on a
package substrate with a size of 12 mm x 12 mm including Cu electrodes with a diameter of
0.24 mm by using a water-soluble flux. Then, by printing solder paste on a glass epoxy
substrate (FR-4) with a size of 29 mm x 19 mm and a thickness of 0.8 mm, and mounting the
package fabricated as described above, a reflow soldering test substrate was fabricated under
conditions of a maximum temperature of 190 °C and a holding time of 90 seconds.
[0085] The fabricated test substrate was connected to a compact variable switching power
supply (PAK-A made by KIKUSUI ELECTRONICS CORP.), and a current was applied in a
silicon oil bath held at 110°C. During current application, an electric resistance of the sample
was continuously measured, and a time required until the resistance increased by 150%
compared with the initial resistance value was measured. A case where the time was more

b

than 350 hours was evaluated as “0o0,” a case where the time was 300 to 350 hours was

evaluated as “o0,” and a case where the time was less than 300 hours is evaluated as “x.” “0” is
an evaluation that no problem occurs in practical use, “00” is an evaluation as practically
satisfactory, and “x” is an evaluation that a problem may occur in practical use.

Compositions examined in the examples are described in Table 1 and Table 2, and
evaluation results of the respective examined compositions are described in Table 3 and Table

4.
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[0090] As described in Table 1, in Examples 1 to 50, it was found that homogeneities of alloy
structures were realized, and excellent effects were exerted on hardness, TCT resistance, and
EM resistance. In particular, in Examples 4, 9, 10, 12, 13, 16, 17, 21 to 31, 33, 34, 37, 41 to
43, 48, and 50 satistying the relations (1) to (3), superior results were obtained in each of the
evaluations. Among optional elements, with respect to P, Ge, Ga, As, Co, Pd, and Pb, superior
results were obtained in the respective controlled content ranges.
[0091] On the other hand, in Comparative Example 1, the additive element was only Bi, so
that refinement and homogenization of the structure could not be realized, and the TCT
resistance and the EM resistance were poor. In Comparative Example 2, the Bi content was
small, so that the TCT resistance was poor. In Comparative Example 3, the Bi content was
large, so that refinement and homogenization of the structure could not be realized, and the
hardness deteriorated.
[0092] In Comparative Examples 4 to 8, the Ag content was small, so that refinement and
homogenization of the structure could not be realized, and at least one of the hardness, TCT
resistance, and EM resistance was poor. In Comparative Example 9, the Ag content was large,
so that the structure became inhomogeneous and the melting point rose, and the TCT resistance
was pootr.
[0093] In Comparative Example 10, the Cu content was small, so that the TCT resistance was
poor. In Comparative Example 11, the Cu content was large, so that homogenization of the
structure could not be realized.
[0094] In Comparative Example 12, the Ni content was small, so that the TCT resistance was
poor. In Comparative Example 13, the Ni content was large, so that the melting point rose,
the structure did not become homogeneous, and the TCT resistance was poor.
[0095] In Comparative Example 14, the Sb content was small, so that the hardness was poor.
In Comparative Example 15, the Sb content was large, so that homogenization of the structure
could not be realized. In Comparative Example 16, the Sb content was excessively large, so
that the melting point rose, the structure did not become homogenous, and the EM resistance
was poor.
[0096] In Comparative Example 17, In was contained, so that the TCT resistance was poor.
In Comparative Example 18, In was contained and further the Ag content was small, so that the
structure did not become homogenous, and the hardness and the EM resistance were poor.
[0097] Examples and comparative examples are arbitrarily extracted among solder alloys

described in Table 1 and Table 2, and details of measurement results will be described with
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reference to the drawings. Fig. 3 is cross-sectional photographs of solder joints made of solder
balls having alloy compositions of Example 4, Example 7, Comparative Example 4, and
Comparative Example 5, Fig. 3A is a cross-sectional photograph of Example 4 taken at a
magnification of 350, Fig. 3B is a cross-sectional photograph of Example 4 taken at a
magnification of 2000, Fig. 3C is a cross-sectional photograph of Example 7 taken at a
magnification of 350, Fig. 3D is a cross-sectional photograph of Example 7 taken at a
magnification of 2000, Fig. 3E is a cross-sectional photograph of Comparative Example 4 taken
at a magnification of 350, Fig. 3F is a cross-sectional photograph of Comparative Example 4
taken at a magnification of 2000, Fig. 3G is a cross-sectional photograph of Comparative
Example 5 taken at a magnification of 350, and Fig. 3H is a cross-sectional photograph of
Comparative Example 5 taken at a magnification of 2000.  As is clear from Fig. 3, in Example
4 and Example 7, as indicated by white-circled portions, it was found that an average crystal
grain size of the compounds was 3 to 15 um, and a maximum crystal grain size was 5 to 20 pum.
Other examples were also found to show similar results. On the other hand, in Comparative
Example 4 and Comparative Example 5, as indicated by large white-circled portions, an average
crystal grain size of the compounds was found to be less than 3 pum.

In Fig. 3, electrodes are 1, 4, 5, 8, 10, 12, 14, and 16, compounds are 2, 7, 9, and13,
solder balls are 3, 6, 11, and 15.
[0098] Results of Vickers hardness measurements of solder bumps having the alloy
compositions of Example 4, Comparative Example 4, and Comparative Example 6 are shown.
Fig. 4 is top face photographs of samples of solder bumps made of the solder alloys of Example
4, Comparative Example 4, and Comparative Example 6, subjected to Vickers hardness
measurement, and Fig. 4A is Example 4, Fig. 4B is Comparative Example 4, and Fig. 4C is
Comparative Example 6. As thus indicated, Example 4 in which the Vickers hardness was
high was found to have a small indentation 17 area and show high hardness. Results of five
measurements described above made for each composition are indicated in Fig. 5. As is clear
from Fig. 5, they have sufficient significant differences even in consideration of variation
among samples, and Example 4 was found to show high hardness at a high temperature. Other
examples were also found to show similar results.
[0099] Next, results of heat cycle tests and results of measurements of secondary creep regions
are respectively indicated in Fig. 6 and 7. As indicated in Fig. 6, it was found that, in each of
Examples 4 and 25 to 28, the number of cycles was large, and the reliability was excellent as

compared with Comparative Examples 4 to 7. As indicated in Fig. 7, it was found that, as
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compared with Comparative Examples 4 and 6, in each of Examples 4, 18, 23, and 28, a slope
of the creep curve in the secondary creep region was small, so that the secondary creep rate was
low. Other examples were also found to show similar results. Therefore, the examples were
found to show high reliability.
[0100] Next, results of EM resistance tests are indicated in Fig. 8 and 9.  As is clear from Fig.
8, it was found that, in each of Examples 4 and 28, an increase in resistance value was
suppressed as compared with Comparative Example 4. Other examples were also found to
show similar results. Therefore, it was found that occurrence of EM was suppressed in the
examples even when a large current was supplied.
[0101] Cross-sectional photographs of these samples before energization and after 700 hours
elapsed from the start of energization are indicated in Fig. 9. Fig. 9 is cross-sectional
photographs of solder joints made of solder balls having the alloy compositions of Example 4,
Example 28, and Comparative Example 4 before and after an EM resistance test, Fig. 9A is a
cross-sectional photograph of Comparative Example 4 before energization, Fig. 9B and 9C
respectively are cross-sectional photographs of Comparative Example 4 after 700-hour
energization, Fig. 9D is a cross-sectional photograph of Example 4 before energization, Fig. 9E
and 9F are respectively cross-sectional photographs of Example 4 after 700-hour energization,
Fig. 9G is a cross-sectional photograph of Example 28 before energization, and Fig. 9H and 91
are respectively cross-sectional photographs of Example 28 after 700-hour energization. In
Fig. 9, a white portion indicates Bi, and a gray portion indicates Sn. Each of Fig. 9B, 9E, and
9H indicates migration of electrons from the upper side to the lower side in the photograph as
indicated in Fig. 9B, and each of Fig. 9C, 9F, and 9I indicates migration of electrons from the
lower side to the upper side in the photograph as indicated in Fig. 9C.
[0102] It was found that, as compared with the photographs before energization indicated in
Fig. 9A to 9C, Bi accumulated at the lower side of each photograph in Fig. 9B, 9E, and 9H.
On the other hand, it was found that, as compared with Fig. 9B indicating Comparative Example
4, a dispersed state of Bi was maintained, and migration of Bi was suppressed in each of Fig.
9E indicating Example 4 and Fig. 9H indicating Example 28. Similarly, in Fig. 9C, 9F, and 91
in which the electron migration direction is reverse, it was found that a dispersed state of Bi
was maintained, and migration of Bi was suppressed in each of Fig. 9F indicating Example 4
and Fig. 91 indicating Example 28 as compared with Fig. 9C illustrating Comparative Example
4,
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CLAIMS

A solder alloy having an alloy composition consisting of, by mass%,
Bi: 30 to 60%,

Ag: 0.7 to 2.0%,

Cu: more than 0% and 1.00% or less,

Ni: 0.01 to 1.00%,

Sb: 0.2 to 1.5%, and

optionally at least one selected from the group consisting of
at least one of P, Ge, Ga, and As: 0.1% or less in total,

at least one of Fe, and Co: 0.1% or less in total,

Pd: 0.1% or less,

Zr: 0.1% or less,

Zn: 0.1 % or less, and

Pb: 0.02% or less, with the balance being Sn.

The solder alloy according to claim 1, wherein,
the alloy composition consists of, by mass%,

Bi: 30 to 60%,

Ag: 0.7 to 2.0%,

Cu: more than 0% and 1.00% or less,

Ni: 0.01 to 1.00%,

Sb: 0.2 to 1.5%, and

optionally at least one selected from the group consisting of,
at least one of, P: less than 0.01%,

Ge: 0.01% or less,

Ga: less than 0.01%, and

As: more than 0.001% and 0.01% or less,

Co: less than 0.01%,

Pd: 0.01% or less, and

Pb: less than 0.004%, with the balance being Sn.
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3. The solder alloy according to Claim 1 or 2, wherein,
the alloy composition consists of, by mass%,
Bi: 30 to 60%,
Ag: 0.7 to 2.0%,
5 Cu: more than 0% and 1.00% or less,
Ni: 0.01 to 1.00%, and
Sb: 0.2 to 1.5%, with the balance being Sn.

4. The solder alloy according to any one of claims 1 to 3,
10 wherein the alloy composition satisfies at least one of the following relations (1) to (3):
13.00 < Bi/(Ag+Cu+Ni+Sb) < 23.27 Relation (1)
0.017 £ (Ag+Cu+Ni)/Sn < 0.039 Relation (2)
70.9 < (Bi+Ag+Sb)/(Cu+Ni) < 6349 Relation (3)
wherein Sn, Bi, Ag, Cu, Ni, and Sb in the relations (1) to (3) each represent the contents
15  (mass%) thereof in the solder alloy.

5. A solder ball consisting of the solder alloy according to any one of claims 1 to 4.

6. A solder paste comprising a solder powder comprising the solder alloy according to

20  any one of claims 1 to 4.

7. A solder joint comprising the solder alloy according to any one of claims 1 to 4.
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SOLDER ALLOY, SOLDER BALL, SOLDER PASTE, AND SOLDER JOINT

ABSTRACT
Provided are a solder a solder alloy, a solder ball, a solder paste, and a solder joint,
which have a low melting point, high hardness in a high-temperature environment, heat cycle
resistance, and electromigration resistance. The solder alloy has an alloy composition
consisting of, by mass%, Bi: 30 to 60%, Ag: 0.7 to 2.0%, Cu: more than 0% and 1.00% or less,
Ni: 0.01 to 1.00%, Sb: 0.2 to 1.5%, with the balance being Sn.

[No Figure]





