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DESCRIPTION
TITLE: SEMICONDUCTOR DEVICE AND METHOD OF MANUFACTURING

SEMICONDUCTOR DEVICE

TECHNICAL FIELD

[0001] The present disclosure relates to a semiconductor device and a method of

manufacturing the semiconductor device.

BACKGROUND ART

[0002] Patent Document 1 discloses a technique for separating a GaN layer from a
sapphire substrate by injecting a laser into a gallium nitride (GaN) layer grown on the
sapphire substrate. Such a separation process is also referred to as a laser lift-off process.
As the laser, a laser having a wavelength absorbed by GaN is adopted. When the laser is
injected into the GaN layer through the sapphire substrate, GaN is separated into gallium
(Ga: liquid or solid) and nitrogen (N2) gas at the boundary portion of the GaN layer on the
sapphire substrate side. In this manner, the GaN layer is separated from the sapphire
substrate. In Patent Document 1, after polishing of the separated surface of the separated
GaN layer, the GaN layer is bonded to a substrate different from the sapphire substrate.
[0003] In addition, Patent Document 2 also describes a laser lift-off process. Also in
Patent Document 2, a semi-insulating GaN layer is separated from the sapphire substrate
by the laser lift-off process. Then, the GaN layer is bonded to a heat conductive substrate
by a bonding layer consisting of Au and Sn.

[0004] Patent Document 3 also describes a laser lift-off process. In Patent Document 3,
a GaN-based semiconductor layer is laminated on a substrate for growth to form a

semiconductor laminated body, and then the semiconductor laminated body is separated
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from the substrate for growth by the laser lift-off process. Then, a separately prepared
substrate is adhered to the semiconductor laminated body with, for example, an adhesive

or the like.

PRIOR ART DOCUMENTS
PATENT DOCUMENT(S)

[0005] [Patent Document 1] Japanese Patent No.4650224
[Patent Document 2] Japanese Patent Application Laid-Open No. 2014-22742

[Patent Document 3] Japanese Patent Application Laid-Open No. 2008-22866

SUMMARY
PROBLEM TO BE SOLVED BY THE INVENTION

[0006] However, in Patent Documents 1 to 3, irregularities are formed on the GaN
surface subjected to the laser lift-off process. For the removal of the irregularities, there
has been a problem that a polishing process is required and the productivity is low.
Further, in the case where the substrate is bonded to the surface subjected to the laser lift-
off process, a material different from the semiconductor layer such as an adhesive is
adopted as a bonding layer for bonding them. This can also lead to a decrease in
productivity.

[0007] Therefore, the present disclosure has been made in view of the above-mentioned
problems, and an object thereof is to provide a technique for realizing a highly productive

semiconductor device.

MEANS TO SOLVE THE PROBLEM

[0008] The invention is set out in the appended claims.
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EFFECTS OF THE INVENTION

[0010] Productivity can be improved.
[0011] The objects, features, aspects, and advantages of the present disclosure will
become more apparent from the following detailed description and the accompanying

drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0012] [FIG. 1] A cross-sectional view of schematically illustrating a configuration
example of a semiconductor device according to a first embodiment.

[FIG. 2] A flowchart illustrating an example of a method of manufacturing the
semiconductor device according to the first embodiment.

[FIG. 3] A cross-sectional view schematically illustrating

o

configuration
example in the process of manufacturing the semiconductor device.

[FIG. 4] A cross-sectional view schematically illustrating

o

configuration
example in the process of manufacturing the semiconductor device.

[FIG. 5] A cross-sectional view schematically illustrating

o

configuration

example in the process of manufacturing the semiconductor device.

o

[FIG. 6] A cross-sectional view schematically illustrating a configuration
example in the process of manufacturing the semiconductor device.

[FIG. 7] A cross-sectional view schematically illustrating

o

configuration
example in the process of manufacturing the semiconductor device.

[FIG. 8] A flowchart illustrating an other example of a method of manufacturing
the semiconductor device according to the first embodiment.

[FIG. 9] A flowchart illustrating an other example of a method of manufacturing
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the semiconductor device according to the first embodiment.

[FIG. 10] A cross-sectional view schematically illustrating a configuration
example in the process of manufacturing the semiconductor device.

[FIG. 11] A cross-sectional view schematically illustrating a configuration
example of a semiconductor device according to the second embodiment.

[FIG. 12] A flowchart illustrating an example of a method of manufacturing the
semiconductor device according to the second embodiment.

[FIG. 13] A cross-sectional view schematically illustrating a configuration
example in the process of manufacturing the semiconductor device.

[FIG. 14] A cross-sectional view schematically illustrating a configuration
example in the process of manufacturing the semiconductor device.

[FIG. 15] A cross-sectional view schematically illustrating an example of a state
in which parts of a liquid low melting point layer is contained inside a seed layer.

[FIG. 16] A cross-sectional view of schematically illustrating a configuration
example of a semiconductor device according to a third embodiment.

[FIG. 17] A flowchart illustrating an example of a method of manufacturing the
semiconductor device according to the third embodiment.

[FIG. 18] A cross-sectional view schematically illustrating a configuration
example in the process of manufacturing the semiconductor device.

[FIG. 19] A cross-sectional view schematically illustrating a configuration
example in the process of manufacturing the semiconductor device.

[FIG. 20] A cross-sectional view of schematically illustrating a configuration

example of a semiconductor device according to the third embodiment.

DESCRIPTION OF EMBODIMENT(S)
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[0013] Hereinafter, embodiments and methods of manufacturing of a semiconductor
device according to the present disclosure will be described in detail with reference to the
drawings. It should be noted that the embodiments will not make a limitation on the
description, appropriate changes can be made as long as the purpose thereof is not deviated.
Further, in the drawings illustrated below, the scale of each layer or each member may
differ from the actual scale for easy understanding, and the same applies between the
drawings.
[0014] <First Embodiment>

FIG. 1 is a cross-sectional view schematically illustrating a configuration example
of a semiconductor device 100 according to the first embodiment. The semiconductor
device 100 includes a first substrate 1, a semiconductor layer 2, and a bonding layer 3.
The semiconductor device 100 illustrated in FIG. 1 is, for example, a field effect transistor
(FET) and further includes a plurality of electrodes 4.
[0015] The first substrate (hereinafter referred to as a bonded substrate) 1 has an upper
surface la and a lower surface 1b. The bonded substrate 1 is, for example, a semi-
insulating substrate, and as a more specific example, is a silicon (Si) substrate or a silicon
carbide (SiC) substrate.
[0016] The semiconductor layer 2 has an upper surface 2a and a lower surface 2b. The
lower surface 2b of the semiconductor layer 2 is opposite to the upper surface la of the
bonded substrate 1, and the bonding layer 3 is provided between the lower surface 2b of
the semiconductor layer 2 and the upper surface 1a of the bonded substrate 1. The bonding
layer 3 is bonded to the upper surface 1a and the lower surface 2b. That is, the bonding
layer 3 fixes the semiconductor layer 2 and the bonded substrate 1 to each other. In the
following, the upper surface 1a is also referred to as a bonded surface la, and the lower

surface 2b is also referred to as a bonded surface 2b.
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[0017] The semiconductor layer 2 includes, for example, a nitride-based compound
semiconductor. The nitride-based compound semiconductor includes, for example, a
compound containing nitrogen and a Group 3 element, and as a more specific example, at
least one of gallium nitride (GaN), aluminum gallium nitride (AlGaN), and aluminum
nitride (AIN). As will be described later, the semiconductor layer 2 may be a laminated
body in which a plurality of functional layers constituting of semiconductors are laminated.
Alternatively, the semiconductor layer 2 may be composed of a single semiconductor layer.
[0018] When the semiconductor device 100 is an electric field effect transistor, for
example, the semiconductor layer 2 is formed by laminating a buffer layer, a barrier layer,
a channel layer, and a cap layer in this order from the bonded substrate 1 side. Each of
the buffer layer, the barrier layer, the channel layer and the cap layer contains a nitride-
based compound semiconductor, and is composed of, for example, GaN, AlGaN or AIN.
[0019] It should be noted that, for the functional layers constituting the semiconductor
layer 2, various layers other than the above-mentioned functional layers may be adopted to,
or some of the above-mentioned functional layers may be omitted. Further, each
functional layer may be composed of a single semiconductor layer, or may be composed of
a plurality of types of semiconductor layers.

[0020] Inthe example of FIG. 1, the electrodes 4 are partially formed on the upper surface
2a of the semiconductor layer 2. In the example of FIG. 1, three electrodes 4a to 4c are
formed on the upper surface 2a of the semiconductor layer 2 as a plurality of electrodes 4.
The electrode 4b is, for example, a gate electrode. The electrodes 4a and 4c are provided
on opposite sides of the electrode 4b.  The electrode 4a is, for example, a source electrode,
and the electrode 4c is, for example, a drain electrode. The electrodes 4 are formed of a
conductor such as metal.

[0021] An insulating protective film (not illustrated) may be formed on the upper surface
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2a of the semiconductor layer 2 and the plurality of electrodes 4. The insulating protective
film contains, for example, at least one of silicon nitride (SiN) and aluminum oxide (Al>O3).
The insulating protective film is formed so as to cover the upper surface 2a of the
semiconductor layer 2 and the electrodes 4. However, if the electrodes 4 need to be
electrically connected to the external wiring, parts of the electrode 4 are not covered with
the insulating protective film, and the electrodes 4 are connected to the external wiring in
the parts. That is, a via hole is formed in the insulating protective film, and the electrode
4 is connected to the external wiring through the via hole. For example, the electrodes 4b
and 4c¢ may be connected to the external wiring, respectively.

[0022] In the example of FIG. 1, the semiconductor device 100 further includes, for
example, a lead-out electrode 5 and an electrode 6.  Further, in the example of FIG. 1, the
semiconductor device 100 has a via hole 51 extending through the bonded substrate 1, the
bonding layer 3, and the semiconductor layer 2.  The electrode 4ais exposed on the bottom
surface of the via hole 51. The lead-out electrode 5 covers the inner wall of the via hole
51 and the exposed surface of the electrode 4a. The electrode 6 is formed on the lower
surface 1b of the bonded substrate 1 and the lead-out electrode 5. The electrode 6 is also
referred to as a back surface electrode. The electrode 6 is electrically connected to the
electrode 4a via the lead-out electrode 5.  The lead-out electrode 5 and the electrode 6 are
also formed of a conductor such as metal.

[0023] The lead-out electrode 5 and the electrode 6 are not always necessary, and may
be connected to an external wiring with the same structure as the electrodes 4b and 4c.
Further, the semiconductor device 100 does not necessarily have to be a field effect
transistor, and may be, for example, various semiconductor devices such as a
semiconductor diode or a semiconductor laser.

[0024] The bonding layer 3 contains at least one of the constituent elements of the
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semiconductor layer 2.  For example, the bonding layer 3 contains gallium (Ga), which is
one of the constituent elements of the semiconductor layer 2. As a more specific example,
the bonding layer 3 contains a compound (for example, a gallium compound) of the
constituent element (for example, gallium) and substance other than the constituent element.
For example, the bonding layer 3 contains an oxide or a halide formed by reacting a
constituent element of the semiconductor layer 2 with oxygen or a halogen substance. As
amore specific example, the bonding layer 3 contains a gallium oxide as an oxide produced
by the reaction of the constituent element with oxygen.

[0025] The bonded surface 2b of the semiconductor layer 2 has, for example, an
irregularity pattern (not illustrated) which is a laser irradiation trace, as will be described in
detail later. This laser irradiation is performed in the manufacturing process (described
later) of the semiconductor device 100. The irregularity pattern is formed two-
dimensionally on the entire surface of the bonded surface 2b. The bonding layer 3 fills
the irregularities of the bonded surface 2b and adheres to the bonded surface 2b.

[0026] Next, an example a method of manufacturing the semiconductor device 100 will
be described. FIG. 2 is a flowchart illustrating an example of a manufacturing method of
the semiconductor device 100, and FIGS. 3 to 7 are cross-sectional views schematically
illustrating a configuration example in the process of manufacturing the semiconductor
device 100. First, in Step S1, the semiconductor layer 2 is formed on a second substrate
10. The second substrate 10 is a substrate for crystal growing of the semiconductor layer
2, and includes, for example, a sapphire substrate. The semiconductor layer 2 is formed
on an upper surface 10a of the second substrate 10 by, for example, a growth method such
as an organometallic vapor phase growing technique. For example, the semiconductor
layer 2 is formed by forming a buffer layer, a barrier layer, a channel layer, and a cap layer,

all of which are made of nitride-based compound semiconductors, in this order on the upper
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surface 10a of the second substrate 10.  As described above, the semiconductor layer 2 is
composed of GaN, AlGaN, AIN, and the like, and none of the functional layers need to be
a single layer, and may be composed of a plurality of layers. Further, some layers may be
omitted. Further, impurities such as iron (Fe) or carbon (C) may be added to each
functional layer, if necessary. In this Step S1, the epitaxial growth of the semiconductor
layer 2 on the second substrate 10 produces a laminated structure in which the second
substrate 10 and the semiconductor layer 2 are integrated.

[0027] Next, in Step S2, the formation of an active region and an inactive region of the
semiconductor layer 2 separately, the formation of the electrode 4 and the formation of an
insulating protective film are performed by each step such as a photolithography step, a
film-forming step, an ion implantation step, a metal vapor deposition step, and a plating
step. As a result, a transistor structure including the semiconductor layer 2 and the
electrode 4 is formed on the second substrate 10 (see FIG. 3).

[0028] Inthe example of FIG. 1, the semiconductor device 100 is a field effect transistor
and the transistor structure is formed on the second substrate 10 in Steps S1 and S2.
Therefore, if the semiconductor device 100 is another semiconductor device, a structure
corresponding to the semiconductor device is formed on the second substrate 10.

[0029] Next, in Step S3, the semiconductor layer 2 and the second substrate 10 are
separated from each other using laser irradiation (laser lift-off step). Specifically, first,
the laser beam is irradiated from the lower surface 10b side of the second substrate 10.For
the laser beam, a laser beam having a wavelength with a low absorption rate and a high
transmission rate in the second substrate 10 is adopted. For example, a laser beam having
a wavelength of 4 um or less is adopted. As a result, the laser beam passes through the
second substrate 10 and is incident on the semiconductor layer 2 Further, for this laser beam,

a laser beam having a high absorption rate in the semiconductor layer 2 is adopted. For
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example, a laser beam having a wavelength of 370 nm or less is desirable, and more
preferably 360 nm orless. Forexample, alaser beam with a wavelength of 266 nm, which
is a fourth harmonic wave of the Yttrium Aluminum Garnet (Y AG) laser, is adopted.
[0030] When the laser beam is irradiated, for example, a nitride-based compound
semiconductor absorbs the energy of the laser beam at the boundary portion of the
semiconductor layer 2 on the second substrate 10 side. The nitride-based compound
semiconductor is separated into a single substance of each constituent element by the
energy. In other words, the laser beam is irradiated with the amount of light that causes
this separation. As a more specific example, gallium nitride separates into gallium and
nitrogen. Nitrogen is a gas at room temperature. The formula for this chemical reaction
is as follows.

[0031] 2GaN—2Ga+Na.. (1)

That is, at the boundary portion of the semiconductor layer 2 on the second
substrate 10 side, gallium nitride is separated into gallium and nitrogen which is a gas.
The melting point of gallium is lower than the melting point of gallium nitride, which is
about 30 degrees. In this manner, the semiconductor layer 2 is separated into a single
substance (gallium) having a melting point lower than its own melting point and a single
substance (nitrogen) which is a gas at the boundary portion.

[0032] According to the formula (1), the nitrogen gas is generated by the laser irradiation;
therefore, the laser beam is irradiated so as to draw a continuous line from the outer
periphery of the second substrate 10. Consequently, the nitrogen gas can move outward
from between the second substrate 10 and the semiconductor layer 2. When the laser
irradiation is completed, the gallium is solidified by cooling. Accordingly, a low melting
point layer 30 consisting of gallium is formed between the semiconductor layer 2 and the

second substrate 10 (see FIG. 4). The melting point of the low melting point layer 30 is
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lower than the melting points of all the other layers, specifically, the insulating protective
film, the electrode 4, the semiconductor layer 2, and the second substrate 10.  Further, the
bonded surface 2b is the boundary surface between the semiconductor layer 2 and the low
melting point layer 30, and the bonded surface 2b has irregularities (not illustrated) due to
irradiation with a laser. The pattern of the irregularity has a pattern that reflects laser
irradiation. Therefore, it can be said that the irregularities are a laser irradiation trace.
[0033] Next, a laminated structure 100a including the insulating protective film, the
electrode 4, the semiconductor layer 2, the low melting point layer 30, and the second
substrate 10 is subject to heating. For example, the laminated structure 100a is subject to
heating by a heater such as a hot plate (not illustrated). The heater raises the temperature
of the laminated structure 100a to a temperature higher than the melting point of the low
melting point layer 30 and lower than the melting point of the other layers. As a result,
the low melting point layer 30 is melted. Next, the semiconductor layer 2 and the second
substrate 10 are parted from each other by separating the semiconductor layer 2 and the
second substrate 10 from each other (see FIG. 5). Hereinafter, the laminated structure in
which the second substrate 10 is separated from the laminated structure 100a is referred to
as a laminated structure 100b.  After separation, a part of the low melting point layer 30
solidifies and becomes one of the constituent elements of the laminated structure 100b.
Specifically, the low melting point layer 30 constitutes the bottom layer of the laminated
structure 100b.

[0034] It should be noted that the heating step by the heater is not always necessary in
Step S3.The temperature of the laminated structure 100a can be raised by laser irradiation;
therefore, the semiconductor layer 2 may be separated from the second substrate 10 during
laser irradiation.

[0035] Next, in Step S4, the bonded substrate 1 and the semiconductor layer 2 are
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overlapped (see FIG. 6). Specifically, the laminated structure 100b is placed on the
bonded surface 1a of the bonded substrate 1 so that the low melting point layer 30 of the
laminated structure 100b comes into contact with the bonded surface la of the bonded
substrate 1. Accordingly, the bonded surface 2b of the semiconductor layer 2 is opposite
to the bonded surface 1a of the bonded substrate 1 via the low melting point layer 30.

[0036] Next, in Step S5, the product formed on the bonded surface 2b of the
semiconductor layer 2 by the laser irradiation in Step S3 (that is, the low melting point layer
30) is reacted with another substance, thereby bonding a substance to the bonded substrate
1 and the semiconductor layer 2 while transforming the product into the substance having
a melting point higher than that of the low melting point layer 30.  The substance functions
as the bonding layer 3 (see Fig. 7). As a more specific example, a predetermined space in
which the bonded substrate 1 and the laminated structure 100b are placed is set as an oxygen
atmosphere, and the bonded substrate 1 and the laminated structure 100b are subject to
heating. For example, using a heater such as a hot plate, the bonded substrate 1 and the
laminated structure 100b are subject to heating to a temperature higher than the melting
point of the low melting point layer 30 and lower than the melting point of the other layers.
[0037] As aresult, gallium of the low melting point layer 30 is liquefied and adheres to
the entire surface of the bonded surface la of the bonded substrate 1. Further, the low
melting point layer 30 is liquefied; therefore, the low melting point layer 30 fills the
irregularities of the bonded surface 2b of the semiconductor layer 2 and can adhere thereto.
Then, the gallium is oxidized by the surrounding oxygen and transformed into gallium
oxide (that is, the bonding layer 3) in a state of being bonded to the bonded surface 1a of
the bonded substrate 1 and the bonded surface 2b of the semiconductor layer 2 (see FIG.
7). The melting point of this bonding layer 3 is higher than the melting point of the low

melting point layer 30. In short, the low melting point layer 30 consisting of gallium is
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transformed into the bonding layer 3 having a high melting point and containing gallium
oxide. Further, the gallium oxide has an insulating property.

[0038] Next, in Step S6, the via hole 51 is formed. For example, the via hole 51 that
extends through the bonded substrate 1, the bonding layer 3, and the semiconductor layer
2 and leads to the electrode 4a is formed by a processing method such as a reactive ion
etching method, a wet etching method, or a laser processing method. For the removal of
burrs generated on the wall surface of the via hole 51, the via hole 51 may be formed by
combining the above processing methods.

[0039] Next, in Step S7, the lead-out electrode 5 and the electrode 6 are formed. For
example, the lead-out electrode 5 and the electrode 6 are formed by a method such as vapor
deposition or a sputtering method. With this, the electrode 6 is electrically connected to
the electrode 4a via the lead-out electrode 5.

[0040] With the above manufacturing method, the semiconductor device 100 is
manufactured (see FIG. 1). Moreover, according to the manufacturing method, the
bonding layer 3 is formed using the reactant of the semiconductor layer 2 (low melting
point layer 30: gallium) generated by laser irradiation.

[0041] For comparison, consideration is given to the conventional manufacturing method.
In the conventional manufacturing method, the entire low melting point layer 30 (gallium)
is removed after separating the laminated structure 100b from the second substrate 10, then
the bonded surface 2b of the semiconductor layer 2 is flattened by polishing or the like.
Next, for example, the bonded substrate 1 is bonded to the semiconductor layer 2 with an
adhesive or the like. In this case, the removal step of the low melting point layer 30 and
the flattening step of the bonded surface 2b are required, and this increases the number of
steps. In addition, adopting a material different from the semiconductor layer 2 such as

an adhesive as the bonding layer for bonding the bonded substrate 1 and the semiconductor
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layer 2 increases the manufacturing cost.
[0042] Meanwhile, according to the first embodiment, in the bonding step (Step S5)
between the bonded substrate 1 and the semiconductor layer 2, the bonding layer 3 is
formed using the low melting point layer 30.  This eliminates the removal step for the low
melting point layer 30 and the flattening step of the bonded surface 2b. Further, the
bonding layer 3 is formed using the low melting point layer 30 generated from the
semiconductor layer 2; therefore, the bonding layer 3 is configured to contain a constituent
element (for example, gallium) of the semiconductor layer 2. According to this, the
material cost of the bonding layer 3 can be reduced as compared with the case where the
bonding layer 3 is consisting of a material completely different from the semiconductor
layer 2 such as an adhesive.
[0043] As described above, in the first embodiment, the semiconductor device 100 can
be manufactured with a smaller number of steps. In addition, the material cost of the
bonding layer 3 can be reduced. That is, productivity can improve.
[0044] Further, in the above example, the bonding layer 3 fills the irregularities of the
bonded surface 2b of the semiconductor layer 2 and adheres to the bonded surface 2b;
therefore, the bonding area between the bonding layer 3 and the semiconductor layer 2 can
be increased.  According to this, the semiconductor device 100 having high bonding
strength can be realized.
[0045] <Another Example of Bonding Layer>

In the above example, in the bonding step (Step S5), the bonded substrate 1 and
the laminated structure 100b were subject to heating in an atmosphere of a gas such as
oxygen that reacts with the low melting point layer 30. Accordingly, the low melting
point layer 30 can be reacted with the gas to be transformed into the bonding layer 3. As

another specific example of the gas that reacts with the low melting point layer 30, for
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example, a halogen gas (for example, chlorine gas) can also be adopted. In this case, the
gallium in the low melting point layer 30 can be transformed into a halide, more specifically,
into gallium chloride (GaxCle).
The melting point of gallium chloride is higher than the melting point of gallium.
[0046] <Thinning Treatment of Low Melting Point Layer>

FIG. 8 is a flowchart of another example of a method of manufacturing the
semiconductor device 100. Steps S11 to S13 are the same as Steps S1 to S3, respectively.
Next, in Step S14, a thinning treatment is performed to reduce the thickness of the low
melting point layer 30. For example, a chemical solution (for example, an etching
solution) for removing the low melting point layer 30 is supplied to the low melting point
layer 30. For example, the laminated structure 100b is immersed in the chemical solution.
As the chemical solution, for example, hydrochloric acid is adoptable. As a result, the
low melting point layer 30 is gradually removed from the surface thereof by the chemical
solution. Then, when the thickness of the low melting point layer 30 reaches the specified
thickness, the laminated structure 100b is taken out from the chemical solution and the
chemical solution is washed away. Thereby, the low melting point layer 30 can be thinned.
[0047] Next, Steps S15 to S18 are performed in this order. Steps S15 to S18 are the
same as Steps S4 to S7, respectively.
[0048] According to the manufacturing method, before the bonding step (Step S16), the
thickness of the low melting point layer 30 is reduced (Step S14). Therefore, the bonding
layer 3 can be thinned.  As a result, the semiconductor device 100 can be made thinner.
[0049] <Insulation Treatment>

The semiconductor device 100 illustrated in FIG. 1 has the via hole 51.  The via
hole 51 extends through the bonded substrate 1, the bonding layer 3, and the semiconductor

layer 2, and the electrode 4 and the electrode 6 are electrically connected to each other by
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the lead-out electrode 5 in the via hole 51. The lead-out electrode 5 contacts the inner
wall of the via hole 51; therefore, a part of the lead-out electrode 5 contacts the bonding
layer 3 in the via hole 51.

[0050] Meanwhile, in the above example, the bonding layer 3 is formed by transforming
the low melting point layer 30 consisting of a conductive metal (gallium) into an insulating
compound. However, all the metal of the low melting point layer 30 does not necessarily
react, and it is conceivable that the conductive metal (hereinafter referred to as residual
conductor) in the bonding layer 3 is exposed on the inner wall of the via hole 51.
Therefore, the insulation treatment may be performed to turn the residual conductor
contained in the bonding layer 3 exposed in the via hole 51 into an insulator before forming
the lead-out electrode 5.

[0051] FIG. 9 is a flowchart of an example of the method of manufacturing the
semiconductor device 100.  Steps S21 to S26 are the same as Steps S1 to S6, respectively.
FIG. 10 is a cross-sectional view schematically illustrating a configuration example in the
process of manufacturing the semiconductor device 100, and more specifically, illustrates
a laminated structure 100c obtained in Step S26.  As illustrated in FIG. 10, the via hole 51
is formed in the laminated structure 100c. In Step S27 following Step S26, the residual
conductor of the bonding layer 3 exposed in the via hole 51 is turned into an insulator. For
example, as in Step S5, the laminated structure 100c may be subject to heating in an
atmosphere of a gas such as oxygen gas or chlorine gas that reacts with the residual
conductor. As a result, the residual conductor (gallium) on the surface of the bonding
layer 3 reacts with a gas such oxygen or a chlorine gas to form an insulating compound.
[0052] Next, in Step S28, the lead-out electrode 5 and the electrode 6 are formed in the
same manner as in Step S7.

[0053] According to the manufacturing method, in Step S27, the residual conductor of



10

15

20

25

17

the bonding layer 3 exposed in the via hole 51 is turned into an insulator and, this, securely,
avoids the situation where the lead-out electrode 5 and the electrode 6 are electrically
connected to the bonding layer 3.
[0054] <Second Embodiment>

FIG. 11 is a cross-sectional view schematically illustrating a configuration
example of a semiconductor device 100 according to a second embodiment. A
semiconductor device 100A has the same configuration as the semiconductor device 100
except for the absence of the via hole 51, the lead-out electrode 5 and the electrode 6.
Further, a specific configuration example of the bonding layer 3 in the semiconductor
device 100A is also different from that of the semiconductor device 100.  Specifically, the
bonding layer 3 has an alloy containing at least one of the constituent elements (for example,
gallium) of the semiconductor layer 2. The substance other than gallium constituting the
alloy contains, for example, at least one of magnesium (Mg), cobalt (Co), nickel (Ni),
copper (Cu) and silver (Au). For example, an iron-gallium alloy produced by an alloying
reaction of iron and gallium can be suitably adopted as the bonding layer 3.
[0055] Next, an example a method of manufacturing the semiconductor device 100A will
be described. FIG. 12 is a flowchart of an example of the method of manufacturing the
semiconductor device 100A.  Steps S31 to S33 are the same as Steps S1to S3, respectively.
With this, the laminated structure 100b (see FIG. 5) is produced as in the first embodiment.
Also in the second embodiment, the boundary surface between the semiconductor layer 2
and the low melting point layer 30 (that is, the bonded surface 2b) has irregularities due to
laser irradiation. The irregularities have a pattern characteristic of laser irradiation and
are a laser irradiation trace.
[0056] Next, in Step S34, a seed layer 31 that contributes to the reaction with the low

melting point layer 30 is formed on the bonded surface 1a of the bonded substrate 1. FIG.
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13 is a cross-sectional view schematically illustrating a configuration example of the
bonded substrate 1 and the seed layer 31. The seed layer 31 contains, for example, at least
one of magnesium (Mg), cobalt (Co), nickel (N1), copper (Cu) and silver (Au). The seed
layer 31 is formed on the bonded surface 1a of the bonded substrate 1 by various film
forming methods such as a vapor deposition method or a sputtering method. The
execution timing of Step S34 is not limited thereto. Step S34 may be performed before
Step S35 described later, and may be performed before Step S31, for example.

[0057] Next, in Step S35, the bonded substrate 1 and the semiconductor layer 2 are
overlapped. Specifically, the laminated structure 100b is placed on the bonded substrate
1 so that the low melting point layer 30 comes into contact with the seed layer 31. FIG.
14 is a cross-sectional view schematically illustrating a configuration example in the
process of manufacturing the semiconductor device 100A, and illustrates a state in which
the laminated structure 100b is placed on the bonded substrate 1.

[0058] Next, in Step S36, the low melting point layer 30 and the seed layer 31 are reacted
to form the bonding layer 3, and the semiconductor layer 2 and the bonded substrate 1 are
bonded by the bonding layer 3. For example, the laminated structure 100b, the seed layer
31, and the bonded substrate 1 are subject to heating using a heater such as a hot plate.  As
aresult, while the low melting point layer 30 is liquefied, the metal of the low melting point
layer 30 diffuses into the seed layer 31 to form an alloy as the bonding layer 3. The
melting point of the alloy is higher than the melting point of gallium.

[0059] The treatment time may be appropriately set according to the thickness of the
bonding layer 3. As a specific example, when the low melting point layer 30 is gallium
and the seed layer 31 is copper, the reaction progresses with a thickness of about 0.8 um
when the temperature is raised to 200°C and 30 minutes of the treatment time elapses,

thereby forming the bonding layer 3.
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[0060] Also in the manufacturing method of the second embodiment, the bonding layer
3 is formed using the low melting point layer 30 in the bonding step (Step S36). This
eliminates the removal step for the low melting point layer 30 and the flattening step of the
bonded surface 2b as in the first embodiment. Further, the constituent elements of the
semiconductor layer 2 are used for a part of the bonding layer 3; therefore, the material cost
can be reduced as compared with the case of using an alloy made of a material completely
different from that of the semiconductor layer 2.  That is, productivity can improve.
[0061] Further, the area of the bonded surface 2b having irregularities is greater than that
of the flat surface; therefore, the bonding layer 3 is bonded to the semiconductor layer 2
with high bonding strength.
[0062] Further, the characteristics of the alloy can be adjusted by the type and ratio of its
constituent elements; therefore, designing the characteristics of the bonding layer 3 is
facilitated.
[0063] <Seed Layer Formation>

The seed layer 31 may be porous. When the seed layer 31 is porous, the low
melting point layer 30 (for example, gallium) liquefied by the heat treatment in the bonding
step (Step S36) permeates the inside of the seed layer 31. FIG. 15 is a cross-sectional
view schematically illustrating an example of a state in which parts of a liquid low melting
point layer 30 is contained inside the seed layer 31.  The liquid low melting point layer 30
permeates the inside of the seed layer 31; therefore, the liquid low melting point layer 30
diffuses from the inside of the seed layer 31 and is alloyed to form the bonding layer 3.
[0064] Asdescribed above, the bonding layer 3 contains an alloy of the metal constituting
the seed layer 31 (for example, copper) and the metal (for example, gallium) which is a
constituent element of the semiconductor layer 2. Further, the pores of the porous metal

(copper) may contain a metal (gallium) which is a constituent element of the semiconductor



10

15

20

25

20

layer 2.
[0065] When the porous seed layer 31 is used in this manner, a part of the liquid low
melting point layer 30 permeates the inside of the seed layer 31, and the alloying reaction
also occurs inside the seed layer 31 in the bonding step (Step S36). That is, this increases
the reaction area and the reaction time can be shortened. Therefore, the bonding layer 3
can be formed within a shorter processing time period.
[0066] Further, at least a part of the liquid low melting point layer 30 permeates the inside
of the seed layer 31, therefore, the thickness of the bonding layer 3 is made reduced.
Therefore, the distance (thickness) between the bonded substrate 1 and the semiconductor
layer 2 can be shortened, and the thermal conductivity from the semiconductor layer 2 to
the bonded substrate 1 can be enhanced.
[0067] <Material of Seed Layer>

In the above example, although metal is adopted as the seed layer 31, the material
therefor is not limited thereto, that is, the bonding layer 3 having a higher melting point
than the low melting point layer 30 need only be formed by reacting with the low melting
point layer 30. For example, a material capable of reacting with the low melting point
layer 30 to generate a compound as the bonding layer 3 may also be adopted as the material
of the seed layer 31.
[0068] <Third Embodiment>

FIG. 16 is a cross-sectional view schematically illustrating a configuration
example of a semiconductor device 100B according to a third embodiment. The
semiconductor device 100B includes the bonded substrate 1, the semiconductor layer 2,
and the bonding layer 3.  Although not illustrated in FIG. 16, the semiconductor device
100B may further include the lead-out electrode 5 and the electrode 6 as in the first

embodiment. As illustrated in FIG. 16, in the third embodiment, the bonded surface 1a of
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the bonded substrate 1 has irregularities.  The irregularities are arranged two-
dimensionally in plan view. For example, a plurality of line-shaped or dot-shaped convex
portions or line-shaped or dot-shaped concave portions may be two-dimensionally arranged
thereon. The bonding layer 3 fills the irregularities of the bonded surface 1a and adheres
to the bonded surface 1a.

[0069] According to this, the bonding area between the bonding layer 3 and the bonded
surface 1a of the bonded substrate 1 can be increased, and the bonding strength between
the bonded substrate 1 and the bonding layer 3 can be improved.

[0070] The irregularity height of the bonded surface 1a of the bonded substrate 1 is, for
example, 1um or more and 500 um or less. When the irregularity height is less than the
lower limit of the above range, the effect of increasing the surface area due to the
irregularity pattern cannot be obtained. Further, when the irregularity height exceeds the
upper limit of the above range, this makes it difficult for the bonding layer 3 to fill the
irregularities, which makes bonding formation difficult. Further, the irregularity period
of the bonded surface 1a desirably is less than 10 times the maximum irregularity height of
the bonded surface 1a. When the irregularity period is greater than the upper limit of the
above range, the effect of increasing the surface area due to the irregularity pattern cannot
be obtained.

[0071] Next, an example of a method of manufacturing the semiconductor device 100B
according to the third embodiment will be described. FIG. 17 is a flowchart illustrating
an example of the method of manufacturing the semiconductor device 100B according to
the third embodiment. Steps S41 to S43 are the same as Steps S1 to S3, respectively.
With this, the laminated structure 100b (see FIG. 5) is produced as in the first embodiment.
Also in the third embodiment, the boundary surface between the semiconductor layer 2 and

the low melting point layer 30 (that is, the bonded surface 2b) has irregularities due to laser
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irradiation.  The irregularities have a pattern characteristic of laser irradiation and are a
laser irradiation trace.

[0072] Next, in Step S44, irregularities are formed on the bonded surface la of the
bonded substrate 1. For example, the irregularities are formed at an arbitrary portion of
the bonded surface 1a by a combination of a resist process such as photolithography and
nanoimprint and an etching process such as a wet etching method and a reactive ion etching
method. Alternatively, the irregularity may be formed on the bonded surface 1a of the
bonded substrate 1 by machining or the like.

[0073] Next, in Step S45, the bonded substrate 1 and the semiconductor layer 2 are
overlapped. Specifically, the laminated structure 100b is placed on the bonded surface 1a
of the bonded substrate 1 so that the low melting point layer 30 comes into contact with the
bonded surface la. FIG. 18 is a cross-sectional view schematically illustrating a
configuration example in the process of manufacturing the semiconductor device 100B,
where the laminated structure 100b is placed on the bonded surface la of the bonded
substrate 1.

[0074] Next, in Step S46, the low melting point layer 30 is reacted to form the bonding
layer 3. For example, the laminated structure 100b and the bonded substrate 1 are subject
to heating using a heater such as a hot plate in an atmosphere of a gas such as oxygen gas
or chlorine gas that is reacted with the low melting point layer 30. Accordingly, the low
melting point layer 30 is liquefied to fill the irregularities of the bonded surface 2b of the
semiconductor layer 2 and the irregularities of the bonded surface la of the bonded
substrate 1 while reacting with a gas such as oxygen gas or chlorine gas to form the bonding
layer 3. With this, the semiconductor device 100B according to the third embodiment can
be manufactured.

[0075] Also in the manufacturing method of the third embodiment, the bonding layer 3
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is formed using the low melting point layer 30 in the bonding step (Step S46). This
eliminates the removal step for the low melting point layer 30 and the flattening step of the
bonded surface 2b of the semiconductor layer 2.  Further, the areas of the bonded surface
2b and the bonded surface 1a having irregularities are greater than that of the flat surface;
therefore, the bonding layer 3 is bonded to each of the semiconductor layer 2 and the bonded
substrate 1 with high bonding strength.
[0076] <Irregularities>

The structure of irregularities of the bonded substrate 1 does not have to be the
periodic structure as illustrated in FIG. 16, and may have any pattern. For example,
convex portions or concave portions may be formed at random positions in plan view.
Further, the irregularity pattern may be appropriately set. For example, the convex
portions or concave portions may be a dot pattern, or may a line pattern. Further, the
bonded surface la may be an irregularity pattern due to a plurality of mildly inclined
structures. That is, if irregularities are formed on the bonded surface 1a, the area of the
bonded surface 1a of the bonded substrate 1 can be made greater than that of the flat surface
regardless of the pattern thereof, and the bonding strength can be improved.
[0077] Also, in the third embodiment, when the via hole 51, the lead-out electrode 5 and
the electrode 6 are formed, the irregularity pattern may be set according to the position of
the via hole 51. FIG. 19 is a cross-sectional view schematically illustrating a
configuration example in the process of manufacturing the semiconductor device, and is a
diagram schematically illustrating a configuration example of the semiconductor device
100B shortly before the via hole 51 is formed.  As illustrated in FIG. 19, the region where
the via hole 51 is formed in the bonded surface 1a of the bonded substrate 1 corresponds to
arecess. Therefore, the thickness of the bonded substrate 1 is thin in the region where the

via hole 51 is formed.
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[0078] Accordingly, reduction in the amount of etching of the bonded substrate 1 when
forming the via hole 51 is ensured. On the other hand, the thickness of the bonding layer
3 is thick in the region where the via hole 51 is formed. Therefore, for example, when the
etching rate of the bonded substrate 1 is lower than the etching rate of the bonding layer 3,
the irregularity pattern of the bonded surface 1a may be determined so that the bonded
substrate 1 becomes thin in the region where the via hole 51 is formed. When the via hole
51 is formed, the etching amount of the bonded substrate 1 having a low etching rate can
be reduced, so that the manufacturing throughput of the semiconductor device 100B can be
improved.

[0079] FIG. 20 is a cross-sectional view schematically illustrating a configuration
example of a semiconductor device 100C.  This semiconductor device 100C has the same
configuration as the semiconductor device 100B except for the irregularity pattern of the
bonded surface la of the bonded substrate 1. In the example of FIG. 20, the bonded
surface la of the bonded substrate 1 has a convex portion in the region between the
electrodes 4a and 4c¢ in plan view.

[0080] Meanwhile, in the semiconductor device 100C, the electrode 4a functions as a
source electrode and the electrode 4c¢ functions as a drain electrode; therefore, a current
flows in the semiconductor layer 2 between the electrodes 4a and 4c.  Therefore, a portion
of the semiconductor layer 2 between the electrodes 4a and 4c functions as a heat generating
source.

[0081] In the example of FIG. 20, the bonded surface la of the bonded substrate 1 has
the convex portion below the heat generating portion. Consequently, the distance between
the heat generating portion and the bonded substrate 1 can be shortened, and the heat from
the heat generating portion can be easily transferred to the bonded substrate 1.

[0082] Inthe example of FIG. 20, although the convex portion is formed only below the
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heat generating portion, the irregularities may be formed in other regions as well. In this
case, the width of the convex portion below the heat generating portion (the width in the
arrangement direction in which the electrodes 4a and 4c¢ are arranged) may be greater than
the width of the convex portion in the other regions.

[0083] The embodiments can be combined, appropriately modified or omitted.

[0084] While the present disclosure has been illustrated and described in detail, the
foregoing description is in all aspects illustrative and not restrictive. It is therefore

understood that numerous modifications and variations can be devised.

EXPLANATION OF REFERENCE SIGNS

[0085] 1 first substrate (bonded substrate), 10 second substrate, la, 2a bonded

surface,2 semiconductor layer, 3 bonding layer, 31 seed layer,4 electrode, 51 via

hole.
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CLAIMS
[Claim 1]

A semiconductor device comprising:

a first substrate;

a semiconductor layer consisting of a nitride-based compound semiconductor;
and

a bonding layer bonded to the first substrate and the semiconductor layer between
the first substrate and the semiconductor layer, and containing at least one of constituent
elements of the nitride-based compound semiconductor, wherein

the bonding layer contains a porous material and the constituent elements of the

semiconductor layer are present in pores of the porous material.

[Claim 2]
The semiconductor device according to claim 1, wherein

the bonding layer contains a compound of the constituent elements.

[Claim 3]
The semiconductor device according to claim 2, wherein
the bonding layer contains an oxide of the constituent elements of the

semiconductor layer.

[Claim 4]
The semiconductor device according to claim 1, wherein
the bonding layer contains an alloy of the constituent elements of the

semiconductor layer.
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[Claim 5]
The semiconductor device according to any one of claims 1 to 4, wherein
a bonded surface of the semiconductor layer bonding to the bonding layer has

irregularities and the bonding layer fills in the irregularities.

[Claim 6]
The semiconductor device according to any one of claims 1 to 5, wherein
a bonded surface of the first substrate bonding to the bonding layer has

irregularities and the bonding layer fills in the irregularities.

[Claim 7]
The semiconductor device according to any one of claims 1 to 6, wherein

the first substrate includes a silicon substrate or a silicon carbide substrate.

[Claim 8]
The semiconductor device according to any one of claims 1 to 7, wherein

the constituent elements of the semiconductor layer include gallium.

[Claim 9]

A method of manufacturing a semiconductor device including a first substrate, a
semiconductor layer constituting of a nitride-based compound semiconductor, a bonding
layer provided between the first substrate and the semiconductor layer and bonding the first

substrate and the semiconductor layer to each other, the method comprising:
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a first step of injecting a laser into the semiconductor layer formed on a second
substrate and separating the second substrate from the semiconductor layer;

a second step of overlapping the first substrate and the semiconductor layer to
each other; and

a third step of forming the bonding layer that bonds the first substrate and the
semiconductor layer to each other by permeating a product formed on a bonded surface of

the semiconductor layer by irradiation of the laser into a porous material.

[Claim 10]

The method of manufacturing the semiconductor device according to claim 9,
wherein

in the third step, the product is reacted with another material to transform thereof

into a compound as the bonding layer.

[Claim 11]
The method of manufacturing the semiconductor device according to claim 10,
wherein

in the third step, the product is oxidized to form the bonding layer.

[Claim 12]

The method of manufacturing the semiconductor device according to any one of
claims 9 to 11, further comprising

a fourth step of forming a seed layer that reacts with the product on a bonded
surface of the first substrate, which is performed following the second step and before the

third step.



10

15

20

29

[Claim 13]

The method of manufacturing the semiconductor device according to any one of
claims 9 to 12, further comprising

a fifth step of forming irregularities on a bonded surface of the first substrate,

which is performed before the second step.

[Claim 14]
The method of manufacturing the semiconductor device according to any one of
claims 9 to 13, wherein

the first substrate includes a silicon substrate or a silicon carbide substrate.

[Claim 15]
The method of manufacturing the semiconductor device according to any one of
claims 9 to 14, wherein

the bonding layer includes a gallium alloy or a gallium compound.

[Claim 16]

The method of manufacturing the semiconductor device according to any one of
claims 9 to 15, further comprising

a sixth step of reducing a thickness of the product by removing a portion of the

product, which is performed following the first step and before the second step.
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