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(54) JUNCTION STRUCTURE

(57) A mounted structure includes an electrode of a substrate, an electrode of a semiconductor element, and a
mounted layers for bonding the electrode of the substrate and the electrode of the semiconductor element, and the
mounted layers includes: a first intermetallic compound layer containing a CuSn-based intermetallic compound; a Bi
layer; a second intermetallic compound layer containing a CuSn-based intermetallic compound; a Cu layer; and a third
intermetallic compound layer containing a CuSn-based intermetallic compound, and the above layers are sequentially
arranged from the electrode of the substrate toward the electrode of the semiconductor element to configure the mounted
layers.
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Description

TECHNICAL FIELD

[0001] The present invention relates to an internal bonding of a semiconductor component. More particularly, the
present invention relates to a mounted structure including a mounted layers for bonding an electrode of a semiconductor
element and an electrode of a substrate in a power semiconductor module required to have superior mechanical char-
acteristics and heat resistance.

DESCRIPTION OF THE RELATED ART

[0002] In an electronics packaging field, out of a concern of harm of lead and an increasing interest about the envi-
ronment, a bonding desirably does not use lead. Then, as for a Sn-Pb eutectic solder which is a general solder material,
its alternative material has been developed and practically used.
[0003] Meanwhile, in the context of technical development of GaN and SiC serving as a next-generation high output
device as alternatives to conventional Si, a Pb-free solder material having high heat resistance to a device heat generation
temperature of 250°C has been studied as a bonding material of the next-generation high output device.
[0004] As the Pb-free solder material having the high heat resistance, an Au-based solder material, Bi-based solder
material, Zn-based solder material, and Sn-based solder material have been studied. As for the Au-based solder material,
Au-20Sn having a melting point of 280°C, for example has been partially put to practical use, but since its main component
is Au, a physical property of the material is hard, and a material cost is high, so that its use is limited to a small component,
so that the Au-based solder material lacks versatility.
[0005] As for the Bi-based solder material, its melting point is in the vicinity of 270°C, so that there is no problem in
view of a melting temperature, but the Bi-based solder material lacks ductility and heat conductivity. In addition, as for
the Zn-based solder material, since its elastic modulus is too high, its mechanical characteristics and heat resistance
are problematic in the internal bonding of the semiconductor component.
[0006] Meanwhile, as for the Sn-based solder material, a bonding material has been studied to have a high melting
point by forming an AgSn compound and a CuSn combined with Ag and Cu which are widely used as electrode materials,
and Sn, as intermetallic compound, as described in Japanese Patent Laid-open Publication No. 2009-290007 A.
[0007] Fig. 11 is a cross-sectional view of a conventional mounted structure disclosed in Japanese Patent Laid-open
Publication No. 2009-290007 A. Referring to Fig. 11, a power semiconductor module has a mounted layers 604 between
a power semiconductor element 602 and an electrode 603. In this mounted layers 604, the AgSn compound and the
CuSn compound are used as its bonding material.

SUMMARY OF THE INVENTION

[0008] As for the bonding material containing the AgSn compound and the CuSn compound as described in Japanese
Patent Laid-open Publication No. 2009-290007 A, heat resistance to the heat generation of the power semiconductor
element can be provided due to the intermetallic compounds of Sn and Ag, and Sn and Cu. However, crack may be
generated in the power semiconductor element, or an interface between the power semiconductor element and the
mounted layers may be peeled off at the time of cooling down from 260°C heated in a bonding process to room tem-
perature.
[0009] It is considered that this is because ductility of the mounted layers is lost due to the intermetallic compound of
Sn and Ag, or Sn and Cu, and the thermal stress caused by a linear expansion coefficient difference between the power
semiconductor element and the electrode cannot be relaxed in the bonding process of the power semiconductor element.
[0010] Therefore, the mounted structure made of the bonding material in the Japanese Patent Laid-open Publication
No. 2009-290007 A has assignments to achieve both of prevention of crack generation of the power semiconductor
element or peeling between the power semiconductor element and the mounted layers due to the thermal stress, and
heat resistance, in the bonding process.
[0011] Thus, it is an object of the present invention to provide a mounted structure of a power semiconductor module
capable of showing heat resistance to heat generation of a power semiconductor element, and preventing peeling
between a mounted layers and the power semiconductor element.
[0012] According to the present invention, a mounted structure includes:

an electrode of a substrate;
an electrode of a semiconductor element; and
a mounted layers that bonds the electrode of the substrate and the electrode of the semiconductor element,
wherein the mounted layers includes along a direction from the substrate toward the semiconductor element:
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a first intermetallic compound layer containing a CuSn-based intermetallic compound;
a Bi layer;
a second intermetallic compound layer containing a CuSn-based intermetallic compound;
a Cu layer; and
a third intermetallic compound layer containing a CuSn-based intermetallic compound.

[0013] As described above, according to the mounted structure in the present invention, the mounted layers for bonding
the electrode of the substrate and the electrode of the semiconductor element includes the first intermetallic compound
layer containing the CuSn-based intermetallic compound, the Bi layer, the second intermetallic compound layer containing
the CuSn-based intermetallic compound, the Cu layer, and the third intermetallic compound layer containing the CuSn-
based intermetallic compound which are sequentially arranged from the electrode of the substrate toward the electrode
of the semiconductor element. When the semiconductor element and the electrode of the substrate are bonded through
this mounted layers, a stress can be relaxed by ductility of the Cu layer and low elasticity (32 3 109, N/m2) of the Bi
layer, with respect to the thermal stress in the bonding process, so that it is possible to prevent the crack generation of
the semiconductor element, or the peeling between the semiconductor element and the mounted layers.
[0014] In addition, the intermetallic compound layers, the Cu layer, and the Bi layer composing the mounted layers
each have sufficient heat resistance, so that it is possible to ensure the heat resistance to heat generation of the
semiconductor element at the time of an operation of the power semiconductor module. As a result, the mounted structure
in the present invention can achieve both of the prevention of the crack generation of the semiconductor element or the
peeling between the semiconductor element and the mounted layers due to the thermal stress, and the heat resistance,
in the bonding process. Thus, the semiconductor element and the electrode can be bonded with high quality to improve
bonding reliability.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The present invention will become readily understood from the following description of preferred embodiments
thereof made with reference to the accompanying drawings, in which like parts are designated by like reference numeral
and in which:

Fig. 1 is a cross-sectional view of a power semiconductor module bonded with a mounted structure according to a
first embodiment;
Fig. 2A is a cross-sectional view showing a detailed cross-sectional structure of the mounted structure according
to the first embodiment, and Fig. 2B is an enlarged cross-sectional view of a Cu layer in Fig. 2A;
Figs. 3A to 3C are flowcharts of manufacturing steps of the mounted structure according to the first embodiment;
Figs. 4A to 4C are schematic cross-sectional views showing detailed cross-sectional structures for forming a mounted
layers in the manufacturing steps of the mounted structure according to the first embodiment;
Fig. 5A is a cross-sectional view showing a detailed cross-sectional structure of a mounted structure according to
a second embodiment, and Fig. 5B is an enlarged cross-sectional view of a Cu layer in Fig. 5A;
Figs. 6A to 6C are flowcharts of manufacturing steps of the mounted structure according to the second embodiment;
Fig. 7A is a cross-sectional view showing a detailed cross-sectional structure of a mounted structure according to
an third embodiment, and Fig. 7B is an enlarged cross-sectional view of a Cu layer in Fig. 7A;
Figs. 8A to 8C are flowcharts of manufacturing steps of the mounted structure according to the third embodiment;
Figs. 9A to 9C are schematic cross-sectional views showing detailed cross-sectional structures for forming a mounted
layers in the manufacturing steps of the mounted structure according to the third embodiment;
Fig. 10 is a graph showing a relationship between a thickness of a Cu layer of a bonding material before the bonding
which is changed, and a thickness of the Cu layer of the mounted layers after the bonding, under the condition that
a thickness of an Sn layer of the bonding material before the bonding is 15 mm; and
Fig. 11 is a cross-sectional view of a mounted layers of a conventional power semiconductor module.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0016] A mounted structure according to a first aspect includes:

an electrode of a substrate;
an electrode of a semiconductor element; and
a mounted layers that bonds the electrode of the substrate and the electrode of the semiconductor element,
wherein the mounted layers includes along a direction from the substrate toward the semiconductor element:
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a first intermetallic compound layer containing a CuSn-based intermetallic compound;
a Bi layer;
a second intermetallic compound layer containing a CuSn-based intermetallic compound;
a Cu layer; and
a third intermetallic compound layer containing a CuSn-based intermetallic compound.

[0017] Further, as a mounted structure of a second aspect, in the first aspect, the mounted layers further includes:

a Bi layer; and
a fourth intermetallic compound layer containing a CuSn-based intermetallic compound, and
the above layers are sequentially arranged between the third intermetallic compound layer and the electrode of the
semiconductor element.

[0018] Further, as a mounted structure of a third aspect, in the first or the second aspect, the CuSn-based intermetallic
compound includes at least one intermetallic compound of Cu6Sn5 and Cu3Sn.
[0019] Further, as a mounted structure of a fourth aspect, in any one of the first to third aspect, the Cu layer has a
thickness of 6.2 mm or more.
[0020] Further, as a mounted structure of a fifth aspect, in the fourth aspect, a mount plane between the mounted
layers and the electrode of the semiconductor element has an area of between 5 mm2 and 100 mm2.
[0021] Further, as a mounted structure of a sixth aspect, in the first or the second aspect, the first intermetallic compound
layer contains the CuSn-based intermetallic compound, and includes an AgSn-based intermetallic compound.
[0022] Further, as a mounted structure of a seventh aspect, in the second aspect, the fourth intermetallic compound
layer contains the CuSn-based intermetallic compound, and includes an AgSn-based intermetallic compound.
[0023] A bonding material to be inserted between an electrode of a substrate and an electrode of a semiconductor
element according to an eighth aspect, the bonding material includes:

an Sn layer;
a Cu layer; and
Sn-Bi layer, and
the above layers are sequentially arranged to configure the bonding material, and
the Cu layer has a thickness equal to or more than thicknesses of the adjacent Sn layer and Sn-Bi layer.

[0024] A bonding material to be inserted between an electrode of a substrate and an electrode of a semiconductor
element according to an eighth aspect, the bonding material includes:

a first Sn-Bi layer;
a Cu layer; and
a second Sn-Bi layer, and
the above layers are sequentially arranged to configure the bonding material, and
the Cu layer has a thickness equal to or more than thicknesses of the adjacent first and second Sn-Bi layers.

[0025] Hereinafter, a mounted structure and a bonding material according to each embodiment will be described with
reference to the drawings. In addition, substantially the same member is marked with the same reference sign in the
drawings.

(First Embodiment)

[0026] Fig. 1 is a cross-sectional view of a power semiconductor module 100 bonded with a mounted layers 104
according to a first embodiment. This power semiconductor module 100 includes a substrate 101, and a semiconductor
element 102 bonded to an electrode 103 provided on the substrate 101 through the mounted layers 104. In addition, a
mounted structure 106 includes an electrode 205 of the semiconductor element 102, the mounted layers 104, and the
electrode 103.
[0027] Next, this formed mounted structure 106 will be described in detail with reference to Figs. 2A and Fig. 2B. Fig.
2A is a cross-sectional view showing a detailed cross-sectional structure of the mounted structure 106. This mounted
structure 106 includes the electrode 103, the electrode 205 of the semiconductor element 102, and the mounted layers
104 for bonding the electrode 103 and the electrode 205. The mounted layers 104 is provided in such a manner that a
first intermetallic compound layer 207c containing a CuSn-based intermetallic compound, a Bi layer 209, a second
intermetallic compound layer 207d containing a CuSn-based intermetallic compound, a Cu layer 200, and a third inter-
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metallic compound layer 208c containing a CuSn-based intermetallic compound are sequentially arranged from a side
of the electrode 103 toward a side of the electrode 205 of the semiconductor element 102. In addition, Fig. 2B is an
enlarged cross-sectional view of the three layers in Fig. 2A. As shown in Fig. 2B, a boundary surface between the second
intermetallic compound layer 207d and the Cu layer 200, and a boundary surface between the third intermetallic compound
layer 208c and the Cu layer 200 are not flat surfaces but concavo-convex surfaces. Therefore, it is considered that the
Cu layer 200 sandwiched between the second intermetallic compound layer 207d and the third intermetallic compound
layer 208c has thicknesses ranging from a minimum thickness tmin to a maximum thickness tmax.
[0028] As shown in Figs. 2A and Fig. 2B, the mounted structure 106 is characterized by having the layer-shaped Cu
layer 200 sandwiched between the second and third intermetallic compound layers 207d and 208c, and the layer-shaped
Bi layer 209 sandwiched between the first and second intermetallic compound layers 207c and 207d, in the mounted
layers 104 for bonding the electrode 103 and the electrode 205 of the semiconductor element 102. Because of such
laminated structure, each of the layers 207c, 209, 207d, 200, and 208c in the mounted layers 104 has sufficient heat
resistance, and ductility in the mounted layers 104 can be ensured by the layer-shaped Cu layer 200 sandwiched between
the second and third intermetallic compound layers 207d and 208c. In addition, stress relaxation is provided by a low-
elasticity metal layer of the layer-shaped Bi layer 209 sandwiched between the first and second intermetallic compound
layers 207c and 207d. The reason for those will be described below. As described above, the mounted structure 106
can achieve both of the heat resistance, and the stress relaxation due to the ductility of Cu and the low elasticity of Bi
with respect to thermal stress, in the bonding process. Especially, in this mounted structure 106, since the ductility is
provided with respect to the thermal stress, it is possible to prevent crack generation of the semiconductor element 102,
and peeling between the semiconductor element 102 and the mounted layers 104.

<Method for manufacturing mounted structure>

[0029] Figs. 3A to 3C are flowcharts of manufacturing steps of the mounted structure in the first embodiment. Fig. 3A
is a cross-sectional view showing a step of preparing a bonding material 203, and a step of supplying the bonding
material 203 onto the electrode 103. Fig. 3B is a cross-sectional view showing a step of mountting the semiconductor
element 102 on a Sn layer 202 of the bonding material 203. Fig. 3C is a cross-sectional view showing a step of obtaining
a mounted layers 212 through natural cooling after Fig. 3B.

(1) First, as shown in Fig. 3A, the bonding material 203 is prepared in such a manner that an Sn-Bi layer 201, the
Cu layer 200, and the Sn layer 202 are sequentially arranged. The bonding material 203 has the Cu layer 200 having
a thickness of 50 mm as a center layer, and the Sn-Bi layer 201 of Sn-58 wt% Bi (hereinafter, simply referred to as
Sn-Bi) having a thickness of 10 mm formed on a lower surface of the Cu layer 200 in a thickness direction, and the
Sn layer 202 having a thickness of 10 mm formed on an upper surface of the Cu layer 200, for example. In addition,
the thicknesses are just one example, and not limited to the above values. In addition, the composition of Sn-Bi
preferably falls within a variation range of 6 5 wt% or less with respect to an eutectic composition, in order to ensure
wettability at the time of melting and make the Sn-Bi layer remain as a single layer after the bonding. The Sn-Bi
layer 201 can be provided by electrolytic plating or non-electrolytic plating on the lower surface of the Cu layer 200.
Preferably, the Sn-Bi layer 201 can be provided by the electrolytic plating. In addition, the Sn layer 202 can be also
provided by the electrolytic plating or non-electrolytic plating. Preferably, the Sn layer 202 can be provided by the
electrolytic plating. In addition, the method for obtaining the bonding material having the Sn-Bi layer 201 on the back
surface of the Cu layer 200 and the Sn layer 202 on the front surface is not limited to the above method, and the
bonding material 203 may be configured by pressure-bonding Sn-Bi foil to a back surface of Cu foil, and pressure-
bonding Sn foil to a front surface. Alternatively, the bonding material 203 may be configured by forming films of Sn-
Bi and Sn on the back surface and the front surface of the Cu foil, respectively by a vacuum deposition method or
dip method. Furthermore, the bonding material 203 may be configured by sequentially arranging the Sn-Bi layer
201, the Cu layer 200, and the Sn layer 202 on the electrode 103 by the vacuum deposition method, so that the
step of supplying the bonding material 203 to the electrode 103 can be performed at the same time.
In addition, the Cu layer 200 of the bonding material 203 is preferably thicker than the Sn-Bi layer 201 and the Sn
layer 202 sandwiching both surfaces of the Cu layer 200. Furthermore, the Cu layer 200 preferably has a thickness
between 15 mm and 100 mm.
(2) Then, the bonding material 203 is supplied onto the electrode 103 (Fig. 3A). In supplying the bonding material
203 onto the electrode 103, the electrode 103 is to be previously heated. More specifically, the electrode 103 to be
used includes Cu alloy heated to 280°C in a nitrogen atmosphere containing 5% of hydrogen. As a result, when the
bonding material 203 is supplied onto the electrode 103, wettability of the Sn-Bi layer 201 and the Sn layer 202 can
be ensured in the bonding material 203.
In addition, it is preferable that Sn and Bi are molten at a temperature equal to or more than 270°C which is a melting
point of Bi with a view to increasing diffusion speed of Sn and Cu when Sn-Bi is melted. In this case, it has been
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actually confirmed that preferable wettability is provided in a range of heating temperatures of 270°C to 290°C.
Thus, in view of a temperature variation of a facility, the heating temperature is set at 280°C which is a middle value,
in an example which will be described below.
(3) Then, the semiconductor element 102 is mounted on the Sn layer 202 of the bonding material 203 (Fig. 3B). In
mountting the semiconductor element 102 on the bonding material 203, similar to the step of supplying the bonding
material 203 described above, the electrode 103 to be used is in the continuously heated state at 280°C from the
step of Fig. 3A, in the nitrogen atmosphere containing 5% of hydrogen.
The semiconductor element 102 to be used may include GaN, for example. In addition, the semiconductor element
102 to be used has a thickness of 0.3 mm, and a size of 4 mm 3 5 mm. In addition, the Ag layer 205 having a
thickness of 1 mm, for example is formed on the semiconductor element 102 as the electrode 205. Then, the
semiconductor element 102 is mounted on the Sn layer 202 of the bonding material 203 supplied on the electrode
103, with a load of 50 gf to 150 gf so that the Ag layer 205 comes in contact with the Sn layer 202 of the bonding
material 203.
(4) Then, after the semiconductor element 102 mounted on the bonding material 203 has been left for about 30
minutes while the electrode 103 is continuously heated at 280°C from Fig. 3B, in the nitrogen atmosphere containing
5% of hydrogen 5%, the heating is stopped, and then natural cooling is started in the nitrogen atmosphere containing
5% of hydrogen (Fig. 3C). As a result, the mounted layers 212 for bonding the electrode 103 and the electrode 205
of the semiconductor element 102 is formed, and the mounted structure can be manufactured.

<Formation of mounted layers>

[0030] In addition, the formation of the mounted layers 212 for bonding the electrode 103 and the semiconductor
element 102 of the mounted structure 106 will be described with reference to Figs. 4A to 4C.
[0031] Figs. 4A and 4B are views showing a change in state of the mounted structure 106 between the steps of Figs.
3B and 3C. Fig. 4C is a view showing the mounted structure 106 corresponding to Fig. 3C, and showing the mounted
layers 212 in detail.

a) Formation of intermetallic compound layers 207a and 207b, Bi layers 209a and 209b, and intermetallic compound 
layers 208a and 208b.

[0032] Fig. 4A is a schematic cross-sectional view just after the semiconductor element 102 has been mounted on
the bonding material 203 supplied on the electrode 103 as described in Fig. 3. By heating the electrode 103, an intermetallic
compound layer 208b containing an AgSn-based intermetallic compound is formed at an interface between the Ag layer
205 and the Sn layer 202 by a diffusion reaction. In addition, an intermetallic compound layer 208a of CuSn-based
intermetallic compound is formed at an interface between the Sn layer and the Cu layer of the bonding material 203 by
a diffusion reaction.
[0033] In addition, an intermetallic compound layer 207a of CuSn-based intermetallic compound is formed at an
interface between the Sn-Bi layer 201 of the bonding material 203 and the electrode 103 by a diffusion reaction. Fur-
thermore, an intermetallic compound layer 207b of CuSn-based intermetallic compound is formed at an interface between
the Sn-Bi layer 201 and the Cu layer 200 of the bonding material 203 by a diffusion reaction. In addition, while Bi does
not cause the diffusion reaction with Cu, Bi is deposited between the intermetallic compound layers 207a and 207b, and
the Sn-Bi layer 201, so that Bi layers 209a and 209b are formed.
[0034] As a result of the above reactions, the mounted layers 212a includes the intermetallic compound layers 207a,
the Bi layer 209a, the Sn-Bi layer 201, the Bi layer 209b, the intermetallic compound layer 207b, the Cu layer 200, the
intermetallic compound layer 208a,the Sn layer 202, and the intermetallic compound layer 207b.

b) Disappearance of Sn-Bi layer 201 and Sn layer 202

[0035] Fig. 4B is the schematic cross-sectional view of a state after 15 minutes has passed from Fig. 4A, that is, after
15 minutes has passed since the semiconductor element 102 was mounted on the electrode 103 through the bonding
material 203. After having been left for 15 minutes under the condition, heated to 280°C, the intermetallic compound
layers 208a and 208b, and the intermetallic compound layers 207a and 207b formed in Fig. 4A grow and the Sn layer
202 and the Sn-Bi layer 201 shown in Fig. 4A completely disappear.
[0036] More specifically, the intermetallic compound layers 208a and 208b which sandwiches the Sn layer 202 grow,
so that the Sn layer 202 disappears. As a result, the third intermetallic compound layer 208c in which the AgSn compound
is finely and uniformly diffused and mixed in the layer-shaped bulk CuSn-based intermetallic compound is formed.
Especially, the CuSn-based intermetallic compound serving as a main phase in the third intermetallic compound layer
208c is Cu6Sn5 or Cu3Sn, for example. In addition, AgSn-based intermetallic compound contained as a second phase
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is Ag3Sn, for example. In addition, the composition of the intermetallic compound can be confirmed by EDX (Energy
dispersion X-ray analysis) mounted on a scanning electron microscope (SEM) or the like.
[0037] In addition, the intermetallic compound layers 207a and 207b which sandwiches the Sn-Bi layer 201 grow, and
the Sn-Bi layer 201 disappears, so that the first and second intermetallic compound layers 207c and 207d of the CuSn-
based intermetallic compound and the Bi layer 209 are formed. In this case, the CuSn-based intermetallic compound
corresponds to Cu6Sn5 or Cu3Sn, for example.
[0038] Furthermore, in this case, the Cu layer 200 of the original bonding material 203 is partially changed to the
second and third intermetallic compound layers 207d and 208c by the diffusion reaction, but the layer-shaped Cu layer
200 remains (refer to Figs. 2A and 2B).
[0039] As a result of the above reactions, the mounted layers 212b includes the first intermetallic compound layer
207c, the Bi layer 209, the second intermetallic compound layer 207d, the Cu layer 200, and the third intermetallic
compound layer 208c. This mounted layers 212b is apparently different in configuration from the mounted layers 212a.
[0040] In addition, the heating time is 15 minutes here, but the time is not limited to this, and the heating time may be
within 45 minutes. As will be described below, when the heating time falls within 45 minutes, Cu of the electrode 103
can be prevented from being oxidized and changed in color.

c) Formation of mounted structure 106

[0041] Fig. 4C is the schematic cross-sectional view of the mounted structure 106 completed after being naturally
cooled down from the heated state in Fig. 4B to room temperature. By natural cooling from the heated state to room
temperature, the mounted structure 106 in Fig. 4C can be obtained while the laminated state in Fig. 4B is maintained.
In addition, the mounted layers 212 has roughly the same configuration as the mounted layers 212b, but when a high-
temperature phase/low-temperature phase or the like depending on the temperature exists in each intermetallic com-
pound, its composition partially changes in some cases.
[0042] For example, as shown in Fig. 4C, the electrode 103 and the electrode 205 of the semiconductor element 102
are bonded by the mounted layers 212. The mounted layers 212 includes the third intermetallic compound layer 208c
in which the AgSn intermetallic compound and the CuSn intermetallic compound are mixed, the Cu layer 200, the second
intermetallic compound layer 207d of the CuSn intermetallic compound, the Bi layer 209, and the first intermetallic
compound layer 207c of the CuSn intermetallic compound. In addition, the Cu layer 200 has an average thickness of
4.8 mm (average of measurements at N = 10 points from observation of cross-sectional surfaces (5 points are measured
in one cross-sectional surface, and measurements are taken in two cross-sectional surfaces)).

<Disappearance of Sn-Bi layer and Sn layer, and remains of layer-shaped Cu layer and Bi layer characterized in first 
embodiment>

[0043] As shown in Fig. 4C, in the mounted structure 106 according to this first embodiment, among the Sn-Bi layer
201, the Cu layer 200, and the Sn layer 202 of the bonding material 203 described in Fig. 3, the Sn-Bi layer 201 and the
Sn layer 202 disappear. Meanwhile, the layer-shaped Cu layer 200 sandwiched between the second and third intermetallic
compound layers 207d and 208c remains, so that ductility can be obtained in the mounted layers 212 due to the Cu
layer 200. In addition, the Bi layer 209 sandwiched between the first and second intermetallic compound layers 207c
and 207d remains, and low elasticity can be obtained due to the Bi layer 209.
[0044] Meanwhile, hypothetically, when it is assumed that the Sn-Bi layer is left in the bonding material to keep the
ductility of the mounted layers, contrary to the above, heat resistance is lost at a heat generation temperature of 250°C
of the semiconductor element at the time of the operation of the power semiconductor module because a melting point
of Sn-Bi is as low as 139°C. That is, in the case where the Sn-Bi layer remains, when the Sn-Bi remains in a shape of
a layer, for example, a defect is possibly generated such that the semiconductor element and the electrode are shifted
in position at the heat generation temperature of 250°C of the semiconductor element.
[0045] Therefore, the inventor of the present invention has thought of leaving the Cu layer and the Bi layer instead of
Sn-Bi. In this case, since Ag and Cu are widely used for the electrode, it is possible to think that Ag and Cu on the
electrode side are to be left. In a case where the mounted layers between the electrode of the semiconductor element
and the electrode of the substrate is totally formed of the intermetallic compound layer, sufficient ductility cannot be kept
in the mounted layers itself even when the Cu layer is left on the electrode side. Then, it is not possible to prevent the
crack generation in the semiconductor element, and the peeling between the semiconductor element and the mounted
layers, due to the thermal stress. Thus, as shown in Fig. 4C, the inventor of the present invention has come up with the
idea that the ductility is provided in the mounted layers 212 by leaving the layer-shaped Cu layer 200 sandwiched
between the second and third intermetallic compound layers 207d and 208c, and the low elasticity is provided by leaving
the Bi layer 209, and reached the configuration of the first embodiment.
[0046] The reasons why the crack generation and the peeling are prevented in the mounted layers of the mounted
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structure are considered as follows.
[0047] As shown in Fig. 4C, melting points of the AgSn compound and the CuSn compound in the third intermetallic
compound layer 208c of the mounted layers 212 are 480°C or more and 415°C or more, respectively. In addition, a
melting point of the CuSn compound in the first and second intermetallic compound layers 207c and 207d is 415°C or
more. In addition, a melting point of the Cu layer 200 is 1000°C or more, and a melting point of Bi layer 209 is 270°C.
From the above, it is considered that the heat resistance is ensured because as for the heat resistance to 250°C of heat
generation at the time of the operation of the semiconductor element 102 when the power semiconductor module is
used, the melting points of all components of the mounted layers 212 are higher than the above heat resistance criterion
of 250°C.
[0048] In addition, according to the above configuration, the mounted layers 212 has the third intermetallic compound
layer 208c in which the AgSn compound and the CuSn compound are mixed, the layer-shaped Cu layer 200, the second
intermetallic compound layer 207d, the Bi layer 209, and the first intermetallic compound layer 207c. By bonding the
semiconductor element 102 and the electrode 103 through the mounted layers 212, it is possible to achieve both of the
prevention of the crack generation or the peeling between the semiconductor element and the mounted layers due to
the thermal stress in the bonding process, and ensuring of the heat resistance to the heat generation of 250°C of the
semiconductor element at the time of the operation of the power semiconductor module, which could not be achieved
by the conventional technique. As a result, the semiconductor element and the electrode of the substrate can be bonded
with high quality, so that bonding reliability can be improved. Thus, it is considered that the mounted structure in this
first embodiment can solve the conventional problem.

(Second Embodiment)

[0049] Fig. 5A is a cross-sectional view showing a detailed cross-sectional structure of a mounted structure 106
according to a second embodiment. Fig. 5B is an enlarged cross-sectional view of a Cu layer 200 in Fig. 5A. Figs. 6A
to 6C are flowcharts of manufacturing steps of the mounted structure according to the second embodiment.
[0050] As shown in Fig. 5A, the mounted structure 106 according to the second embodiment includes an electrode
103, an electrode 205 of a semiconductor element 102, and a mounted layers 104 provided between them. As shown
in the cross-sectional view in Fig. 6A, compared with the bonding material according to the first embodiment, a bonding
material 213 used in the second embodiment is different in that an Sn-Bi layer 204 and an Sn layer 206 are arranged
so as to be vertically reversed across the Cu layer 200, between the electrode 103 side and the electrode 205 of the
semiconductor element 102. As a result, as shown in Fig. 5A, the formed mounted layers 104 includes a first intermetallic
compound layer 217c containing a CuSn-based intermetallic compound, the Cu layer 200, a second intermetallic com-
pound layer 218c containing a CuSn-based intermetallic compound, a Bi layer 220, and a third intermetallic compound
layer 218d containing a CuSn-based intermetallic compound. The above layers are sequentially arranged from a side
of the electrode 103 toward a side of the electrode 205 of the semiconductor element 102 to configure the mounted
layers 104.
[0051] As shown in Fig. 5A, similar to the mounted structure according to the first embodiment, the mounted structure
106 according to this second embodiment is characterized by having the layer-shaped Cu layer 200 sandwiched between
the first and second intermetallic compound layers 217c and 218c, and the layer-shaped Bi layer 220 sandwiched
between the second and third intermetallic compound layers 218c and 218d, in the mounted layers 104 for bonding the
electrode 103 and the electrode 205 of the semiconductor element 102. Because of such laminated structure, each of
the layers 217c, 200, 218c, 220, and 218d in the mounted layers 104 has sufficient heat resistance, and ductility in the
mounted layers 104 can be ensured by the layer-shaped Cu layer 200 sandwiched between the first and third intermetallic
compound layers 217c and 218c. In addition, stress relaxation is provided by a low-elasticity metal layer of the layer-
shaped Bi layer 220 sandwiched between the second and third intermetallic compound layers 218c and 218d. As
described above, the mounted structure can achieve both of the heat resistance in a bonding process, and the stress
relaxation due to the ductility of Cu and the low elasticity of Bi with respect to thermal stress. Especially, in this mounted
structure 106, since the ductility is provided with respect to the thermal stress, it is possible to prevent crack generation
of the semiconductor element 102, and peeling between the semiconductor element 102 and the mounted layers 104.

<Method for manufacturing mounted structure>

[0052] Figs. 6A to 6C are flowcharts of manufacturing steps of the mounted structure in the second embodiment.
[0053] Compared with the manufacturing steps of the mounted structure in the first embodiment, the manufacturing
steps of the mounted structure in the second embodiment is different in that the bonding material 213 in which the Sn-
Bi layer 204 is formed on a front surface and the Sn layer 206 is formed on a back surface of the Cu layer 200 is used.
In addition, compositions, a forming method, and the like of the Sn-Bi layer 204 and the Sn layer 206 may be substantially
the same as those in the first embodiment.
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(Third Embodiment)

[0054] Fig. 7A is a cross-sectional view showing a detailed cross-sectional structure of a mounted structure 106
according to a third embodiment embodiment. This mounted structure 106 includes an electrode 103, an electrode 205
of a semiconductor element 102, and a mounted layers 104 for bonding the electrode 103 and the electrode 205. The
mounted layers 104 includes a first intermetallic compound layer 227 containing a CuSn-based intermetallic compound,
a Bi layer 229, a second intermetallic compound layer 227d containing a CuSn-based intermetallic compound, a Cu
layer 200, a third intermetallic compound layer 228c containing a CuSn-based intermetallic compound, a Bi layer 230,
and a fourth intermetallic compound layer 228d containing a CuSn-based intermetallic compound. The above layers are
sequentially arranged from a side of the electrode 103 toward a side of the electrode 205 of the semiconductor element
102 to configure the mounted layers 104. In addition, Fig. 7B is an enlarged cross-sectional view of the three layers in
Fig. 7A. As shown in Fig. 7B, a boundary surface between the second intermetallic compound layer 227d and the Cu
layer 200, and a boundary surface between the third intermetallic compound layer 228c and the Cu layer 200 are not
flat surfaces but concavo-convex surfaces. Therefore, it is considered that the Cu layer 200 sandwiched between the
second intermetallic compound layer 227d and the third intermetallic compound layer 228c has thicknesses ranging
from a minimum thickness tmin to a maximum thickness tmax.
[0055] As shown in Figs. 7A and 7B, the mounted structure 106 is characterized by having the layer-shaped Cu layer
200 sandwiched between the second and third intermetallic compound layers 227d and 228c, the layer-shaped Bi layer
229 sandwiched between the first and second intermetallic compound layers 227c and 227d, and the layer-shaped Bi
layer 230 sandwiched between the third and fourth intermetallic compound layers 228c and 228d, in the mounted layers
104 for bonding the electrode 103 and the electrode 205 of the semiconductor element 102. Because of such laminated
structure, each of the layers 227c, 229, 227d, 200, 228c, 230, and 228d included in the mounted layers 104 has sufficient
heat resistance, and ductility in the mounted layers 104 can be ensured by the layer-shaped Cu layer 200 sandwiched
between the second and third intermetallic compound layers 227d and 228c. In addition, stress relaxation is provided
due to low-elasticity metal layers of the layer-shaped Bi layer 229 sandwiched between the first and second intermetallic
compound layers 227c and 227d, and the layer-shaped Bi layer 230 sandwiched between the third and fourth intermetallic
compound layers 228c and 228d. The reason for those will be described below. As described above, the mounted
structure 106 can achieve both of the heat resistance in a bonding process, and the stress relaxation due to the ductility
of Cu and the low elasticity of Bi with respect to a thermal stress. Especially, in this mounted structure 106, since the
ductility is provided with respect to the thermal stress, it is possible to prevent crack generation of the semiconductor
element 102, and peeling between the semiconductor element 102 and the mounted layers 104.

<Method for manufacturing mounted structure>

[0056] Figs. 8A to 8C are flowcharts of manufacturing steps of the mounted structure in the third embodiment.

(1) First, a bonding material 223 is prepared in such a manner that a first Sn-Bi layer 201, the Cu layer 200, and a
second Sn-Bi layer 204 are sequentially arranged. The bonding material 223 has the Cu layer 200 having a thickness
of 50 mm as a center layer and, the first Sn-Bi layer 201 and the second Sn-Bi layer 204 of Sn-58 wt% Bi (hereinafter,
simply referred to as Sn-Bi) having a thickness of 10 mm formed on upper and lower surfaces of the Cu layer 200
in a thickness direction, for example. In addition, the thicknesses are just one example, and not limited to the above
values. In addition, the composition of Sn-Bi preferably falls within a variation range of 6 5 wt% or less with respect
to an eutectic composition, in order to ensure wettability at the time of melting and make it remain as a single layer
after the bonding. The first and second Sn-Bi layers 201 and 204 can be provided by electrolytic plating or non-
electrolytic plating on both surfaces of the Cu layer 200. Preferably, the first and second Sn-Bi layers 201 and 204
can be provided by the electrolytic plating. In addition, the method for obtaining the bonding material having the first
and second Sn-Bi layers 201 and 204 on the front and back surfaces of the Cu layer 200 is not limited to the above
method, and the bonding material 223 may be configured by pressure-bonding Sn-Bi foil on each of front and back
surfaces of Cu foil. Alternatively, the bonding material 223 may be configured by forming films of Sn-Bi on the front
and back surfaces of the Cu foil by a vacuum deposition method or dip method. In addition, the bonding material
223 may be configured by sequentially arranging the first Sn-Bi layer 201, the Cu layer 200, and the second Sn-Bi
layer 204 on the electrode 103 by the vacuum deposition method, so that the step of supplying the bonding material
223 to the electrode 103 can be performed at the same time.
In addition, the Cu layer 200 of the bonding material 223 is preferably thicker than the first Sn-Bi layer 201 and the
second Sn-Bi layer 204 provided on its both surfaces. Furthermore, the Cu layer 200 preferably has a thickness
between 15 mm and 100 mm.
(2) Then, the bonding material 223 is supplied onto the electrode 103 (Fig. 8A). In supplying the bonding material
223 onto the electrode 103, the electrode 103 is to be previously heated. More specifically, the electrode 103 to be
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used includes Cu alloy heated to 280°C in a nitrogen atmosphere containing 5% of hydrogen. As a result, when the
bonding material 223 is supplied onto the electrode 103, wettability of the first Sn-Bi layer 201 and the second Sn-
Bi layer 204 can be ensured in the bonding material 223.
In addition, it is preferable that Sn and Bi are molten at a temperature equal to or more than 270°C which is a melting
point of Bi with a view to increasing diffusion speed of Sn and Cu when Sn-Bi is melted. In this case, preferable
wettability has been confirmed in a range of heating temperatures of 270°C to 290°C. Thus, in view of a temperature
variation of a facility, the heating temperature is set at 280°C which is a middle value, in an example which will be
described below.
(3) Then, the semiconductor element 102 is mounted on the second Sn-Bi layer 204 of the bonding material 223
(Fig. 8B). In mounting the semiconductor element 102 on the bonding material 223, similar to the step of supplying
the bonding material 223 described above, the electrode 103 to be used is in the continuously heated state at 280°C
from the step of Fig. 8A, in the nitrogen atmosphere containing 5% of hydrogen.
The semiconductor element 102 to be used may include GaN, for example. In addition, the semiconductor element
102 to be used has a thickness of 0.3 mm, and a size of 4 mm 3 5 mm. In addition, the Ag layer 205 having a
thickness of 1 mm, for example is formed on the semiconductor element 102 as the electrode 205. Then, the
semiconductor element 102 is mounted on the bonding material 223 supplied on the electrode 103, with a load of
50 gf to 150 gf so that the Ag layer 205 comes in contact with the second Sn-Bi layer 204 of the bonding material 223.
(4) Then, after the semiconductor element 102 mounted on the bonding material 223 has been left for about 30
minutes while the electrode 103 is continuously heated at 280°C from Fig. 8B, in the nitrogen atmosphere containing
5% of hydrogen. Then, the heating is stopped, and natural cooling is started in the nitrogen atmosphere containing
5% of hydrogen (Fig. 8C). As a result, the mounted layers 232 for bonding the electrode 103 and the electrode 205
of the semiconductor element 102 is formed, and the mounted structure can be manufactured.

<Formation of mounted layers>

[0057] In addition, the formation of the mounted layers 232 for bonding the electrode 103 of the mounted structure
106 and the semiconductor element 102 will be described with reference to Figs. 9A to 9C.
[0058] Figs. 9A and 9B are views showing a change in state of the mounted structure 106 between the steps of Figs.
8B and 8C. Fig. 9C is a view showing the mounted structure 106 corresponding to Fig. 8C, and showing the mounted
layers 232 in detail.

a) Formation of intermetallic compound layers 227a and 227b, Bi layers 229a and 229b, intermetallic compound layers 
228a and 228b, and Bi layers 230a and 230b

[0059] Fig. 9A is the schematic cross-sectional view just after the semiconductor element 102 has been mounted on
the bonding material 223 supplied on the electrode 103 as described in Fig. 8. By heating the electrode 103, an intermetallic
compound layer 228b containing an AgSn-based intermetallic compound is formed at an interface between the Ag layer
205 and the second Sn-Bi layer 204 of the bonding material 223 shown in Fig. 8 by a diffusion reaction. In addition, an
intermetallic compound layer 228a containing a CuSn-based intermetallic compound is formed at an interface between
the second Sn-Bi layer 204 and the Cu layer 200 of the bonding material 223 by a diffusion reaction. In addition, Bi which
does not cause the diffusion reaction with Cu is deposited between the intermetallic compound layers 228a and 228b,
and the second Sn-Bi layer 204, so that the Bi layers 230a and 230b are formed.
[0060] In addition, an intermetallic compound layer 227a of a CuSn-based intermetallic compound is formed at an
interface between the first Sn-Bi layer 201 of the bonding material 223 and the electrode 103 by a diffusion reaction.
Furthermore, an intermetallic compound layer 227b of a CuSn-based intermetallic compound is formed at an interface
between the first Sn-Bi layer 201 and the Cu layer 200 of the bonding material 223 by a diffusion reaction. In addition,
Bi which does not cause the diffusion reaction with Cu is deposited between the intermetallic compound layers 227a
and 227b, and the first Sn-Bi layer 201, so that the Bi layers 229a and 229b are formed.
[0061] As a result of the above reactions, a mounted layers 232a includes the intermetallic compound layers 227a,
the Bi layer 229a, the first Sn-Bi layer 201, the Bi layer 229b, the intermetallic compound layer 227b, the Cu layer 200,
the intermetallic compound layer 228a, the Bi layer 230a, the second Sn-Bi layer 204, the Bi layer 230b, and the
intermetallic compound layer 227b.

b) Disappearance of first and second Sn-Bi layers 201 and 204

[0062] Fig. 9B is the schematic cross-sectional view of a state after 15 minutes has passed from Fig. 9A, that is, after
15 minutes has passed since the semiconductor element 102 was mounted on the electrode 103 through the bonding
material 223. After having been left for 15 minutes under the condition, heated to 280°C, the intermetallic compound
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layers 228a and 228b, and the intermetallic compound layers 227a and 227b formed in Fig. 9A grow and the second
Sn-Bi layer 204 and the first Sn-Bi layer 201 shown in Fig. 9A completely disappear.
[0063] More specifically, the intermetallic compound layers 228a and 228b sandwiching the second Sn-Bi layer 204
grow, so that the second Sn-Bi layer 204 disappears. As a result, the fourth intermetallic compound layer 228d in which
the AgSn compound is finely and uniformly diffused in the layer-shaped bulk CuSn-based intermetallic compound, the
third intermetallic compound layer 228c of a layer-shaped bulk CuSn-based intermetallic compound, and the Bi layer
230 are formed. Especially, the CuSn-based intermetallic compound serving as a main phase in the fourth intermetallic
compound layer 228d corresponds to Cu6Sn5 or Cu3Sn, for example. In addition, the AgSn-based intermetallic compound
contained as a second phase corresponds to Ag3Sn, for example. In addition, the composition of the intermetallic
compound can be confirmed by EDX (Energy dispersion X-ray analysis) mounted on a scanning electron microscope
(SEM) or the like.
[0064] In addition, the intermetallic compound layers 227a and 227b which sandwiches the first Sn-Bi layer 201 grow,
and the first Sn-Bi layer 201 disappears, so that the first and second intermetallic compound layers 227c and 227d of
the CuSn-based intermetallic compound and the Bi layer 229 are formed. In this case, the CuSn-based intermetallic
compound corresponds to Cu6Sn5 or Cu3Sn, for example.
[0065] Furthermore, in this case, the Cu layer 200 of the original bonding material 223 is partially changed to the
second and third intermetallic compound layers 227d and 228c by the diffusion reaction, but the layer-shaped Cu layer
200 remains (Fig. 9B).
[0066] As a result of the above reactions, the mounted layers 232b includes the first intermetallic compound layer
227c, the Bi layer 229, the second intermetallic compound layer 227d, the Cu layer 200, the third intermetallic compound
layer 228c, the Bi layer 230, and the fourth intermetallic compound layer 228d. This mounted layers 232b is apparently
different in configuration from the mounted layers 232a.
[0067] In addition, the heating time is 15 minutes here, but the time is not limited to this, and the heating time may be
within 45 minutes. As will be described below, when the heating time is within 45 minutes, Cu of the electrode 103 can
be prevented from being oxidized and changed in color.

c) Formation of mounted structure 106

[0068] Fig. 9C is the schematic cross-sectional view of the mounted structure 106 completed after being naturally
cooled down from the heated state in Fig. 9B to room temperature. By natural cooling from the heated state to room
temperature, the mounted structure 106 in Fig. 9C can be obtained while the laminated state in Fig. 9B is maintained.
In addition, the mounted layers 232 has roughly the same configuration as the mounted layers 232b, but when a high-
temperature phase/low-temperature phase or the like depending on the temperature exist in each intermetallic compound,
its composition partially changes in some cases.
[0069] For example, as shown in Fig. 9C, the electrode 103 and the electrode 205 of the semiconductor element 102
are bonded by the mounted layers 232. The mounted layers 232 includes the fourth intermetallic compound layer 228d
in which the AgSn intermetallic compound and the CuSn intermetallic compound are mixed, the Bi layer 230, the third
intermetallic compound layer 228c of the CuSn intermetallic compound, the Cu layer 200, the second intermetallic
compound layer 227d of the CuSn intermetallic compound, the Bi layer 229, and the first intermetallic compound layer
227c of the CuSn intermetallic compound. In addition, the Cu layer 200 has an average thickness of 4.8 mm (average
of measurements at N = 10 points from observation of cross-sectional surfaces (5 points are measured in one cross-
sectional surface, and measurements are taken in two cross-sectional surfaces)).

<Disappearance of first and second Sn-Bi layers, and remains of layer-shaped Cu layer and Bi layer characterized in 
third embodiment>

[0070] As shown in Fig. 9C, in the mounted structure 106 according to this third embodiment, among the first Sn-Bi
layer 201, the Cu layer 200, and the second Sn-Bi layer 204 of the bonding material 223 described in Fig. 8, the first
and second Sn-Bi layers 201 and 204 disappear. Meanwhile, the layer-shaped Cu layer 200 sandwiched between the
second and third intermetallic compound layers 227d and 228c remains, so that ductility can be obtained in the mounted
layers 232 due to the Cu layer 200. In addition, the Bi layer 229 sandwiched between the first and second intermetallic
compound layers 227c and 227d and the Bi layer 230 sandwiched between the third and fourth intermetallic compound
layers 228c and 228d remain, and low elasticity can be obtained due to the Bi layer 229 and the Bi layer 230.
[0071] Meanwhile, hypothetically, when it is assumed that the Sn-Bi layer is left in the bonding material to keep the
ductility of the mounted layers, contrary to the above, heat resistance is lost at a heat generation temperature of 250°C
of the semiconductor element at the time of the operation of the power semiconductor module because a melting point
of Sn-Bi is as low as 139°C. That is, in the case where the Sn-Bi layer remains, when the Sn-Bi remains in a shape of
a layer, for example, a defect is possibly generated such that the semiconductor element and the electrode are shifted
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in position at the heat generation temperature of 250°C of the semiconductor element.
[0072] Therefore, the inventor of the present invention has thought of leaving the Cu layer and the Bi layer instead of
Sn-Bi. In this case, since Ag and Cu are widely used for the electrode, it is possible to think that Ag and Cu on the
electrode side are to be left. In a case where the mounted layers between the electrode of the semiconductor element
and the electrode of the substrate is totally formed of the intermetallic compound layer, sufficient ductility cannot be kept
in the mounted layers itself even when the Cu layer is left on the electrode side. Then, it is not possible to prevent the
crack generation in the semiconductor element, and the peeling between the semiconductor element and the mounted
layers, due to the thermal stress. Thus, as shown in Fig. 9C, the inventor of the present invention has come up with the
idea that the ductility is provided in the mounted layers 232 by leaving the layer-shaped Cu layer 200 sandwiched
between the second and third intermetallic compound layers 227d and 228c, and the low elasticity is provided by leaving
the Bi layers 230 and 229, and reached the configuration of the third embodiment.

<Calculation of yield of mounted structure>

[0073] Here, with the mounted structure completed as described above, an yield of the mounted structure was confirmed
in order to confirm the crack generation in the semiconductor element, and the interface peeling between the semicon-
ductor element and the mounted layers. According to a method for confirming the yield of the mounted structure, the
mounted structure was observed in an ultrasound image to check the crack generation in the semiconductor element,
and the interface peeling between the semiconductor element and the mounted layers, and calculate the yield in which
the crack generation and the peeling are less than 20% (N number = 20) with respect to surface areas of the semiconductor
element and the mounted layers.
[0074] A good/bad determination of the yield of the mounted structure is made such that in a case of 80% or more, it
is determined to be s (non-defective), and in a case of less than 80%, it is determined to be 3 (defective), so that in
the case of 80% or more (s), it is determined as a non-defective product. Since a yield of the mounted structure completed
as described above is 100%, its determination is s, that is, it is determined as the non-defective product.
[0075] The reasons why the crack generation in the semiconductor element, and the interface peeling between the
semiconductor element and the mounted layers do not occur in this mounted structure are considered as follows.
[0076] In the mounted layers of this mounted structure, compared with the second intermetallic compound layer (upper
layer) and the third intermetallic compound layer (lower layer), the Cu layer has the plastic deformability and the Bi layer
has the low elasticity. Thus, since the Cu layer warps and the Bi layer relaxes the stress, it is considered to be able to
prevent the crack generation in the semiconductor element or peeling between the semiconductor element and the
mounted layers due to the thermal stress in the bonding process.

<Calculation of product yield>

[0077] Next, with the mounted structure completed as described above, the power semiconductor module was formed
through wire bonding and shielding, and a product yield is calculated in order to confirm heat resistance required to be
used as the power semiconductor module.
[0078] According to a method for confirming the product yield, the product was observed in an ultrasound image after
1000 hours had passed after a high-temperature storage test at 250°C to determine the crack generation in the mounted
structure, and the peeling, and calculate the product yield in which the crack generation and the peeling are less than
20% (N number = 20) with respect to a surface area of the mounted layers.
[0079] A determination of the product yield is made such that in a case of 80% or more, it is determined to be non-
defective indicated as a character of "O", and in a case of less than 80%, it is determined to be defective indicated as
a character of "x". Then, in the case of 80% or more, it is determined as a non-defective product.
[0080] Since a product yield of the mounted structure completed as described above is 100%, its determination is
indicated as a character of "O", that is, it is determined as the non-defective product.
[0081] The reasons why the crack generation and peeling do not occur in the mounted layers of this mounted structure
are considered as follows.
[0082] As shown in Fig. 9C, melting points of the AgSn compound and the CuSn compound in the third and fourth
intermetallic compound layers 228c and 228d in the mounted layers 232 are 480°C or more, and 415°C or more,
respectively. In addition, a melting point of the CuSn compound in the first and second intermetallic compound layers
227c and 227d is 415°C or more. Furthermore, a melting point of the Cu layer 200 is 1000°C or more, and a melting
point of the Bi layers 229 and 230 is 270°C. From the above, it is considered that the heat resistance is ensured because
as for the heat resistance to 250°C of heat generation at the time of the operation of the semiconductor element 102
when the power semiconductor module is used, the melting points of all components of the mounted layers 232 are
higher than the above heat resistance criterion of 250°C.
[0083] In addition, according to the above configuration, as shown in Fig. 9C, the mounted layers 232 has the fourth



EP 2 800 129 A1

14

5

10

15

20

25

30

35

40

45

50

55

intermetallic compound layer 228d in which the AgSn intermetallic compound and the CuSn intermetallic compound are
mixed, the Bi layer 230, the third intermetallic compound layer 228c of the CuSn-based intermetallic compound, the
layer-shaped Cu layer 200, the second intermetallic compound layer 227d, the Bi layer 229, and the first intermetallic
compound layer 227c. When the semiconductor element 102 and the electrode 103 are bonded by the mounted layers
232, it is possible to achieve both of the prevention of the crack generation or the peeling between the semiconductor
element and the mounted layers due to the thermal stress in the bonding process, and ensuring of the heat resistance
to the heat generation of 250°C of the semiconductor element at the time of the operation of the power semiconductor
module, which could not be achieved by the conventional technique. As a result, the semiconductor element and the
electrode of the substrate can be bonded with high quality, so that bonding reliability can be improved. Thus, it is
considered that the mounted structure 106 in this third embodiment can solve the conventional problem.

<Relationship between thickness of Cu layer and thickness of Sn-Bi layer in bonding material>

[0084] Next, the thickness of the Cu layer and the thicknesses of the first Sn-Bi layer and the second Sn-Bi layer in
the bonding material were conformed, and the thicknesses were changed to confirm the prevention of the crack generation
of the semiconductor element, or peeling between the semiconductor element and the mounted layers (peeling preven-
tion), due to the thermal stress in the bonding process, and the heat resistance. Here, a level in which the Cu layer has
a thickness of 0 mm corresponds to a conventional example.
[0085] Here, it is to be noted that, a time for holding the mounted layers under the condition, heated at 280°C at the
time of the bonding was limited to 45 minutes. This is because when the mounted layers is held under the heated
condition at 280°C for 45 minutes or more, a change in color is terrible due to oxidation of the Cu alloy of the electrode
of the substrate, so that wire bonding and sealing cannot be performed in a post-process.
[0086] Table 1 shows the yield of the mounted structure calculated for the mounted structure bonded in the bonding
process described in Fig. 7 while the thickness of the Cu layer of the Cu layer, and the thicknesses of the Sn-Bi layers
of the first Sn-Bi layer and the second Sn-Bi layer are changed. In addition, Table 2 shows the product yield.

[Table 1]

Thickness of Sn-Bi layer before bonding (mm)

5 10 15 20 30

Thickness of Cu layer before bonding (mm) 0 3 3 3 Defective bonding Defective bonding

5 3 3 3 Defective bonding Defective bonding

10 3 3 3 Defective bonding Defective bonding

15 s s s Defective bonding Defective bonding

30 s s s Defective bonding Defective bonding

50 s s s Defective bonding Defective bonding

100 s s s Defective bonding Defective bonding

[Table 2]

Thickness of Sn-Bi layer before bonding (mm)

5 10 15 20 30

Thickness of Cu layer before bonding 
(mm)

0 s s s 3 3

5 Unadministered Unadministered Unadministered 3 3

10 Unadministered Unadministered Unadministered 3 3

15 s s s 3 3

30 s s s 3 3

50 s s s 3 3

100 s s s 3 3
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[0087] According to a method for confirming the yield of the mounted structure, similar to the above-described method,
the mounted structure was observed in an ultrasound image to determine the crack generation in the semiconductor
element, and the interface peeling between the semiconductor element and the mounted layers, and calculate the yield
in which the crack generation and the peeling is less than 20% (N number = 20) with respect to surface areas of the
semiconductor element and the mounted layers. According to the determination of the yield of the mounted structure,
in a case of 80% or more, it is determined to be non-defective indicated as a character of "O", and in a case of less than
80%, it is determined to be defective indicated as a character of "x", so that in the case of 80% or more ("s"), it is
determined as a non-defective product. Even when the determination of the yield is non-defective indicated as a character
of "O", it is determined as the defective bonding for a level in which Sn-Bi does not disappear completely in the bonding
process in an analysis of the cross-sectional surface of the mounted structure.
[0088] Here, as for a level in which the determination of the yield of the mounted structure is defective indicated as a
character of "x", the product yield is not necessarily confirmed, so that the determination is not made (except for a level
corresponding to the conventional example). This is because the purpose is to confirm a level which satisfies both of
prevention of the crack generation in the semiconductor element or peeling between the semiconductor element and
the mounted layers due to the thermal stress, and the heat resistance, in the bonding process.
[0089] According to a method for confirming the product yield, similar to the above method, the product was observed
in an ultrasound image after 100 hours had passed after a high-temperature storage test at 250°C to determine the
crack generation and the peeling in the mounted layers of the mounted structure, and calculate the product yield in which
the crack generation and the peeling is less than 20% (N number = 20) with respect to a surface area of the mounted
layers. According to the determination of the product yield, in a case of 80% or more, it is determined to be non-defective
indicated as a character of "O", and in a case of less than 80%, it is determined to be defective indicated as a character
of "x", so that in the case of 80% or more ("s"), it is determined as a non-defective product.
[0090] It is found that a level in which the non-defective product is determined in the yield of the mounted structure in
Table 1 (1) and the non-defective product is determined in the yield of the product in Table 2 (2), that is, the non-defective
product is determined in each of them is satisfied in a case where the thickness of the Sn-Bi layer in the bonding material
223 falls within the range of 5 mm to 15 mm, and the thickness of the Cu layer in the bonding material 223 falls within
the range of 15 mm to 100 mm. From the above, it is found that in order to ensure the stress relaxation property in the
mounted layers, the thickness of the Cu layer in the bonding material needs to be 15 mm or more, and in order to ensure
the heat resistance, the thickness of the Sn-Bi layer in the bonding material needs to be 15 mm or less.
[0091] Meanwhile, in the case where the thickness of the Cu layer is 0 mm, which corresponds to the conventional
example, non-defective indicated as a character of "s" is determined in the yield of the product (2), but defective indicated
as a character of "x" is determined in the yield of the mounted structure (1). That is, when the Cu layer is not contained
in the bonding material, the Cu layer does not exist in the mounted layers of the mounted structure as a matter of course.
Thus, when the Cu layer is not contained in the mounted layers of the mounted structure, the heat resistance can be
provided, but the stress relaxation property is not provided, so that the heat resistance and the stress relaxation property
cannot be provided at the same time. Thus, it can be confirmed that this third embodiment is superior to the conventional
example.

<Relationship of thicknesses of Cu layer before and after bonding>

[0092] Next, a relationship between the thickness of the Cu layer in the bonding material before the bonding, and the
thickness of the Cu layer in the mounted layers after the bonding were examined. This was made to find the thickness
of the Cu layer which is actually needed for the stress relaxation after the bonding because the remaining Cu layer is
reduced when Sn and Cu become the intermetallic compound by the diffusion reaction in the bonding material, in the
bonding process.
[0093] As described above, Fig. 7B is the enlarged cross-sectional view of the Cu layer of the mounted structure. With
reference to Fig. 7B, a description will be given of a method for measuring the thickness of the Cu layer in the mounted
layers from the cross-sectional view of the mounted structure. First, as for the thickness of the Cu layer 200 sandwiched
between the second intermetallic compound layer 227d and the third intermetallic compound layer 228c, a thinnest part
is measured as the minimum thickness tmin, and a thickest part is measured as a maximum thickness tmax. Then, an
average thickness is measured from certain points of N = 10 points in the cross-sectional views (5 points are measured
in one cross-sectional surface, and measurements are taken in two cross-sectional surfaces).
[0094] Fig. 10 is a graph showing a relationship between the changed thickness of the Cu layer of the bonding material
before the bonding, and the thickness of the Cu layer of the mounted layers after the bonding under the condition that
the thickness of the Sn-Bi layer in the bonding material before the bonding is 15 mm.
[0095] It is found that from Fig. 10, in the case where the thickness of the Cu layer in the bonding material is 15 mm
and the thickness of the Sn-Bi layer is 15 mm before the bonding, an average thickness of the Cu layer remaining in the
mounted layers after the bonding is 7.2 mm, and the minimum thickness tmin is 3.7 mm. From this, it is considered that
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when the minimum thickness tmin of the Cu layer in the mounted layers after the bonding is at least 3.7 mm or more, it
is possible to achieve both of the prevention of the crack generation of the semiconductor element or peeling between
the semiconductor element and the mounted layers due to the thermal stress, and the heat resistance, in the bonding
process.

<Relationship with area of mount plane>

[0096] Next, it was determined whether or not the crack generation of the semiconductor element or the peeling
between the semiconductor element and the mounted layers occurred with respect to different thermal stresses in the
bonding processes while the area of the mount plane with the electrode of the semiconductor element is changed. Table
3 shows a result that whether or not the crack generation of the semiconductor element or the peeling between the
semiconductor element and the mounted layers occurs, with respect to the thickness of the Cu layer of the bonding
material before the bonding and the thickness of the Cu layer of the mounted layers after the bonding, and the area of
the mounted layers with the electrode of the semiconductor element.

[0097] According to a determination method, when the crack generation of the semiconductor element or the peeling
between the semiconductor element and the mounted layers does not occur, non-defective indicated as a character of
"s" is determined, and the crack generation of the semiconductor element or the peeling between the semiconductor
element and the mounted layers occurs, defective indicated as a character of "x" is determined.
[0098] Referring to Table 3, in a case where the area of the mount plane with the electrode of the semiconductor
element is 1 mm2 or less, even when the minimum thickness tmin of the Cu layer of the mounted layers after the bonding
is 0 mm, the crack generation of the semiconductor element or the peeling between the semiconductor element and the
mounted layers does not occur. Meanwhile, in a case where the area of the mount plane with the electrode of the
semiconductor element is 5 mm2 or more, when the minimum thickness of the Cu layer of the mounted layers after the
bonding is 0 mm, the crack generation of the semiconductor element or the peeling between the semiconductor element
and the mounted layers occurs.
[0099] Referring to Table 3, in a case where the thickness of the Cu layer of the bonding material before the bonding
is 15 mm or more, the Cu layer having plastic deformability exists in the form of a continuous layer shape, in the mounted
layers of the mounted structure. Thus, as for the semiconductor element in which the area of the mount plane with the
electrode of the semiconductor element is between 5 mm2 and 10 mm2, when the thickness of the Cu layer of the bonding
material before the bonding is 15 mm or more, the Cu layer having the plastic deformability exists in the form of the layer
shape, in the mounted layers of the mounted structure, so that the Cu layer warps in the mounted layers to which the
thermal stress caused by a difference in linear expansion rate between the semiconductor element and the electrode
is applied. Thus, it is considered to be able to prevent the crack generation of the semiconductor element or the peeling
between the semiconductor element and the mounted layers due to the thermal stress in the bonding process.

[Table 3]

Cu layer thickness mm Area of mount plane of semiconductor element (mm2)

Before bonding After bonding 1 5 10 15 20 30 40 60 78 100

5 0 s 3 3 3 3 3 3 3 3 3

10 0 s 3 3 3 3 3 3 3 3 3

15 6.2 s s s s s s s s s s

25 19 s s s s s s s s s s

30 22 s s s s s s s s s s

45 38 s s s s s s s s s s

50 42 s s s s s s s s s s

65 56 s s s s s s s s s s

80 70 s s s s s s s s s s

100 92 s s s s s s s s s s
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(Variations)

[0100] According to the third embodiment, as shown in Fig. 8A, in the case where the Ag layer 205 is provided as the
electrode 205 of the semiconductor element 102, and the Cu layer 103 is provided as the electrode 103 of the substrate
101, they are bonded with the bonding material 223 in which the first Sn-Bi layer 201, the Cu layer 200, and the second
Sn-Bi layer 204 are sequentially arranged. In this case, as shown in Fig. 9C, after the bonding, the mounted layers 232
for bonding the electrode 205 of the semiconductor element 102 and the electrode 103 includes the first intermetallic
compound layer 227c containing the CuSn-based intermetallic compound, the Bi layer 229, the second intermetallic
compound layer 227d of the CuSn-based, the Cu layer 200, the third intermetallic compound layer 228c of the CuSn-
based, the Bi layer 230, and the fourth intermetallic compound layer 228d containing the CuSn-based intermetallic
compound as the main phase, and the AgSn-based intermetallic compound as the second phase.
[0101] Meanwhile, the present invention is not limited to the configurations of the first to third embodiments.
[0102] First, the electrode of the semiconductor element is not limited to the Ag layer, and it may be a Cu layer, Sn
layer, Ni layer, or Au layer or may be formed such that a plurality of layers selected from the above are arranged.
[0103] In addition, the electrode of the substrate is not limited to the Cu layer, and it may be an Ag layer, Sn layer, Ni
layer, or Au layer or may be formed such that a plurality of layers selected from the above are arranged.
[0104] Furthermore, the layer composing the bonding material is not limited to the above three layers of the first Sn-
Bi layer, the Cu layer, and the second Sn-Bi layer. As the bonding material, it is only necessary to contain one Cu layer
and one Bi layer. In addition, when the electrode of the substrate is not the Sn-Bi layer, the bonding material needs to
further contain the Sn-Bi layer between the surface which comes in contact with the electrode of the substrate, and the
Cu layer. This is because it is necessary to provide the Sn-Bi layer on at least one interface of the bonding material 223
and the electrode, in order to ensure the wettability at the interface between the bonding material and the electrode. In
addition, when the electrode of the semiconductor element is not the Sn-Bi layer, the bonding material needs to further
contain the Sn-Bi layer between the surface which is in contact with the electrode of the semiconductor element, and
the Cu layer. This is because it is necessary to provide the Sn-Bi layer on at least one interface of the bonding material
and the electrode in order to ensure the wettability at the interface between the bonding material and the electrode.
[0105] In addition, the thickness of the Cu layer needs to be equal to or more than the thickness of the adjacent Sn-
Bi layer. This is a necessary condition to leave the layer-shaped Cu layer and Bi layer in the mounted layers after the
bonding.
[0106] Table 4 shows cases of some variations corresponding to the above conditions.

[0107] As shown in Table 4, according to variations 1 to 10, the bonding material can be selected such that the Sn-
Bi layer exists on each of the interface between the electrode of the semiconductor element and the bonding material,
and the interface between the electrode of the substrate and the bonding material, and the Cu layer is sandwiched
between the two Sn-Bi layers.
[0108] In addition, according to the above variations 1 to 10, similar to the third embodiment, Bi is contained in both
of the interface between the bonding material and the electrode of the semiconductor element, and the interface between
the bonding material and the electrode of the substrate. Instead of this, similar to the first or second embodiment, Bi

[Table 4]

Electrode of semiconductor element side Bonding material Electrode of substrate side

Third embodiment Ag Sn-Bi/Cu/Sn-Bi Cu

Variation 1 Sn-Bi Ag/Cu/Sn-Bi Cu

Variation 2 Sn-Bi Ag/Cu Sn-Bi/Cu

Variation 3 Cu Sn-Bi/Cu/Sn-Bi Cu

Variation 4 Cu/Sn-Bi Cu/Sn-Bi Cu

Variation 5 Cu Sn-Bi/Cu/Sn-Bi Ag

Variation 6 Ag Sn-Bi/Cu/Sn-Bi Ag

Variation 7 Ni Sn-Bi/Cu/Sn-Bi Cu

Variation 8 Ni/Au Sn-Bi/Cu/Sn-Bi Cu

Variation 9 Au Sn-Bi/Cu/Sn-Bi Cu

Variation 10 Cu Sn-Bi/Cu/Sn-Bi Ni
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may be contained only in one interface.
[0109] In addition, as shown in the variations 7 to 10, when Ni or Au is used as the electrode of the substrate and the
electrode of the semiconductor element, the fourth intermetallic compound layer and the first intermetallic compound
layer contain the CuSn-based intermetallic compound as a main phase, and an NiSn-based intermetallic compound
and/or an AuSn-based intermetallic compound as a second phase. The NiSn-based intermetallic compound is Ni3Sn4,
for example. In addition, the AuSn-based intermetallic compound is AuSn4, for example.
[0110] In addition, as for a ratio of the thickness of each layer composing the bonding material, similar to the deter-
mination of the above example, it may be determined according to an yield of a mounted structure, and a yield of a
product, based on an area of a mount plane with the semiconductor element after the bonding.
[0111] In the case of the variations 1 to 10 also, similar to the third embodiment, the mounted layers after the bonding
includes a first intermetallic compound layer, a fourth intermetallic compound layer, a layer-shaped Cu layer sandwiched
between second and third intermetallic compound layers, and Bi layer. Thus, similar to the third embodiment, heat
resistance can be ensured to heat generation of the semiconductor element at the time of the operation of the power
semiconductor module. In addition, it is possible to prevent crack generation of the semiconductor element or peeling
between the semiconductor element and the mounted layers by ductility of the layer-shaped Cu layer of the mounted
layers and low elasticity of the Bi layer with respect to a thermal stress in a bonding process. Thus, in the mounted
structure according to each of the variations 1 to 10 also, it is possible to achieve both of the prevention of the crack
generation of the semiconductor element or the peeling between the semiconductor element and the mounted layers
due to the thermal stress, and the heat resistance, in the bonding process.
[0112] According to the mounted structure in the present invention, the mounted layers of the mounted structure
includes the CuSn-based intermetallic compound layer, the Cu layer having the plastic deformability superior to the
above intermetallic compound layer, and the low-elasticity Bi layer. Therefore, it is possible to achieve both of the heat
resistance and the prevention of the crack generation of the semiconductor element or the peeling between the semi-
conductor element and the mounted layers, due to the thermal stress in the bonding process because the Cu layer
warps and the Bi layer relaxes the stress. As a result, the present invention can be applied to usage for a semiconductor
package such as a power semiconductor module or a small-power transistor.

DESCRIPTION OF REFERENCE SIGNS

[0113]

100 Power semiconductor module
101 Substrate
102 Semiconductor element
103 Electrode
104 Mounted layers
106 Mounted structure
200 Cu layer
201 Sn-Bi layer
202 Sn layer
203, 213, 223 Bonding material
204 Second Sn-Bi layer
205 Electrode, Ag layer
206 Sn layer
207a, 207b Intermetallic compound layer
207c First intermetallic compound layer
207d Second intermetallic compound layer
208a 208b, Intermetallic compound layer
208c Third intermetallic compound layer
209, 209a, 209b Bi layer
212, 212a, 212b Mounted layers
217a, 217b Intermetallic compound layer
217c First intermetallic compound layer
218a, 218b Intermetallic compound layer
218c Second intermetallic compound layer
218d Third intermetallic compound layer
220a, 220b, 220 Bi layer
222 Mounted layers
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227a, 227b Intermetallic compound layer
227c First intermetallic compound layer
227d Second intermetallic compound layer
228a, 228b Intermetallic compound layer
228c Third intermetallic compound layer
228d Fourth intermetallic compound layer
229a, 229b, 230a, 230b, 229, 230 Bi layer
232, 232a, 232b Mounted layers
602 Power semiconductor element
603 Electrode
604 Mounted layers

Claims

1. A mounted structure comprising:

an electrode of a substrate;
an electrode of a semiconductor element; and
a mounted layers that bonds the electrode of the substrate and the electrode of the semiconductor element,
wherein the mounted layers includes along a direction from the substrate toward the semiconductor element:

a first intermetallic compound layer containing a CuSn-based intermetallic compound;
a Bi layer;
a second intermetallic compound layer containing a CuSn-based intermetallic compound;
a Cu layer; and
a third intermetallic compound layer containing a CuSn-based intermetallic compound.

2. The mounted structure according to claim 1, wherein the mounted layers further includes:

a Bi layer; and
a fourth intermetallic compound layer containing a CuSn-based intermetallic compound, and
the above layers are sequentially arranged between the third intermetallic compound layer and the electrode
of the semiconductor element.

3. The mounted structure according to claim 1 or 2, wherein the CuSn-based intermetallic compound includes at least
one intermetallic compound of Cu6Sn5 and Cu3Sn.

4. The mounted structure according to any one of claims 1 to 3, wherein the Cu layer has a thickness of 6.2 mm or more.

5. The mounted structure according to claim 4, wherein a mount plane between the mounted layers and the electrode
of the semiconductor element has an area of between 5 mm2 and 100 mm2.

6. The mounted structure according to claim 1 or 2, wherein the first intermetallic compound layer contains the CuSn-
based intermetallic compound, and includes an AgSn-based intermetallic compound.

7. The mounted structure according to claim 2, wherein the fourth intermetallic compound layer contains the CuSn-
based intermetallic compound, and includes an AgSn-based intermetallic compound.

8. A bonding material to be inserted between an electrode of a substrate and an electrode of a semiconductor element,
wherein the bonding material includes:

an Sn layer;
a Cu layer; and
Sn-Bi layer, and
the above layers are sequentially arranged to configure the bonding material, and
the Cu layer has a thickness equal to or more than thicknesses of the adjacent Sn layer and Sn-Bi layer.
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9. A bonding material to be inserted between an electrode of a substrate and an electrode of a semiconductor element,
wherein the bonding material includes:

a first Sn-Bi layer;
a Cu layer; and
a second Sn-Bi layer, and
the above layers are sequentially arranged to configure the bonding material, and
the Cu layer has a thickness equal to or more than thicknesses of the adjacent first and second Sn-Bi layers.
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