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DESCRIPTION

TITLE OF THE INVENTION:
Al ALLOY BONDING WIRE

TECHNICAL FIELD

[0001] The present invention relates to an Al alloy
bonding wire. The present invention further relates to a
semiconductor device including the Al alloy bonding wire.
Background

[0002] In a semiconductor device, electrodes formed on a
semiconductor chip are connected with a lead frame or
electrodes on a substrate via a bonding wire. In a power
semiconductor device, used is a bonding wire made mainly of
aluminum (Al) as a material, and a wire diameter thereof
mainly falls within a range from ©300 pm to ®600 upum. In
the power semiconductor device, silicon (Si) is often used
as a material of the semiconductor chip, and an Al-Si alloy
or an Al-Cu alloy is often used as a material of the
electrode formed on the semiconductor chip. Power
semiconductor devices using the Al bonding wire are often
used as large power equipment such as air conditioners and
photovoltaic power generation systems, or as vehicle-
mounted semiconductor devices.

[0003] A bonding method for the Al bonding wire includes
1st bonding with the electrode on the semiconductor chip
and 2nd bonding with the lead frame or the electrode on the
substrate, and wedge bonding is used for both of them. The
wedge bonding is a method for applying ultrasonic waves and
loads to the Al bonding wire via a jig made of metal,
breaking surface oxide films of a bonding wire material and
an electrode material to expose new surfaces, and

performing solid phase diffusion bonding. When a bonding
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failure is caused such that the Al bonding wire peels off
from the electrode at the time of performing bonding, a
failure may be caused in a product or a manufacturing yield
may be lowered, so that there is a demand for favorable
bonding strength of each bonding part. If ultrasonic waves
or loads are strongly applied to a 1lst bonding part to
obtain favorable bonding strength, the semiconductor chip
may be damaged. Thus, in the 1lst bonding, it is required
to suppress damage to the semiconductor chip in addition to
obtaining the favorable bonding strength.

[0004] A next-generation power semiconductor device is
required to stably operate for a long time as compared with
a general-purpose power semiconductor device. The power
semiconductor device operates while repeatedly turning on
and off a current. When a current is supplied to a
semiconductor chip made of Si via the Al bonding wire, a
temperature of the 1st bonding part rises. On the other
hand, when supply of the current is stopped, the
temperature of the 1lst bonding part falls. In this way,
the temperature of the 1st bonding part repeatedly rises
and falls at the time when the power semiconductor
operates. Accordingly, thermal stress, which is caused by
a thermal expansion difference between the Al bonding wire
and the semiconductor chip, is repeatedly applied to the
1st bonding part. In a case of using a material made only
of high-purity Al as the Al bonding wire, the Al bonding
wire is broken in a relatively short time due to thermal
stress, so that it has been difficult to satisfy
performance required for the next-generation power
semiconductor device. Thus, in the next-generation power
semiconductor, it is required to improve a lifetime of wire

bond accompanying a temperature rise and a temperature fall
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of the 1lst bonding part (hereinafter, also referred to as
"temperature cycle reliability").

[0005] In response to the requirement for the
temperature cycle reliability, there has been developed an
Al bonding wire focused on improvement in mechanical
strength. As a method for improving a mechanical
characteristic of the Al bonding wire, there has been
developed a method for adding a specific element to Al.
[0006] Patent Literature 1 discloses a bonding wire made
of an Al alloy containing at least magnesium (Mg) and
silicon (Si), in which a total content of Mg and Si is
equal to or larger than 0.03% by mass and equal to or
smaller than 0.3% by mass. This Patent Literature
discloses that lowering of bonding strength of the 1st
bonding part is delayed in a thermal cycle test in a
temperature range from 70°C to 120°C due to a high-
strengthening effect exhibited by solid-solution
strengthening of Mg or Si, and an effect of suppressing
crack development exhibited by precipitated magnesium
silicide (Mgz2Si).

[0007] Patent Literature 2 discloses a bonding wire made
of an alloy containing 0.01 to 0.2% by mass of iron (Fe), 1
to 20 mass ppm of silicon (Si), and Al having purity of
99.997% by mass or more as a balance, in which a solid
solution amount of Fe is 0.01 to 0.06%, a precipitation
amount of Fe is 7 times or less the Fe solid solution
amount, and the bonding wire has a fine structure having an
average crystal grain size of 6 to 12 uym. This Patent
Literature discloses that it is possible to suppress
lowering of bonding strength of a 1lst bonding part in a
thermal shock test within a temperature range from -50°C to

200°C by uniformly dispersing intermetallic compound
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particles of Fe and Al in Al to improve mechanical strength
of a matrix, and further refining recrystallized grains.
[0008] Patent Literature 3 discloses a bonding wire made
by melting an Al-Si alloy containing 0.1 to 5% by mass of
silicon (Si), and Al and impurities as a balance, and
jetting and rapidly cooling it to be formed in a thin line.
This Patent Literature discloses that mechanical strength
is improved by rapidly cooling the melted Al-Si alloy to

finely and uniformly disperse Si.

RELATED ART REFERENCE
Patent Literature
[0009] Patent Literature 1: Japanese Patent Application
Laid-open No. 2014-131010

Patent Literature 2: Japanese Patent Application
Laid-open No. 2014-129578

Patent Literature 3: Japanese Patent Application

Laid-open No. S59-057440

SUMMARY OF INVENTION

PROBLEM TO BE SOLVED BY THE INVENTION

[0010] An Al bonding wire used in the next-generation
power semiconductor device is required to have high
temperature cycle reliability of the 1st bonding part to
withstand a long-time use, and exhibit a favorable bonding
quality in the 1st bonding part.

[0011] The next-generation power semiconductor device is
required to withstand a longer-time use as compared with a
general-purpose power semiconductor device. As described
above, the temperature of the 1lst bonding part repeatedly
rises and falls at the time when the power semiconductor
device operates. As a result, the Al bonding wire has a

coefficient of linear thermal expansion larger than that of
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the semiconductor chip, so that there has been a problem in
that thermal stress is caused due to a difference between
coefficients of linear thermal expansion thereof at the 1st
bonding part, which finally causes fatigue breakdown of the
Al bonding wire. A temperature cycle test is one of the
tests for evaluating, in an accelerated manner, a lifetime
of wire bond accompanying a temperature rise and a
temperature fall of the 1lst bonding part (temperature cycle
reliability). The Al bonding wire used for the next-
generation power semiconductor is required to have
excellent temperature cycle reliability in the temperature
cycle test. However, in a case of using the Al bonding
wire having high strength disclosed in Patent Literatures 1
to 3, it has been confirmed that there is a problem in that
a crack develops at a relatively high speed in an Al alloy
electrode having lower strength than that of the Al bonding
wire in a temperature cycle test assuming a use in the
next-generation power semiconductor device, and favorable
temperature cycle reliability is difficult to be stably
obtained.

[0012] That is, there have been several reports on
effectiveness for the temperature cycle reliability of the
Al bonding wire that is highly strengthened by adding other
elements to Al, but effects thereof have been insufficient.
[0013] The present invention aims at providing an Al
bonding wire satisfying excellent temperature cycle

reliability and a favorable 1lst bondability.

MEANS FOR SOLVING PROBLEM

[0014] As a result of earnest investigation as to the
problem described above, the present inventors have found
that the problem described above can be solved by an Al

alloy bonding wire containing 3.0% by mass or more and
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10.0% by mass or less of Si, in which an average diameter
of a Si phase is 0.8 to 5.5 um in a cross section (L cross-
section) 1in a center axis direction including a wire center
axis of the Al alloy bonding wire, and further investigated
the problem based on such knowledge to complete the present
invention.

[0015] That is, the present invention includes the
following content.

[1] An Al alloy bonding wire containing 3.0% by mass or
more and 10.0% by mass or less of Si, wherein an average
diameter of a Si phase in a cross section in a wire center
axis direction including a wire center axis of the Al alloy
bonding wire (L cross-section) is equal to or larger than
0.8 pym and equal to or smaller than 5.5 um.

[2] The Al alloy bonding wire according to [1l], wherein an
average value of a ratio (a/b) between a length (a) of the
Si phase in the wire center axis direction in the L cross-
section and a length (b) of the Si phase in a direction
perpendicular to the wire center axis in the L cross-
section is equal to or larger than 1.3 and equal to or
smaller than 3.2.

[3] The Al alloy bonding wire according to [1] or [2],
wherein an average diameter of an o phase in the L cross-
section is equal to or larger than 5 um and equal to or
smaller than 50 um.

[4] The Al alloy bonding wire according to any one of [1]
to [3], wherein, as a result of measuring a crystal
orientation of the Si phase in the L cross-section, among
crystal orientations in the wire center axis direction, an
orientation ratio of a crystal orientation <110> angled at
15° or less to the wire center axis direction is equal to

or higher than 30% and equal to or lower than 80%.
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[5] The Al alloy bonding wire according to any one of [1]
to [4], further containing 3 mass ppm or more and 150 mass
ppm or less of one or more of Ni, Pd, and Pt in total.

[6] The Al alloy bonding wire according to any one of [1]
to [5], wherein a balance of the Al alloy bonding wire
comprises Al and inevitable impurities.

[7] A semiconductor device comprising the Al alloy bonding

wire according to any one of [1] to [6].

EFFECT OF THE INVENTION
[0016] The present invention can provide an Al alloy
bonding wire satisfying excellent temperature cycle

reliability and a favorable 1lst bondability.

BRIEF DESCRIPTION OF DRAWINGS
[0017] FIG. 1 is a schematic diagram for explaining a
measurement target surface (inspection surface) at the time
of measuring an average diameter and a crystal orientation
of a Si phase for an Al alloy bonding wire. The
measurement target surface is a cross section (L cross-
section) in a center axis direction including a wire center
axis of the Al alloy bonding wire.

FIG. 2 is a schematic diagram for explaining a length
(a) of the Si phase in a wire center axis direction in the
L cross-section, and a length (b) of the Si phase in a
direction perpendicular to the wire center axis in the L

cross-—-section.

EMBODIMENT FOR CARRYING OUT THE INVENTION

[0018] Hereinafter, the present invention will be
described in detail with reference to preferable
embodiments thereof. However, the present invention is not

limited to the following embodiments and examples, and may
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be optionally changed to be implemented without departing
from CLAIMS of the present invention and equivalents
thereof.

[0019] [Al alloy bonding wire]

An Al alloy bonding wire according to the present
invention (hereinafter, also simply referred to as a "wire
according to the present invention" or a "wire") is an Al
alloy bonding wire containing 3.0% by mass or more and
10.0% by mass or less of Si, in which an average diameter
of a Si phase is equal to or larger than 0.8 um and equal
to or smaller than 5.5 um in a cross section (L cross-
section) in a center axis direction including a wire center
axis of the wire. 1In the present invention, the wire
center axis of the Al alloy bonding wire and the cross
section (L cross-section) in the center axis direction
including the wire center axis of the wire will be
described later in " (Method for measuring average diameter
of Si phase and shape of Si phase)" with reference to FIG.
1.

[0020] In a case of using a bonding wire composed only
of high-purity Al in a temperature cycle test, a crack
develops at a relatively high speed inside the bonding
wire, and it has been difficult to obtain favorable
temperature cycle reliability. On the other hand, in a
case of using an Al bonding wire that is highly
strengthened by adding elements thereto, a crack develops
in an Al alloy electrode having relatively low strength, so
that it has been confirmed that it is difficult to obtain
temperature cycle reliability required for a next-
generation power semiconductor device.

[0021] As a result of earnest investigation to solve the
problem described above, the present inventors have found

that the temperature cycle reliability can be improved by
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the Al alloy bonding wire containing 3.0% by mass or more
and 10.0% by mass or less of Si, in which the average
diameter of the Si phase in the L cross-section is equal to
or larger than 0.8 um and equal to or smaller than 5.5 um.
The wire according to the present invention significantly
contributes to achieving temperature cycle reliability
required for the next-generation power semiconductor
device. The wire according to the present invention has a
hypo-eutectic structure containing 3.0% by mass or more and
10.0% by mass or less of Si, and constituted of a Si phase
and an o phase in which Si is dissolved in Al as a solid
solution.

[0022] The reason why the wire according to the present
invention can exhibit favorable temperature cycle
reliability is estimated as follows. First, the
coefficient of linear thermal expansion of the Si phase is
smaller than that of Al, so that when the wire contains
3.0% by mass or more and 10.0% by mass or less of Si, it is
possible to obtain an effect of reducing the coefficient of
linear thermal expansion of the Al alloy bonding wire and
reducing thermal stress generated during the temperature
cycle test. Furthermore, by controlling the average
diameter of the Si phase in the L cross-section of the Al
alloy bonding wire to be equal to or larger than 0.8 um, it
is possible to suppress high-strengthening of the o phase
due to precipitation-strengthening of the Si phase. Due to
this, it is possible to obtain an effect of preventing a
crack from developing in the Al alloy electrode during the
temperature cycle test. Furthermore, by controlling the
average diameter of the Si phase in the L cross-section of
the Al alloy bonding wire to fall within a range equal to
or larger than 0.8 um and equal to or smaller than 5.5 um,

it is possible to sufficiently obtain an effect of
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suppressing further development of a crack when a distal
end of the crack that has been developed during the
temperature cycle test reaches a hard Si phase. As
described above, it can be considered that the wire
according to the present invention can exhibit favorable
reliability by appropriately controlling a plurality of
factors contributing to the improvement of the temperature
cycle reliability.

[0023] In the temperature cycle test, from a viewpoint
of obtaining favorable temperature cycle reliability,
concentration of Si in the Al alloy bonding wire according
to the present invention is equal to or larger than 3.0% by
mass, preferably equal to or larger than 4.0% by mass, more
preferably equal to or larger than 4.2% by mass, equal to
or larger than 4.4% by mass, equal to or larger than 4.5%
by mass, equal to or larger than 4.6% by mass, or equal to
or larger than 4.8% by mass. On the other hand, if
hardness of the Al alloy bonding wire becomes excessive, a
semiconductor chip tends to be easily damaged at the time
of 1st bonding under a bonding condition with ultrasonic
waves and loads that are generally used. From a viewpoint
of obtaining favorable bonding strength in a case of
performing 1lst bonding under a general bonding condition,
Si concentration in the Al alloy bonding wire according to
the present invention is equal to or smaller than 10% by
mass, preferably equal to or smaller than 8.0% by mass or
equal to or smaller than 7.0% by mass, and more preferably
equal to or smaller than 6.8% by mass, equal to or smaller
than 6.6% by mass, or equal to or smaller than 6.5% by
mass.

[0024] From a viewpoint of obtaining favorable
temperature cycle reliability in the temperature cycle

test, the average diameter of the Si phase in the L cross-
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section of the wire according to the present invention is
equal to or larger than 0.8 um, preferably equal to or
larger than 1.2 um or equal to or larger than 1.4 um, and
more preferably equal to or larger than 1.5 um, equal to or
larger than 1.6 um, or equal to or larger than 1.8 pm. On
the other hand, if the Si phase becomes too coarse, number
density of the Si phase is reduced, and it is difficult to
stably obtain an effect of suppressing development of a
crack by the Si phase. Thus, from a viewpoint of stably
obtaining favorable temperature cycle reliability, the
average diameter of the Si phase in the L cross-section of
the wire according to the present invention is equal to or
smaller than 5.5 pym, preferably equal to or smaller than
5.0 ym or equal to or smaller than 4.5 um, and more
preferably equal to or smaller than 4.0 um.

[0025] For concentration analysis of elements contained
in the wire according to the present invention, for
example, an Inductively Coupled Plasma (ICP) emission
spectrophotometer or an ICP mass spectrometer can be used.
In a case in which elements derived from contaminants in
the air, such as oxygen or carbon, are adsorbed by a
surface of the wire, it is effective to clean it with acid
or alkali depending on adsorbed substances before
performing analysis.

[0026] The following describes a method for measuring
the diameter of the Si phase in the L cross-section of the
wire according to the present invention. As the method for
measuring the diameter of the Si phase in the L cross-
section, exemplified is a method of using a reflected
electron image obtained by a Field Emission Scanning
Electron Microscope (FE-SEM), for example. The following
describes a specific measurement method. First, a

reflected electron image of the L cross-section of the wire
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is acquired by using the FE-SEM. In the reflected electron
image, the o phase and the Si phase are observed with
different contrasts, and the Si phase is extracted by
binarization processing using these contrasts. In the
binarization processing, a luminance value of the acquired
reflected electron image of the L cross-section is
normalized to fall within a range from 0 to 1, and a
threshold is determined in a range from 0.45 to 0.95 to
perform binarization. At this point, the threshold is
appropriately determined to be able to distinguish between
the Si phase and the o phase. A scratch or a foreign
substance, which adheres to the L cross-section at the time
of preparing a sample, may be present on the L cross-
section, and may be observed with a contrast close to the
Si phase. To distinguish between such a foreign substance
or scratch and the Si phase and exclude influence from the
foreign substance or scratch, it is effective to specify
the Si phase by measuring the Si concentration using an
Energy Dispersive X-ray Spectrometer (EDS) mounted on the
FE-SEM. In this way, after specifying the Si phase based
on information of the Si concentration as needed, the Si
phase is extracted by the binarization processing based on
the reflected electron image. For each of the extracted Si
phases, an equivalent circle diameter is calculated by
using image analysis software (Esprit manufactured by
Bruker Corporation, and the like). In the present
invention, the equivalent circle diameter is assumed to be
the diameter of the Si phase, and an arithmetic mean value
of diameters of the Si phases is defined as an average
diameter. Thus, in one embodiment, the average diameter of
the Si phase in the L cross-section of the wire according
to the present invention is calculated through procedures

from (1) to (3) as follows.
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(1) The reflected electron image of the L cross-
section of the wire is acquired by using the FE-SEM.

(2) The Si phase is extracted by the binarization
processing using the contrast of the acquired reflected
electron image.

(3) Equivalent circle diameters are obtained by
performing image analysis for the respective extracted Si
phases, and the equivalent circle diameters are
arithmetically averaged to calculate the average diameter
of the Si phase.

In the above procedure (2), as described above, a
guideline for setting a threshold may be made, and the Si
phase may be specified by measuring the Si concentration by
using the EDS to distinguish between a foreign substance or
scratch and the Si phase as needed.

[0027] In the present invention, in calculating the
average diameter of the Si phase, only Si phases having a
diameter equal to or larger than 0.5 um are considered as
targets. Due to this, it is possible to accurately
determine whether a requirement is met, the requirement
being related to the average diameter of the Si phase that
is suitable for satisfying the temperature cycle
reliability required for the next-generation power
semiconductor device.
[0028] In the present invention, a measurement region of
the average diameter of the Si phase is determined so that
a length in the wire center axis direction is equal to or
larger than 100 um and smaller than 400 um, and the entire
wire is accommodated in a direction perpendicular to the
wire center axis.
[0029] -Shape of Si phase-

As a method for evaluating a lifetime of wire bond

accompanying a temperature rise and a temperature fall of
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the 1st bonding part of the power semiconductor device, a
test in which a temperature rise and a temperature fall are
repeated in a shorter time than the temperature cycle test
(hereinafter, also referred to as a "rapid temperature
cycle test") may be used. For the next-generation power
semiconductor device, it is desirable to obtain a more
excellent lifetime of wire bond as compared with a
conventional power semiconductor device even in the rapid
temperature cycle test (hereinafter, also referred to as
"rapid temperature cycle reliability").

[0030] In a process of investigating the Al alloy
bonding wire containing 3.0% by mass or more and 10.0% by
mass or less of Si in which the average diameter of the Si
phase in the L cross-section is equal to or larger than 0.8
pm and equal to or smaller than 5.5 um, the present
inventors have further found that the shape of the Si phase
in the L cross-section affects the rapid temperature cycle
reliability. Specifically, they have found that the rapid
temperature cycle reliability can be improved when an
average value of a ratio (a/b) between a length (a) of the
Si phase in the wire center axis direction in the L cross-
section and a length (b) of the Si phase in the direction
perpendicular to the wire center axis in the L cross-
section is equal to or larger than 1.3 and equal to or
smaller than 3.2. Description will be further made with
reference to FIG. 2. FIG. 2 is a diagram schematically
illustrating the Si phase in the L cross-section of the
wire so that the wire center axis direction corresponds to
a horizontal direction (right and left direction) of FIG.
2, and the direction perpendicular to the wire center axis
corresponds to a vertical direction (upper and lower
direction) of FIG. 2. Regarding the Si phase in the L

cross-section, the "length (a) in the wire center axis
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direction”" described above means a maximum dimension of the
Si phase in the wire center axis direction, which

A\

corresponds to a dimension indicated by a sign “a” in FIG.
2. Regarding the Si phase in the L cross-section, the
"length (b) in the direction perpendicular to the wire
center axis" described above means a maximum dimension of
the Si phase in the direction perpendicular to the wire
center axis, which corresponds to a dimension indicated by
a sign “b” in FIG. 2. Hereinafter, the ratio (a/b) between
the length (a) of the Si phase in the wire center axis
direction in the L cross-section and the length (b) of the
Si phase in the direction perpendicular to the wire center
axis in the L cross-section is also simply referred to as a
"ratio (a/b) of the Si phase in the L cross-section".

[0031] Regarding the wire according to the present
invention, the reason why the rapid temperature cycle
reliability is improved by controlling the average value of
the ratio (a/b) of the Si phase in the L cross-section is
estimated as follows. During the rapid temperature cycle
test, a crack develops inside the Al alloy bonding wire to
cause breakdown. Cracks tend to develop along the wire
center axis direction or a direction close thereto, so that
it is considered that reduction of thermal stress in the
wire center axis direction is effective. That is, it is
considered that, by controlling the shape of the Si phase
so that the length of the Si phase in the wire center axis
direction in the L cross-section becomes larger than the
length of the Si phase in the direction perpendicular to
the wire center axis in the L cross-section by a certain
length or more, the coefficient of linear thermal expansion
in the wire center axis direction can be reduced, and as a
result, the thermal stress in the wire center axis

direction applied to the Al alloy bonding wire can be
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reduced. Specifically, it is considered that, by further
controlling the average value of the ratio (a/b) of the Si
phase in the L cross-section to be equal to or larger than
1.3 and equal to or smaller than 3.2 in addition to the
fact that the wire contains 3.0% by mass or more and 10.0%
by mass or less of Si, and the average diameter of the Si
phase in the L cross-section is equal to or larger than 0.8
pm and equal to or smaller than 5.5 pym, an effect of
reducing the thermal stress that causes fatigue breakdown
of the Al alloy bonding wire is synergistically enhanced.
In the rapid temperature cycle test, an exposure time to a
high temperature is shorter than the temperature cycle
test, so that recovery and recrystallization are less
likely to occur, and plastic strain as driving force for
crack development tends to be accumulated. An amount of
plastic strain introduced into the Al alloy wire during the
rapid temperature cycle test is reduced as the thermal
stress is reduced, so that it is estimated that shape
control for the Si phase described above has contributed to
the improvement of the rapid temperature cycle reliability.
To achieve an effect of improving the rapid temperature
cycle reliability, it is sufficient that the average value
of the ratio (a/b) of the Si phase in the L cross-section
falls within the preferred range described above, and
ratios (a/b) of all of the Si phases do not necessarily
fall within a range equal to or larger than 1.3 and equal
to or smaller than 3.2. For example, the Si phase having
the ratio (a/b) smaller than 1.3 may be included like the
Si phase satisfying a < b or a = b, or the Si phase having
the ratio (a/b) exceeding 3.2 may be included.

[0032] From a viewpoint of reducing the thermal stress
in the wire center axis direction that is caused during the

rapid temperature cycle test and improving the rapid
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temperature cycle reliability, the average value of the
ratio (a/b) of the Si phase in the L cross-section of the
wire according to the present invention is more preferably
equal to or larger than 1.4. On the other hand, when the
average value of the ratio (a/b) is excessive, an end part
of the Si phase has an acute angle, and a crack tends to be
generated along an interface between the end part of the Si
phase and the o phase, so that the effect of improving the
rapid temperature cycle reliability cannot be obtained.
Thus, the average value of the ratio (a/b) of the Si phase
in the L cross-section of the wire according to the present
invention is preferably equal to or smaller than 3.2, and
more preferably equal to or smaller than 2.8.

[0033] The following describes a method for measuring
the length (a) of the Si phase in the wire center axis
direction in the L cross-section and the length (b) of the
Si phase in the direction perpendicular to the wire center
axis in the L cross-section of the wire according to the
present invention. First, as a method for measuring the
diameter of the Si phase in the L cross-section of the
wire, similarly to the method described above, the
reflected electron image of the L cross-section is acquired
by the FE-SEM, and the Si phase is extracted by the
binarization processing using the contrast of the acquired
reflected electron image. As described above regarding the
method for measuring the diameter of the Si phase, the
guideline for setting a threshold for the binarization
processing may be made, and the Si phase may be specified
by measuring the Si concentration by using the EDS to
distinguish between a foreign substance or scratch and the
Si phase as needed. Subsequently, for each of the
extracted Si phases, the length (a) in the wire center axis

direction and the length (b) in the direction perpendicular
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to the wire center axis are calculated by using image
analysis software (Esprit manufactured by Bruker
Corporation, and the like). The average value of the ratio
(a/b) of the Si phase in the L cross-section is assumed to
be an arithmetic mean value of values of the ratio (a/b)
calculated for the respective Si phases. Thus, in one
embodiment, the average value of the ratio (a/b) of the Si
phase in the L cross-section of the wire according to the
present invention is calculated through procedures from (1)
to (3) as follows.

(1) The reflected electron image of the L cross-
section of the wire is acquired by using the FE-SEM.

(2) The Si phase is extracted by the binarization
processing using the contrast of the acquired reflected
electron image.

(3) Image analysis is performed on the respective
extracted Si phases, ratios (a/b) are obtained by measuring
the length (a) in the wire center axis direction and the
length (b) in the direction perpendicular to the wire
center axis, and the ratios (a/b) are arithmetically
averaged to calculate the average value of the ratio (a/b)
of the Si phase.

[0034] In the present invention, in calculating the
ratio (a/b) of the Si phase in the L cross-section, only Si
phases having a diameter (equivalent circle diameter) equal
to or larger than 0.5 um are considered as targets. Due to
this, it is possible to accurately determine whether a
requirement is met, the requirement being related to the
ratio (a/b) of the Si phase in the L cross-section that is
suitable for improving the rapid temperature cycle
reliability.

[0035] Also in measuring the length (a) of the Si phase

in the wire center axis direction in the L cross-section
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and the length (b) of the Si phase in the direction
perpendicular to the wire center axis in the L cross-
section, the measurement region is determined so that the
length in the wire center axis direction is equal to or
larger than 100 um and smaller than 400 um, and the entire
wire is accommodated in the direction perpendicular to the
wire center axis.

[0036] -Average diameter of o phase-

In the wire according to the present invention, an
average diameter of the o phase in the L cross-section is
preferably equal to or larger than 5 pm and equal to or
smaller than 50 um.

[0037] The present inventors have found that wvariations
in bonding strength in 2nd bonding can be reduced when the
average diameter of the o phase in the L cross-section
falls within a range equal to or larger than 5 um and equal
to or smaller than 50 um. A reason for this is considered
to be a synergistic effect of accelerating uniform
deformation of the wire by containing predetermined
concentration of Si and controlling the average diameter of
the Si phase in the L cross-section to fall within a
predetermined range, and reducing variations in mechanical
strength in the direction perpendicular to the wire center
axis by causing the average diameter of the o phase in the
L cross-section to be equal to or larger than 5 um and
equal to or smaller than 50 um.

[0038] From a viewpoint of further reducing variations
in the bonding strength in the 2nd bonding to achieve
stability of more favorable bonding strength, the average
diameter of the o phase in the 1L cross-section of the wire
according to the present invention is more preferably equal
to or larger than 10 um, and even more preferably equal to

or larger than 12 um, equal to or larger than 14 um, or
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equal to or larger than 15 um. An upper limit of the
average diameter of the o phase in the L cross-section is
more preferably equal to or smaller than 45 um, and even
more preferably equal to or smaller than 40 um, equal to or
smaller than 38 um, equal to or smaller than 36 um, or
equal to or smaller than 35 um.

[0039] The following describes a method for measuring
the diameter of the o phase in the L cross-section of the
wire according to the present invention. In measuring the
diameter of the o phase in the L cross-section, a method of
combining information of Al concentration obtained by the
SEM-EDS and information of a crystal orientation obtained
by Electron BackScattered Diffraction (EBSD) can be used.
Specifically, the L cross-section of the wire is assumed to
be an inspection surface, and measurement of concentration
of Al and Si using the EDS and crystal orientation analysis
using the EBSD are performed at the same time.
Subsequently, for a region that is specified as the o phase
based on a measurement result of the EDS, a crystal
orientation can be analyzed by using analysis software
attached to the device. 1If an orientation difference
between measurement points is equal to or larger than 15°¢,
it is determined to be a crystal grain boundary, and an
equivalent circle diameter is calculated. An arithmetic
mean value of equivalent circle diameters of respective «
phases is defined as the average diameter of the o phase.
In a process of obtaining the diameter of the o phase,
calculation is performed excluding a part in which the
crystal orientation cannot be measured, and a part in which
the crystal orientation can be measured but reliability of
orientation analysis is low. Thus, in one embodiment, the

average diameter of the o phase in the L cross-section of
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the wire according to the present invention is calculated
through procedures from (1) to (3) as follows.

(1) The L cross-section of the wire is assumed to be
the inspection surface, and measurement of concentration of
Al and Si using the EDS and crystal orientation analysis
using the EBSD are performed at the same time.

(2) For the region that is specified as the o phase
based on the measurement result of the EDS, the crystal
orientation is analyzed, and if the orientation difference
between measurement points is equal to or larger than 15°,
it is determined to be the crystal grain boundary, and the
equivalent circle diameter of each crystal grain is
obtained.

(3) The average diameter of the o phase is calculated
by arithmetically averaging equivalent circle diameters of
respective crystal grains.

[0040] In the present invention, in calculating the
average diameter of the o phase in the L cross-section,
only o phases having a diameter (equivalent circle
diameter) equal to or larger than 0.5 pm are considered as
targets. Due to this, it is possible to accurately
determine whether a requirement is met, the requirement
being related to the average diameter of the o phase in the
L cross-section that is suitable for improving stability of
bonding strength in the 2nd bonding.

[0041] In measuring the average diameter of the o phase
in the L cross-section, the measurement region is
determined so that the length in the wire center axis
direction is equal to or larger than 100 pm and smaller
than 400 pum, and the entire wire is accommodated in the
direction perpendicular to the wire center axis.

[0042] -Crystal orientation of Si phase-
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In the wire according to the present invention, as a
result of further measuring the crystal orientation for the
Si phase in the L cross-section, among crystal orientations
in the wire center axis direction, an orientation ratio of
a crystal orientation <110> angled at 15° or less to the
wire center axis direction is preferably equal to or higher
than 30% and equal to or lower than 80%. Hereinafter, the
orientation ratio of the crystal orientation <110> is also
referred to as the "orientation ratio of the crystal
orientation <110> of the Si phase in the L cross-section".
[0043] The present inventors have found that loop
straightness is improved when the orientation ratio of the
crystal orientation <110> of the Si phase in the L cross-
section is equal to or higher than 30% and equal to or
lower than 80%. A reason for this is considered to be a
synergistic effect of accelerating uniform deformation of
the wire by containing predetermined concentration of Si
and controlling the average diameter of the Si phase in the
L cross-section to fall within a predetermined range, and
reducing variations in mechanical strength in the wire
center axis direction by causing the orientation ratio of
the crystal orientation <110> of the Si phase in the L
cross-section to be equal to or higher than 30% and equal
to or lower than 80%.

[0044] From a viewpoint of further improving loop
straightness, the orientation ratio of the crystal
orientation <110> of the Si phase in the L cross-section of
the wire according to the present invention is more
preferably equal to or higher than 35%, and even more
preferably equal to or higher than 40%, equal to or higher
than 45%, or equal to or higher than 50%. On the other
hand, there is a tendency that an effect of improving the

loop straightness cannot be obtained when the orientation
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ratio of the crystal orientation <110> of the Si phase in
the L cross-section exceeds 80% although a reason for that
is not clear. An upper limit of the orientation ratio of
the crystal orientation <110> of the Si phase in the L
cross-section is preferably equal to or lower than 80%, and
more preferably equal to or lower than 78%, equal to or
lower than 76%, or equal to or lower than 75%.

[0045] In measuring the orientation ratio of the crystal
orientation <110> of the Si phase in the L cross-section of
the wire according to the present invention, a method of
combining information of concentration of Al and Si
obtained by the SEM-EDS and information of crystal
orientation obtained by the EBSD can be used.

Specifically, the L cross-section of the wire is assumed to
be an inspection surface, and measurement of concentration
of Al and Si using the EDS and crystal orientation analysis
using the EBSD are performed at the same time.
Subsequently, for a region that is specified as the Si
phase based on a measurement result of the EDS, the
orientation ratio of the crystal orientation <110> of the
Si phase can be calculated by using analysis software
attached to the device. 1In calculating the orientation
ratio, the orientation ratio of the crystal orientation
<110> is assumed to be an area ratio of the crystal
orientation <110> that is calculated assuming that an area
of only the crystal orientation identified based on certain
reliability is a population in a measurement area. In a
process of obtaining the orientation ratio, calculation was
performed excluding a part in which the crystal orientation
cannot be measured, and a part in which the crystal
orientation can be measured but reliability of orientation
analysis is low. Thus, in one embodiment, the orientation

ratio of the crystal orientation <110> of the Si phase in
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the L cross-section of the wire according to the present
invention is calculated through procedures of (1) and (2)
as follows.

(1) The L cross-section of the wire is assumed to be
the inspection surface, and measurement of concentration of
Al and Si using the EDS and crystal orientation analysis
using the EBSD are performed at the same time.

(2) For the region that is specified as the Si phase
based on the measurement result of the EDS, the crystal
orientation is analyzed, and the orientation ratio of the
crystal orientation <110> of the Si phase is calculated.
[0046] In the present invention, the orientation ratio
of the crystal orientation <110> of the Si phase in the L
cross—-section is assumed to be an arithmetic mean value of
respective values of orientation ratios obtained by
measuring three or more parts. In selecting the
measurement region, from a viewpoint of securing
objectivity of measurement data, it is preferable to
acquire a sample for measurement to be measured from the
bonding wire as a measurement target at intervals of 1 m or
more with respect to the wire center axis direction. 1In
the present invention, the measurement region for the
crystal orientation measured by the EBSD method is
determined so that the length in the wire center axis
direction is equal to or larger than 100 pym and smaller
than 400 um, and the entire wire is accommodated in the
direction perpendicular to the wire center axis.

[0047] -Addition of Ni, Pd, and Pt-

The wire according to the present invention may
further contain 3 mass ppm or more and 150 mass ppm or less
of one or more of Ni, Pd, and Pt in total.

[0048] The present inventors have found that corrosion

resistance in a high-temperature and high-humidity
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environment can be improved by further containing 3 mass
ppm or more and 150 mass ppm or less of one or more of Ni,
Pd, and Pt in total. Although a reason for this is not
clear, it is considered that an effect of improving
corrosion resistance in a high-temperature and high-
humidity environment by containing predetermined
concentration of Si is synergistically enhanced by
containing 3 mass ppm or more and 150 mass ppm or less of
one or more of Ni, Pd, and Pt in total.

[0049] From a viewpoint of improving the corrosion
resistance in a high-temperature and high-humidity
environment, total concentration of Ni, Pd, and Pt in the
wire according to the present invention is preferably equal
to or larger than 3 mass ppm, more preferably equal to or
larger than 5 mass ppm, equal to or larger than 6 mass ppm,
equal to or larger than 8 mass ppm, or equal to or larger
than 10 mass ppm, and an upper limit thereof is preferably
equal to or smaller than 150 mass ppm, and more preferably
equal to or smaller than 145 mass ppm, or equal to or
smaller than 140 mass ppm.

[0050] As an aluminum raw material for manufacturing the
wire according to the present invention, it is preferable
to use Al having a purity of 4N (Al: 99.99% by mass or
more), and more preferable to use Al having a purity of 5N
(Al: 99.999% by mass or more) in which an amount of
impurities is smaller. In a range of not inhibiting the
effect of the present invention, the balance of the wire
according to the present invention may contain an element
other than Al. Content of Al in the wire according to the
present invention is not limited so long as the content
does not inhibit the effect of the present invention,
preferably equal to or larger than 90% by mass, more

preferably equal to or larger than 92% by mass, equal to or
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larger than 92.5% by mass, or equal to or larger than 93%
by mass, and even more preferably equal to or larger than
93.5% by mass, equal to or larger than 94% by mass, equal
to or larger than 94.5% by mass, equal to or larger than
94.6% by mass, equal to or larger than 94.8% by mass, or
equal to or larger than 95% by mass. According to one
embodiment, the balance of the wire according to the
present invention consists of Al and inevitable impurities.
Thus, according to a preferred embodiment, the wire
according to the present invention consists of Al, Si, and
inevitable impurities. According to another preferred
embodiment, the wire according to the present invention
consists of Al, Si, one or more of Ni, Pd, and Pt, and
inevitable impurities.

[0051] In a preferred embodiment, the wire according to
the present invention does not have a coating that contains
a metal other than Al as a main component on the outer
periphery of the wire. Herein, the "coating that contains
a metal other than Al as a main component" means the
coating in which the content of the metal other than Al is
50% by mass or more.

[0052] The wire according to the present invention can
exhibit favorable rapid temperature cycle reliability,
favorable bonding strength at the 2nd bonding part, loop
straightness, and high corrosion resistance in a high-
temperature and high-humidity environment while satisfying
favorable temperature cycle reliability and a favorable
bonding quality at the 1lst bonding part. Accordingly, the
bonding wire according to the present invention can be
preferably used as an Al alloy bonding wire for a
semiconductor device, especially as an Al alloy bonding

wire for a power semiconductor device.
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[0053] A wire diameter of the wire according to the
present invention is not particularly limited, and may be
appropriately determined depending on specific purposes.
The wire diameter may be preferably equal to or larger than
50 pm, equal to or larger than 60 um, equal to or larger
than 80 um, equal to or larger than 100 um, equal to or
larger than 120 um, equal to or larger than 140 um, equal
to or larger than 150 um, or the like. An upper limit of
the wire diameter is not particularly limited, and may be
equal to or smaller than 600 um, equal to or smaller than
550 pym, equal to or smaller than 500 um, or the like, for
example.
[0054] (Method for manufacturing Al alloy bonding wire)
The following describes an example of a method for
manufacturing the Al alloy bonding wire according to the
present invention. Al and alloy elements as raw materials
preferably have a high purity. Al preferably has a purity
of 99.99% by mass or more and includes inevitable
impurities as a balance. Si, Ni, Pd, and Pt used as alloy
elements preferably have a purity of 99.9% by mass or more
and include inevitable impurities as a balance. An Al
alloy used for the bonding wire can be manufactured by
loading an Al raw material and alloy elements as raw
materials into a crucible made of graphite or alumina that
is processed to obtain an ingot having a cylindrical shape,
and melting the raw materials by using an electric furnace
or a high-frequency heating furnace. A diameter of the
ingot having a cylindrical shape is preferably equal to or
larger than ©6 mm and smaller than ®8 mm while considering
processability in a subsequent processing step. An
atmosphere in the furnace at the time of melting is
preferably an inert atmosphere or a reducing atmosphere to

prevent Al or other elements constituting the wire from
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being excessively oxidized. The highest end-point
temperature of melted metal at the time of melting
preferably falls within a range equal to or higher than
700°C and lower than 1050°C to prevent impurity elements
from being mixed into the melted metal from the crucible
while securing fluidity of the melted metal. As a method
for cooling after the melting, water cooling, furnace
cooling, air cooling, and the like can be used.

[0055] By performing homogenization processing on the
ingot having a cylindrical shape obtained by melting, and
repeatedly performing wire-drawing processing using dies
and intermediate heat treatment thereon, the wire having a
desired wire diameter can be manufactured. The wire after
being subjected to the wire-drawing processing can be used
as the Al alloy bonding wire by performing final heat
treatment using the electric furnace.

[0056] To control the average diameter of the Si phase
in the L cross-section to fall within a range equal to or
larger than 0.8 um and equal to or smaller than 5.5 um, it
is effective to control manufacturing conditions such as a
homogenization processing condition, a wire-drawing
processing condition, an intermediate heat treatment
condition, and a final heat treatment condition. At the
time of wire-drawing processing, it is effective to use a
lubricating liquid to secure lubricity at a contact
interface between the wire and the die. The following
describes an example of the manufacturing condition for
controlling the average diameter of the Si phase in the L
cross-section to fall within a range equal to or larger
than 0.8 pym and equal to or smaller than 5.5 um.

[0057] It is effective that a temperature range for the
homogenization processing is set to be equal to or higher

than 500°C and lower than 560°C, and a time therefor is set
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to be equal to or longer than 3 hours and shorter than 5
hours. Through this homogenization processing, it is
possible to reduce variations in concentration of Si
contained in the o phase crystallized out in a
solidification process, and control deformation behavior of
the Si phase due to the wire-drawing processing thereafter
by growing the fine Si phase and softening the wire.
Thereafter, by repeating the wire-drawing processing and
the intermediate heat treatment, the diameter of the Si
phase can be controlled. When the wire-drawing processing
is performed, the Si phase is deformed in the wire center
axis direction, and part of the Si phase is broken and
becomes finer. On the other hand, when the intermediate
heat treatment is performed, the Si phase is grown. Thus,
to control the Si phase to have a desired diameter, it is
important to optimize a condition for the wire-drawing
processing, a temperature and a time for the intermediate
heat treatment, the number of times of the intermediate
heat treatment, and the wire diameter. Regarding the wire-
drawing processing condition, it is effective to cause an
area reduction ratio of the wire per die used at the time
of wire-drawing processing to fall within a range equal to
or larger than 10.5% and smaller than 12.5%. Herein,
assuming that the area reduction ratio of the wire per die
is P1l, Pl is represented by the following expression.
[0058] Pl = {(R2?2 - Ri?)/R2?} x 100

In the expression, Rz represents a diameter (mm) of
the wire before processing, and Ri represents a diameter
(mm) of the wire after processing.
[0059] Due to this, the Si phase can be substantially
uniformly deformed in the entire wire. It is effective
that a temperature range for the intermediate heat

treatment is set to be equal to or higher than 400°C and
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lower than 440°C, and the time for the intermediate heat
treatment is set to be equal to or longer than 1 hour and
shorter than 2 hours. It is also effective that the number
of times of the intermediate heat treatment is set to be
two, a wire diameter for performing the first intermediate
heat treatment is 2.6 to 3.0 times a final wire diameter,
and a wire diameter for performing the second intermediate
heat treatment is 1.6 to 2.0 times the final wire diameter.
It is effective that a temperature range for the final heat
treatment is set to be equal to or higher than 250°C and
lower than 360°C, and a time for the final heat treatment
is set to be equal to or longer than 20 hours and shorter
than 24 hours. 1In a case of performing the final heat
treatment without performing the intermediate heat
treatment, breaking elongation required for the Al alloy
bonding wire and a desired diameter of the Si phase cannot
be obtained at the same time. As described above, it is
effective that a condition for the intermediate heat
treatment focuses on control of the diameter of the Si
phase, and a condition for the final heat treatment focuses
on control of breaking elongation. That is, by performing
the intermediate heat treatment under a predetermined
condition to grow the Si phase in advance, it is possible
to easily control the diameter of the Si phase to be a
desired diameter after the final heat treatment. Due to
this, while causing the wire to be recrystallized and
securing breaking elongation required for the Al alloy
bonding wire, it is possible to easily control the Si phase
to be grown to have a desired diameter.

[0060] The intermediate heat treatment and the final
heat treatment can be performed by a method of heating for
a certain time in the electric furnace. An atmosphere in

the heat treatment is preferably an inert atmosphere or a
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reducing atmosphere to suppress excessive oxidation of Al
and Si.

[0061] To control the average value of the ratio (a/b)
of the Si phase in the L cross-section of the wire to fall
within a range equal to or larger than 1.3 and equal to or
smaller than 3.2, it is effective to control a wire feeding
speed at the time of wire-drawing processing in accordance
with the wire diameter for performing the wire-drawing
processing. The following describes a preferred example of
a condition of the wire feeding speed to control the
average value of the ratio (a/b) to fall within a desired
range.

[0062] A wire-drawing processing step from when the
ingot is obtained by melting until the first intermediate
heat treatment is performed is assumed to be "wire-drawing
processing 1". A wire-drawing processing step from the
first intermediate heat treatment to the second
intermediate heat treatment is assumed to be "wire-drawing
processing 2". A wire-drawing processing step from the
second intermediate heat treatment until when the final
diameter is obtained is assumed to be "wire-drawing
processing 3". It is effective that the wire feeding speed
in the wire-drawing processing 1 is equal to or higher than
15 m/minute and lower than 25 m/minute, the wire feeding
speed in the wire-drawing processing 2 is equal to or
higher than 30 m/minute and lower than 55 m/minute, and the
wire feeding speed in the wire-drawing processing 3 is
equal to or higher than 70 m/minute and lower than 90
m/minute. It is considered that this is because stress
applied in the wire center axis direction can be controlled
at the time of the wire-drawing processing by setting the
wire feeding speed to fall within a predetermined range,

and the average value of the ratio (a/b) of the Si phase in
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the L cross-section of the wire can be controlled to fall
within a desired range.

[0063] To control the average diameter of the o phase in
the L cross-section of the wire to fall within a range
equal to or larger than 5 um and equal to or smaller than
50 pym, it is effective to perform additional heat treatment
before the final heat treatment with the final wire
diameter. The following describes a method of additional
heat treatment for controlling the average diameter of the
o phase in the L cross-section to fall within a range equal
to or larger than 5 um and equal to or smaller than 50 um,
and an example of conditions therefor. For the additional
heat treatment, a method of continuously sweeping the wire
into a heated tubular furnace can be used. It is effective
that a temperature range for the additional heat treatment
is set to be equal to or higher than 540°C and lower than
560°C, and a time for the additional heat treatment is set
to be equal to or longer than 1.5 seconds and shorter than
3.0 seconds. An inert gas is preferably refluxed in the
tubular furnace to suppress excessive oxidation of Al and
Si during the heat treatment. It is considered that this
is because, by performing the additional heat treatment
before the final heat treatment under the condition
described above with a higher temperature and shorter time
than those of the final heat treatment, the diameter of the
o phase can be controlled to fall within a desired range
while suppressing growth of the Si phase and
recrystallizing the o phase.

[0064] To control the orientation ratio of the crystal
orientation <110> of the Si phase in the L cross-section of
the wire to fall within a range equal to or higher than 30%
and equal to or lower than 80%, it is effective to control

a reduction angle of the die (hereinafter, also referred to
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as a "die angle"). It is effective to set the die angle to
be equal to or larger than 14° and smaller than 18° to
control the orientation ratio of the crystal orientation
<110> of the Si phase in the L cross-section to fall within
the range from 30 to 80%. It is considered that this is
because the crystal orientation of the Si phase can be
controlled to fall within a desired range when a contact
area between the wire and the die varies when the wire
enters the die, and compressive stress applied to a wire
surface varies.

[0065] [Semiconductor device]

The semiconductor device can be manufactured by
connecting the electrode on the semiconductor chip to the
lead frame or an external electrode on the substrate by
using the wire of the present invention.

[0066] In one embodiment, the semiconductor device of
the present invention includes a circuit board, the
semiconductor chip, and the bonding wire for bringing the
circuit board and the semiconductor chip into conduction
with each other, and is characterized in that the bonding
wire is the wire of the present invention.

[0067] In the semiconductor device of the present
invention, the circuit board and the semiconductor chip are
not particularly limited, and a known circuit board and
semiconductor chip that may be used for constituting the
semiconductor device may be used. Alternatively, a lead
frame may be used in place of the circuit board. For
example, like the semiconductor device disclosed in
Japanese Patent Application Laid-open No. 2020-150116, the
semiconductor device may include a lead frame and a
semiconductor chip mounted on the lead frame.

[0068] Examples of the semiconductor device include

various semiconductor devices used for electric products
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(for example, a computer, a cellular telephone, a digital
camera, a television, an air conditioner, a solar power
generation system), vehicles (for example, a motorcycle, an
automobile, an electric train, a ship, and an aircraft),
and the like, and a semiconductor device for electric power

(power semiconductor device) is especially preferred.

[Examples]
[0069] Hereinafter, the present invention will be
described in detail with reference to Examples. However,

the present invention is not limited to the following
Examples.
[0070] (Sample)

A method for producing a sample will be described. As
a raw material, Al having a purity of 4N (99.99% by mass or
more) and including inevitable impurities as a balance was
used. Si, Ni, Pd, and Pt used as alloy elements each
having a purity of 99.99% by mass or more and including
inevitable impurities as a balance were also used. The Al
alloy used for the bonding wire was manufactured by loading
an Al raw material and the alloy elements as raw materials
into an alumina crucible, and melting them by using a high-
frequency heating furnace. An atmosphere inside the
furnace at the time of melting was an Ar atmosphere, and
the highest end-point temperature of melted metal at the
time of melting was 800°C. A cooling method after the
melting was furnace cooling.
[0071] After an ingot of ®6 mm having a cylindrical
shape was obtained by melting, and the ingot was subjected
to homogenization processing, wire-drawing processing using
dies and intermediate heat treatment were performed to
produce a wire of ®300 um. A temperature range for the

homogenization processing was set to be equal to or higher
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than 500°C and lower than 560°C, and a time therefor was
set to be equal to or longer than 3 hours and shorter than
5 hours. A commercially available lubricating liquid was
used at the time of the wire-drawing processing, and an
area reduction ratio of the wire per die at the time of the
wire-drawing processing was equal to or larger than 10.5%
and smaller than 12.5%. A temperature range for the
intermediate heat treatment was set to be equal to or
higher than 400°C and lower than 440°C, and a time for the
intermediate heat treatment was set to be equal to or
longer than 1 hour and shorter than 2 hours. The number of
times of the intermediate heat treatment was set to be two,
a wire diameter for performing the first intermediate heat
treatment was 2.6 to 3.0 times the final wire diameter, and
a wire diameter for performing the second intermediate heat
treatment was 1.6 to 2.0 times the final wire diameter. A
temperature range for the final heat treatment was set to
be equal to or higher than 250°C and lower than 360°C, and
a time for the final heat treatment was set to be equal to
or longer than 20 hours and shorter than 24 hours.

[0072] In some Examples, the wire feeding speed in the
wire-drawing processing 1 was set to be equal to or higher
than 15 m/minute and lower than 25 m/minute, the wire
feeding speed in the wire-drawing processing 2 was set to
be equal to or higher than 30 m/minute and lower than 55
m/minute, and the wire feeding speed in the wire-drawing
processing 3 was set to be equal to or higher than 70
m/minute and lower than 90 m/minute. In some Examples,
additional heat treatment was performed before the final
heat treatment with the final wire diameter, and the
condition for the additional heat treatment was set such
that a temperature range was equal to or higher than 540°C

and lower than 560°C, and a time was equal to or longer
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than 1.5 seconds and shorter than 3.0 seconds. In some
Examples, the wire-drawing processing was performed by
using dies having a die angle equal to or larger than 14°
and smaller than 18°.

[0073] (Method for measuring element content)

For concentration analysis of elements contained in
the bonding wire, ICP-OES ("PS3520UVDDII"™ manufactured by
Hitachi High-Tech Science Corporation) or ICP-MS ("Agilent
7700x ICP-MS" manufactured by Agilent Technologies, Inc.)
was used as an analysis device.

[0074] (Method for measuring average diameter of Si
phase and shape of Si phase)

An inspection surface was the L cross-section of the
Al alloy bonding wire, and the average diameter of the Si
phase and the shape of the Si phase were measured. In the
present invention, the wire center axis and the cross
section (L cross-section) in the wire center axis direction
including the wire center axis are illustrated in FIG. 1.
The FE-SEM and the EDS were used for measurement, and the
average diameter of the Si phase, the length (a) of the Si
phase in the wire center axis direction and the length (b)
of the Si phase in the direction perpendicular to the wire
center axis were calculated through the procedure described
above. The measurement region was determined so that the
length in the wire center axis direction was 200 upm, and
the entire wire was accommodated in the direction
perpendicular to the wire center axis. At the time of
processing the cross section to expose the L cross-section
of the Al alloy bonding wire, the cross section may be
deviated from the wire center axis. At this point, if the
length in the direction perpendicular to the wire center
axis of the L cross-section is 90% or more of the wire

diameter, the L cross-section can be regarded as a cross
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section including the wire center axis. This is because,
if the length in the perpendicular direction of the L
cross-section is equal to or larger than 90%, an effect of
deviation from the wire center axis on measurement result
of the average diameter of the Si phase or the shape of the
Si phase is negligibly small.

[0075] (Method for measuring orientation ratio of
crystal orientation <110> of Si phase)

The L cross-section of the Al alloy bonding wire was
an inspection surface, and among crystal orientations in
the wire center axis direction of the Si phase, the
orientation ratio of the crystal orientation <110> angled
at 15° or less to the wire center axis direction was
measured. In measuring the orientation ratio of the
crystal orientation <110>, a method of combining
information of Si concentration obtained by the SEM-EDS and
information of the crystal orientation obtained by the EBSD
was used. Specifically, measurement of the concentration
of Al and Si using the EDS and crystal orientation analysis
using the EBSD were performed at the same time.
Subsequently, for the region that is specified as the Si
phase based on a measurement result of the EDS, the
orientation ratio of the crystal orientation <110> was
calculated by using analysis software attached to the
device. Measurement regions at three parts were randomly
selected at intervals of 1 m or more with respect to the
wire center axis direction, and an arithmetic mean value of
orientation ratios of the crystal orientation <110> of the
Si phase obtained from the measurement regions at the three
parts was the orientation ratio of the crystal orientation
<110> of the Si phase of a measurement sample. The
measurement region was determined so that the length in the

wire center axis direction was 200 um, and the entire wire
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was accommodated in the direction perpendicular to the wire
center axis.

[0076] (Method for measuring average diameter of «
phase)

The L cross-section of the Al alloy bonding wire was
an inspection surface, and measurement of the concentration
of Al and Si using the EDS and crystal orientation analysis
using the EBSD were performed at the same time.
Subsequently, for the region that is identified as the «
phase based on the measurement result of the EDS, if an
orientation difference between measurement points was equal
to or larger than 15°, it was determined to be a crystal
grain boundary, and an equivalent circle diameter was
calculated using analysis software attached to the device.
An arithmetic mean value of equivalent circle diameters of
the respective o phases was the average diameter of the «o
phase. The measurement region was determined so that the
length in the wire center axis direction was 200 um, and
the entire wire was accommodated in the direction
perpendicular to the wire center axis.

[0077] (Method for evaluating Al alloy bonding wire)

The following describes a method for evaluating the Al
alloy bonding wire. The wire diameter of the Al alloy
bonding wire used for evaluation was ®300 um. The
semiconductor chip made of Si was used, and as the
electrode on the semiconductor chip, used was an alloy
having a composition of Al-0.5%Cu deposited to have a
thickness of 5 um. As a substrate, 15 um of Ni was
deposited on an Al alloy. For bonding of the Al alloy
bonding wire, a commercially available wire bonder
(manufactured by Ultrasonic Engineering Co., Ltd.) was

used.
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[0078] (Method for evaluating temperature cycle
reliability)

For evaluation in the temperature cycle test, a
commercially available thermal shock test device was used.
In the temperature cycle test, a temperature rise and a
temperature fall are repeated when a sample chamber moves
between a low-temperature tank and a high-temperature tank.
A temperature of the low-temperature tank was -40°C, and a
temperature of the high-temperature tank was 175°C. The
test was started in a state in which the sample chamber was
present in the high-temperature tank, and a period from
when the sample chamber moved to the low-temperature tank
until it returned to the high-temperature tank was one
cycle. A time during which the sample chamber stayed in
each of the low-temperature tank and the high-temperature
tank was 20 minutes. A sample to be subjected to the
temperature cycle test had a structure in which a
semiconductor chip was mounted on a substrate, and an
electrode on the semiconductor chip is connected with an
electrode on the substrate via the Al alloy bonding wire.
After the test was started, the sample was taken out every
100 cycles, and a shear test was performed on the 1st
bonding part. As a value of shear force of the 1st bonding
part used for evaluating the temperature cycle reliability,
an arithmetic mean value of shear force of 1lst bonding
parts at five points, which were randomly extracted, was
used. The number of cycles at the time when the shear
force was lowered to 70% or less of a value before the
temperature cycle test was a lifetime of wire bond. If the
lifetime of wire bond was shorter than 500 cycles, it was
determined that there was a problem in a practical use and
the value was determined to be "0". If the lifetime of

wire bond was equal to or longer than 500 cycles and
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shorter than 750 cycles, it was determined that there was
no problem in a practical use and the value was determined
to be "1". If the lifetime of wire bond was equal to or
longer than 750 cycles and shorter than 1000 cycles, it was
determined to be excellent and the value was determined to
be "2". If the lifetime of wire bond was equal to or
longer than 1000 cycles, it was determined to be especially
excellent and the value was determined to be "3". "0" is
unacceptable, and "1", "2", and "3" are acceptable.
Evaluation results are described in a column of
"Temperature cycle reliability" in tables.

[0079] (Method for evaluating rapid temperature cycle
reliability)

For evaluation of the rapid temperature cycle test, a
commercially available rapid-rate thermal shock test device
was used. A sample to be subjected to the rapid
temperature cycle test was the same as the sample used for
evaluating the temperature cycle reliability. Heating and
cooling were performed as one cycle to repeatedly apply a
thermal load to the sample disposed in a sample chamber of
the rapid-rate thermal shock test device. A minimum
temperature was -50°C, and a maximum temperature was 175°C.
A heating time including a temperature rising time was 20
seconds, and a cooling time including a temperature falling
time was 40 seconds. After the test was started, the
sample was taken out every 500 cycles, and a shear test was
performed on the 1lst bonding part. As a value of shear
force of the 1st bonding part used for evaluating the
temperature cycle reliability, an arithmetic mean value of
shear force of 1st bonding parts at five points, which were
randomly extracted, was used. The number of cycles at the
time when the shear force was lowered to 70% or less of a

value before the temperature cycle test was the lifetime of
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wire bond. If the lifetime of wire bond was shorter than
4000 cycles, it was determined that there was a problem in
a practical use and the value was determined to be "0". If
the lifetime of wire bond was equal to or longer than 4000
cycles and shorter than 6000 cycles, it was determined that
there was no problem in a practical use and the value was
determined to be "1". TIf the lifetime of wire bond was
equal to or longer than 6000 cycles and shorter than 8000
cycles, it was determined to be excellent and the value was
determined to be "2". TIf the lifetime of wire bond was
equal to or longer than 8000 cycles, it was determined to
be especially excellent and the value was determined to be
"3", "0" is unacceptable, and "1", "2", and "3" are
acceptable. Evaluation results are described in a column
of "Rapid temperature cycle reliability" in tables.

[0080] (Method for evaluating 1lst bondability)

The following describes a method for evaluating a 1lst
bondability. The 1st bondability was evaluated by a shear
force test. The 1lst bonding was performed at ten points
under a general bonding condition, and the shear force of
the 1st bonding part was measured. A commercially
available micro shear force tester was used for measuring
the shear force. A shear rate was 200 um/sec, and a height
of a shearing tool was 10 um from an electrode surface.

The shear force was measured by fixing, with a jig, the
substrate to which the wire was bonded. Among the 1st
bonding parts at the ten points, if there was at least one
point where the shear force was smaller than 800 gf, it was
determined to be unacceptable and evaluated as "0". If the
shear force was equal to or larger than 800 gf and smaller
than 1100 gf at all of the ten points, it was determined
that there was no problem in a practical use and evaluated

as "1". Furthermore, if there is no point where the shear



10

15

20

25

30

42

force is smaller than 800 gf among the ten points, and a
point where the shear force is equal to or larger than 1100
gf was included therein, it was determined to be excellent
and evaluated as "2". 1In a case in which the electrode on
the semiconductor chip was removed by alkali and the like
after the shear force test, and a crack was found on the
semiconductor chip when the semiconductor chip was observed
by an optical microscope, it was determined that there was
a problem in a practical use and evaluated as "0" even if
the shear force of the 1lst bonding part was equal to or
larger than 800 gf. "0" is unacceptable, and "1" and "2"
are acceptable. Evaluation results are described in a
column of "1lst bondability" in the tables.

[0081] (Method for evaluating bonding strength stability
of 2nd bonding part)

The shear force test was performed on 2nd bonding
parts at fifty points, which were randomly selected, to
acquire the bonding strength, and a population standard
deviation (o) was calculated. 1If o was equal to or larger
than 80 gf, it was determined that there was a problem in a
practical use, and evaluated as "0". If o was equal to or
larger than 40 gf and smaller than 80 gf, it was determined
to be favorable and evaluated as "1". If o was smaller
than 40 gf, it was determined to be excellent and evaluated
as "2". "0" is unacceptable, and "1" and "2" are
acceptable. Evaluation results are described in a column
of "Bonding strength stability of 2nd bonding part" in the
tables.

[0082] (Method for evaluating loop straightness)

The following describes a method for evaluating loop
straightness. A condition for forming a loop was a loop
length of 35.0 mm, and a loop height of 8 mm. When a

distance between wire bonding parts was X, and a length of



10

15

20

25

30

43

a line passing through the wire center axis was Y when the
substrate was observed from right above with an optical
microscope, regarding ten bonded bonding wires, if an
arithmetic mean value of a value obtained by dividing Y by
X (that 1is, Y/X) satisfied 1.04 < Y/X, 1t was determined to
be a fault and evaluated as "0". If 1.02 < Y/X < 1.04 was
satisfied, it was determined to be favorable and evaluated
as "1". If Y/X < 1.02 was satisfied, it was determined to
be excellent and evaluated as "2". "0" is unacceptable,
and "1" and "2" are acceptable. Evaluation results are
described in a column of "Loop straightness"™ in the tables.
[0083] (Method for evaluating corrosion resistance in
high-temperature and high-humidity environment)

Ten Al alloy bonding wires were bonded under a general
bonding condition, sealed with epoxy resin, and left in a
high-temperature and high-humidity furnace. A test
condition for a high-temperature and high-humidity test was
a temperature of 130°C and relative humidity of 85%, and an
atmosphere in the high-temperature and high-humidity
furnace was air atmosphere. In the sample after the high-
temperature and high-humidity test, a cross section of a
wire loop portion in the wire center axis direction
including the wire center axis was exposed by mechanical
polishing, and it was examined whether corrosion was caused
in the Al alloy bonding wire every 500 hours. The FE-SEM
was used to check whether corrosion was caused. A visual
field to be observed was 99% or more of the wire diameter,
and the length in the wire center axis direction of 1 mm or
more. A point where presence/absence of corrosion was
checked was the entire visual field to be observed. After
2500 hours had elapsed, surfaces of the ten wires were
observed with 200-fold magnification. If corrosion was

found at a position at 15 um from the wire surface toward
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the wire center axis, it was determined that there was a
problem in a practical use, and evaluated as "0". If no
corrosion was found at a position at 15 um from the wire
surface toward the wire center axis in all of the ten
wires, 1t was determined that there was no problem in a
practical use, and evaluated as "1". Furthermore, at the
time when 3500 hours had elapsed, if no corrosion was found
at a position at 15 um from the wire surface toward the
wire center axis in all of the ten wires, it was determined
to be excellent, and evaluated as "2". In corrosion of the
wire, even in a case in which the corrosion had progressed
in a circumferential direction of the wire, it was
determined that there was no problem in a practical use if
no corrosion was found at a position at 15 um or more from
the wire surface toward the wire center axis. "O" is
unacceptable, and "1" and "2" are acceptable. Evaluation
results are described in a column of "Corrosion resistance
in high-temperature and high-humidity environment" in the
tables.

[0084] The evaluation results of Examples and

Comparative Examples are indicated in Table 1 to Table 5.
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[0090] It was confirmed that all bonding wires in
Examples Nos. 1 to 80 contained 3.0% by mass or more and
10.0% by mass or less of Si, had the average diameter of
the Si phase in the L cross-section equal to or larger than
0.8 um and equal to or smaller than 5.5 um, and had
excellent temperature cycle reliability and a favorable 1st
bondability.

Additionally, it was confirmed that the bonding wires
in Examples Nos. 2, 3, 5 to 8, 10, 11, 13 to 22, 24, 25, 27
to 30, 32 to 38, 40 to 42, 44, 4¢, 48, 50, 51, 54, 55, 58
to 60, 62 to 64, 66 to 72, 74 to 76, and 78 to 80 brought a
more favorable result for the rapid temperature cycle
reliability, in which the average value of the ratio (a/b)
between the length (a) of the Si phase in the wire center
axis direction in the L cross-section and the length (b) of
the Si phase in the direction perpendicular to the wire
center axis in the L cross-section was equal to or larger
than 1.3 and equal to or smaller than 3.2.

It was also confirmed that the bonding wires in
Examples Nos. 9 to 22, 31 to 48, 57 to 64, and 73 to 80
brought a more favorable result for the bonding strength
stability of the 2nd bonding part, in which the average
diameter of the o phase in the L cross-section was equal to
or larger than 5 pm and equal to or smaller than 50 um.

As a result of measuring the crystal orientation of
the Si phase in the L cross-section, it was confirmed that
the bonding wires in Examples Nos. 35 to 48, 61 to 64, and
77 to 80 brought a more favorable result for the loop
straightness, in which the orientation ratio of the crystal
orientation <110> was equal to or higher than 30% and equal
to or lower than 80%.

Furthermore, it was confirmed that the bonding wires

in Examples Nos. 17 to 22, and 43 to 48 brought a more
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favorable result for the corrosion resistance in a high-
temperature and high-humidity environment, the bonding
wires containing 3 mass ppm or more and 150 mass ppm or
less of one or more of Ni, Pd, and Pt in total.

On the other hand, it was confirmed that, in the
bonding wires in Comparative Examples Nos. 1 to 6, at least
one of the Si concentration and the average diameter of the
Si phase in the L cross-section was out of the range of the
present invention, and any of the temperature cycle
reliability and the 1lst bondability was not sufficiently

obtained.
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CLAIMS
[Claim 1] An Al alloy bonding wire containing 3.0% by mass
or more and 10.0% by mass or less of Si, wherein an average
diameter of a Si phase in a cross section in a wire center
axis direction including a wire center axis of the Al alloy
bonding wire (L cross-section) is equal to or larger than

0.8 um and equal to or smaller than 5.5 um.

[Claim 2] The Al alloy bonding wire according to claim 1,
wherein an average value of a ratio (a/b) between a length
(a) of the Si phase in the wire center axis direction in
the L cross-section and a length (b) of the Si phase in a
direction perpendicular to the wire center axis in the L
cross—-section is equal to or larger than 1.3 and equal to

or smaller than 3.2.

[Claim 3] The Al alloy bonding wire according to claim 1 or
2, wherein an average diameter of an o phase in the L
cross-section is equal to or larger than 5 um and equal to

or smaller than 50 um.

[Claim 4] The Al alloy bonding wire according to any one of
claims 1 to 3, wherein, as a result of measuring a crystal
orientation of the Si phase in the L cross-section, among
crystal orientations in the wire center axis direction, an
orientation ratio of a crystal orientation <110> angled at
15° or less to the wire center axis direction is equal to

or higher than 30% and equal to or lower than 80%.

[Claim 5] The Al alloy bonding wire according to any one of
claims 1 to 4, further containing 3 mass ppm or more and
150 mass ppm or less of one or more of Ni, Pd, and Pt in

total.
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[Claim 6] The Al alloy bonding wire according to any one of
claims 1 to 5, wherein a balance of the Al alloy bonding

wire comprises Al and inevitable impurities.

[Claim 7] A semiconductor device comprising the Al alloy

bonding wire according to any one of claims 1 to 6.



