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SEMICONDUCTOR DEVICE AND MANUFACTURING METHOD OF THE
SAME '
BACKGROUND OF THE INVENTION
1. Field of the Invention
[0001]

One mode of this disclosed invention relates to semiconductor devices and a

- manufacturing method thereof. Further, one mode of the present invention relates to

semiconductor devices which control a relatively large amount of electrical power.

2. Description of the Related Art
[0002]

An energy gap of a silicon carbide semiconductor (4H-SiC) is 3.02 eV, which is
about three times that of a silicon semiconductor, 1.12 eV. A dielectric breakdown
electric field of a silicon semiconductor is 0.3 MV/cm while a dielectric breakdown
electric field of a silicon carbide semiconductor is 3.5 MV/cm, which is more than ten
times as high as that of a silicon semiconductor. Therefore, the use of a silicon carbide
semiconductor for electrical devices typified by mverters and converters is expected.
[0003]

In spite of those advantages, commercialization of transistors utilizing a silicon
carbide semiconductor has not been realized because of low quality of silicon carbide
semiconductor substrates and difficulty in increasing a size of the substrates.

[0004]

Specifically, it has been found that defects of a silicon carbide substrate should
be reduced. There is a problem in that a silicon carbide substrate has hollow-core
defects called micropipes and only one micropipe in a transistor prevents the transistor
from functioning. Besides the hollow-core defects, a silicon carbide substrate has
many defects such as dislocation. In order to manufacture a high-quality silicon
carbide substrate, a high-quality silicon carbide semiconductor layer is tried to be grown
on a semiconductor substrate by homoepitaxial growth and heteroepitaxial growth, for
example (see Patent Documents 1 and 2).

(00051

Although attempts have been made to improve quality of a silicon carbide
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substrate, a problem of a small size of the substrate is still to be solved. The size of a
single crystal silicon substrate is 12 inch. On the other hand, the size of a silicon
carbide substrate is still 3 inch generally. This is because crystal growth of a silicon
carbide semiconductor is difficult to control. After all, although devices including a
silicon carbide semiconductor are expected to be high performance devices, their
commercialization is delayed in practice due to low quality of crystals and low
productivity.

[0006]

[Patent Document 1] Japanese Published Patent Application No. 2006-032655
[Patent Document 2} Japanese Published Patent Application No. 2006-036613

SUMMARY OF THE INVENTION
[0007]

In view of the foregoing problems, an object is to provide a semiconductor
device including a silicon carbide semiconductor. In addition, another object is to
improve productivity of the semiconductor device including a silicon carbide
semiconductor.

[0008]

In one embodiment of the present invention, the above problems are solved by
making a semiconductor éubstrate at least a part of which includes a silicon carbide
semiconductor layer, not by making a semiconductor substrate the entire part of which
is a silicon carbide semiconductor. When a silicon semiconductor substrate is used as
a semiconductor substrate, the size of the substrate can be increased. By
silicon-carbonizing one surface of the substrate, a large semiconductor substrate having
a silicon carbide semiconductor layer can be obtained. By using such a semiconductor
substrate, a semiconductor device in which part or the whole of an active region of an
element, such as a transistor, is formed from a silicon carbide semiconductor can be
obtained.

[0009]

A semiconductor device according to one embodiment of the present invention

includes a semiconductor layer formed on an insulating surface and at least part of the

semiconductor layer is a semiconductor region having a larger energy gap than the
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semiconductor layer. The semiconductor region having a large energy gap is provided
in a position at least overlapping with a gate electrode provided with an insulating layer
interposed between the semiconductor layer and the gate electrode. A structure in
which the semiconductor region having a larger energy gap than the semiconductor
layer is included in a channel formation region has an effect of improving a dielectric
breakdown voltage. The semiconductor layer is preferably single crystal or polycrystal,
and the semiconductor region having a larger energy gap than the semiconductor layer
also preferably has a crystalline structure. A preferable combination of materials is a
silicon semiconductor and a carbide semiconductor, which are a material for forming
the semiconductor layer and a semiconductor material having a larger energy gap than
the semiconductor layer, respectively. As a carbide semiconductor, a silicon carbide is
preferably used. As a silicon semiconductor, single crystal silicon is preferable, but
polycrystal silicon can also be used.

[0010]

A semiconductor device according to one embodiment of the present invention
includes a semiconductor layer having one conductivity type formed on an insulating
surface, a carbide semiconductor region provided in at least a part of the semiconductor
layer, a gate insulating layer provided over the carbide semiconductor region, a gate
electrode provided over the gate insulating layer, a first impurity region having an
opposite conductivity type to the one conductivity type, overlapping with a part of the
gate electrode, and including at least the carbide semiconductor region, a second
impurity region having the one conductivity type which is formed in the first impurity
region and substantially outside a region under the gate electrode and includes at least
the carbide semiconductor region, a source electrode being in contact with the first
impurity region and the second impurity region, and a drain electrode being in contact
with the semiconductor layer.

[oo11]

A semiconductor device according to one embodiment of the present invention
includes a semiconductor layer having one conductivity type formed on an insulating
surface, a carbide semiconductor region provided in at least a part of the semiconductor
layer, a gate insulating layer provided over the carbide semiconductor region, a gate

electrode provided over the gate insulating layer, a first impurity region having an
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opposite conductivity type to the one conductivity type, overlapping with a part of the
gate electrode, and including at least the carbide semiconductor region, a second
impurity region having the one conductivity type which is formed in the first impurity
region and substantially outside a region under the gate electrode and includes at least
the carbide semiconductor region, an emitter electrode being in contact with the first
impurity region and the second impurity region, and a collector electrode being in
contact with a third impurity region having the opposite conductivity type to the one
conductivity type which is formed in the semiconductor layer.

[0012]

In the semiconductor device of the above embodiments, the semiconductor
layer is preferably single crystal, but may be polycrystal. Further, instead of the
semiconductor layer provided on the insulating surface, a semiconductor substrate can
be employed.

[0013]

Further, a method for manufacturing a semiconductor device is also given.
The method includes forming a carbide semiconductor region by heating a
semiconductor in an atmosphere containing a carbide gas to carbonize a surface portion
of the semiconductor, and forming a gate electrode with an insulating layer interposed
between the gate electrode and the semiconductor in order that a channel formation
region is formed in the carbide semiconductor region. As well as the carbonization
treatment on a semiconductor substrate, carbonization treatment on a semiconductor
layer on a substrate having an insulating surface falls within the scope of ome
embodiment of the present invention. As a carbide gas, a hydrocarbon gas such as
methane or propane is preferably used.

[0014]

The heat treatment of the carbonization treatment may include irradiation of the
semiconductor with laser light, in addition to heating of the substrate. The entire
surface of the semiconductor may be irradiated with laser light at a time or may be
irradiated with a pulsed laser or a continuous wave laser sequentially.

[0015]
Note that the ordinal numbers such as "first" and "second" in this specification

are used for convenience and do not limit the order of steps and the stacking order of
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layers. In addition, elements accompanied by ordinal numbers such as "first" and
"second" do not denote particular names which specify the present invention.
[0016]

A semiconductor device which withstands high voltages can be obtained by
forming part or the whole of a channel formation region of a transistor from a carbide
semiconductor region. By heating a semiconductor substrate or a substrate provided
with a semiconductor layer in an atmosphere containing a carbide gas, a silicon carbide
semiconductor layer can be formed. In this method, if the area of the semiconductor
substrate or the semiconductor layer is increased, a larger apparatus may be used for
heat freatment. Accordingly, a semiconductor device which includes a silicon carbide

semiconductor can be manufactured without decreasing productivity.

BRIEF DESCRIPTION OF THE DRAWINGS
[0017]

FIGS. 1A and 1B are respectively a plan view and a cross-sectional view which
illustrate one mode of a semiconductor device having an SOI structure in which a
semiconductor layer is provided over a support substrate with an insulating layer
interposed therebetween.

FIGS. 2A and 2B are respectively a plan view and a cross-sectional view which
illustrate one mode of a semiconductor device having an SOI structure in which a
semiconductor layer is provided over a support substrate with an insulating layer
interposed therebetween.

FIGS. 3A and 3B illustrate an example of a manufacturing process of a
semiconductor device having an SOI structure.

FIGS. 4A and 4B illustrate an example of a manufacturing process of a
semiconductor device having an SOI structure.

FIGS. 5A and SB illustrate an example of a manufacturing process of a
semiconductor device having an SOI structure.

FIGS. 6A and 6B illustrate an example of a manufacturing process of a
semiconductor device having an SOI structure.

FIGS. 7A and 7B are respectively a plan view and a cross-sectional view which

illustrate one mode of a semiconductor device having an SOI structure in which a
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semiconductor layer is provided over a support substrate with an insulating layer
interposed therebetween.

FIGS. 8A to 8C illustrate a manufacturing process of a substrate having an SOI
structure.

FIGS. 9A and 9B are respectively a plan view and a cross-sectional view which
illustrate one mode of a semiconductor device formed using a semiconductor substrate.

FIGS. 10A and 10B are respectively a plan view and a cross-sectional view
which illustrate one mode of a semiconductor device formed using a semiconductor
substrate. ’

FIG 11 illustrates an example of a solar power generation system provided
with an inverter.

DETAILED DESCRIPTION OF THE INVENTION
[0018]

Embodiments of the disclosed invention will be described in detail with
reference to the drawings. Note that the disclosed invention is not limited to the
following description and it will be readily appreciated by those skilled in the art that
modes and details can be modified in various ways without departing from the spirit and
the scope of the present invention. Accordingly, the disclosed invention should not be
construed as being limited to the description of the embodiments to be given below. In
embodiments described below, the same reference numerals may be used to denote the
same components amohg different drawings.

[0019]
(Embodiment 1)

In this embodiment, an example of a semiconductor device having an SOI
structure in which a semiconductor layer is provided over a support substrate with an
insulating layer interposed therebetween is described. In this embodiment, an example
of a structure for providing a semiconductor device including a silicon carbide
semiconductor is described. FIG. 1A is a plan view of the semiconductor device and
FIG. 1B is a cross-sectional view taken along dashed line A-B in the plan view.

[0020]
FIG. 1A is a plan view of a semiconductor device in which a source electrode

118 is provided in the vicinity of a gate electrode 114. A drain electrode 120 is
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provided outside the source electrode 118. Hereinafter, a structure of a semiconductor
device according to this embodiment is described with reference to FIG. 1A and a
cross-sectional view in FIG. 1B.

[0021]

[Support Substrate]

A substrate having a flat surface, for example, an insulating substrate, a
semiconductor substrate, a metal substrate can be employed as a support substrate 100.
Note that the support substrate 100 preferably has a heat resistance to withstand
temperatures of 500 °C or higher.

[0022]
A quartz substrate is a preferable example of the support substrate 100.

Alternatively, a glass substrate whose strain point is 700 °C or higher can be used. A
silicon substrate (a silicon wafer) is given as a typical example of a semiconductor
substrate. A silicon substrate whose surface is polished to be flat may be used. An
inexpensive silicon substrate which is at a so-called solar cell level can also be used.
For example, a silicon substrate with about 6N purity (99.9999 %) to 7N purity
(99.99999 %) can be used as the support substrate 100. In this case, it is preferable
that a surface of the silicon substrate be heated to 700 °C to 1150 °C, preferably 800 °C
to 1050 °C in an oxidizing atmosphere containing hydrogen chloride at 0.5 vol% to 10
vol% (preferably, at 3 vol%) so that an oxide film is formed. In the case of using a
metal substrate, a surface is polished to be flat and an insulating layer described below
is formed.
[0023]
[Insulating Layer over Support Substrate]

An insulating layer 102 provided over the support substrate 100 preferably has
a planarity. Therefore, silicon oxide, silicon oxynitride, silicon nitride, or the like is
employed for the insulating layer 102. An insulating layer of any of those materials
including silicon can be formed by a sputtering method or a vapor deposition method.
[0024]

In the case where a silicon substrate is used as the suppori substrate, an

insulating layer may be formed on the surface of the silicon substrate by a thermal
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oxidation method. In the case where the silicon substrate is at a solar cell level,
impurities such as metal can be reduced by thermal oxidation on the silicon substrate in
an oxygen atmosphere containing HCI.

[0025]

[Semiconductor Layer]

A semiconductor layer 104 is formed over the support substrate 100 with the
insulating layer 102 interposed therebetween. As for the semiconductor layer 104, a
single crystal semiconductor is preferable but a polycrystal semiconductor can be
alternatively used. Typically, a single crystal silicon semiconductor is employed.
The semiconductor layer 104 has either n-type or p-type conductivity. The thickness
of the semiconductor layer 104 is about 50 nm to 500 nm.

[0026]
[Carbide Semiconductor Region]

A carbide semiconductor region 106 is formed inside a surface of the
semiconductor layer 104. This carbide semiconductor region 106 has a larger energy
gap than a silicon semiconductor. Similarly to the semiconductor layer 104, the
carbide semiconductor region 106 is preferably formed from a semiconductor material
which contains silicon as a component. A silicon carbide semiconductor is preferably
employed. The carbide semiconductor region 106 is formed down to the depth of at
least 5 nm to 15 nm from the surface of the semiconductor layer 104. In the case
where the semiconductor layer 104 is a silicon semiconductor, the carbide
semiconductor region 106 is formed from silicon carbide.

[0027]

The carbide semiconductor region 106 may be provided throughout the surface
of the semiconductor layer 104 or selectively provided in a region which serves as a
channel formation region of a transistor as is described below. In the above manner in
which a silicon carbide semiconductor region is formed in a crystallized semiconductor
layer rather than forming a silicon carbide substrate itself, a silicon carbide
semiconductor region with improved crystallinity can be obtained. By utilizing this
silicon carbide semiconductor region, a semiconductor element such as a transistor can
be manufactured.

{0028]
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[First Impurity Region]

A first impurity region 108 is a region with an opposite conductivity type to the
conductivity type of the semiconductor layer 104. For example, if the semiconductor
layer 104 is of n-type, the first impurity region 108 is a p-type region.

[0029]

The first impurity region 108 is formed to overlap with the gate electrode 114
and the source electrode 118. The thickness of the first impurity region 108 may be
approximately the same as that of the carbide semiconductor region 106. Since current
flows between the source electrode 118 and the drain electrode 120 through the channel
formation region (part of the first impurity region 108 which overlaps with the gate
electrode 114), the semiconductor layer 104 should remain under the first impurity
region 108.

[0030]
[Second Impurity Region]

A second impurity region 110 is formed in the first impurity region 108. The
second impurity region 110 has the same conductivity type as the semiconductor layer
104. The second impurity region 110 is provided in a region which overlaps with an
end portion of the gate electrode 114 and the source electrode 118. The second
impurity region 110 serves as a so-called source region. |
[0031]

The thickness of the second impurity region 110 is controlled so that the second
impurity region 110 does not reach the bottom of the first impurity region 108. This is
because if the second impurity region 110, which has the same conductivity type as the
semiconductor layer 104, goes through the first impurity region 108, the source
electrode 118 and the drain electrode 120 are substantially short-circuited.

[0032]
[Gate Insulating Layer]

A gate insulating layer 112 is formed from an insulating film which is obtained
by oxidizing the semiconductor layer 104 (including the carbide semiconductor region
106). Alternatively, the gate insulating layer 112 is formed by depositing an insulating
film over the semiconductor layer 104.

[0033]
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As for oxidation of the semiconductor layer 104 (including the carbide
semiconductor region 106), a dry oxidation method, a pyrogenic oxidation method (a
wet oxidation method) in which hydrogen and oxygen are burnt to generate water vapor
and the water vapor and oxygen are used for oxidation, a method in which thermal
oxidation is performed by mixing hydrogen chloride with oxygen, or the like can be
employed. Alternatively, the gate insulating layer 112 may be formed by performing
plasma treatment on a surface of the semiconductor layer 104 (including the carbide
semiconductor region 106). In the plasma treatment here, oxygen radicals generated in
plasma react with the semiconductor surface and oxidation reaction proceeds even at
Iow temperatures. Therefore, an oxidation film can be formed at a temperature of
1000 °C or lower on a silicon carbide sgmiconductor, which is relatively difficult to
oxidize.

[0034]

In the case of depositing the gate insulating layer 112 over the semiconductor
layer 104 (including the carbide semiconductor region 106), a thermal CVD method or
a plasma CVD method by which a silicon oxide film or a silicon oxynitride film is
formed can be employed.

[0035]
{Gate Electrode]

The gate electrode 114 is provided over the gate insulating layer 112. The
gate electrode 114 is providéd over the gate insulating layer 112, thereby being insulated
from the semiconductor layer 104 (including the carbide semiconductor region 106).
The gate electrode 114 is preferably covered with an insulating layer 116. The
insulating layer 116 ensures insulation between the gate electrode 114 and the source
electrode 118.

[0036]
[Source Electrode and Drain Electrode]

The source electrode 118 is provided to be in contact with the second impurity
region 110. Further, the source electrode 118 is located to be in contact with not only
the second impurity region 110 but the first impurity region 108 outside the gate
electrode 114, whereby a pn junction is substantially formed between the source

electrode 118 and the neighboring drain electrode 120.

10



10

13

20

25

30

[0037]

In normal operation, the source electrode 118 is negatively biased while the
drain electrode 120 is positively biased, whereby the pn junction formed between the
source electrode 118 and the drain electrode 120 is biased in the reverse direction.
Thus, leakage current between the source electrode 118 and the drain electrode 120 is
reduced.

[0038]

The drain electrode 120 is provided in a region outside the source electrode 118.
The drain electrode 120 is in contact with a third impurity region 122 having the same
conductivity type as the second impurity region 110. In a path through which current
flows, the second impurity region 110, the first impurity region 108, the carbide
semiconductor region 106, the semiconductor layer 104, and the third impurity region
122 are sandwiched between the source electrode 118 and the drain electrode 120.
Here, because of the presence of the first impurity region 108 formed from a carbide
semiconductor and the carbide semiconductor region 106, voltages that can be
withstood can be high.

[0039]
[Modification Example]

FIGS. 2A and 2B ijllustrate an example of a semiconductor device in which a
pair of gate electrodes 114 and a pair of source electrodes 118 are provided on opposite
sides of the drain electrode 120. With a structure in which two channel formation
regions are provided in the support substrate 100 and the drain electrode 120 is
sandwiched by the two source electrodes 118, a device can be downsized while
allowing a large amount of current to flow. Such a semiconductor device is suitable
for applications with high rated current.

[0040]
[Operation of Semiconductor Device]

In the case where the semiconductor layer 104 has an n-type conductivity, the
first impurity region 108 has a p-type conductivity, and the second impurity region 110
has an n-type conductivity, an npn junction is formed between the source electrode 118
and the drain electrode 120. Accordingly, when bias is not applied to the gate

electrode, only a small amount of current flows.
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[0041]

When positive bias is applied to the gate electrode 114, in the first impurity
region 108 which overlaps with the gate electrode 114, negative charges (electrons) are
induced near the interface with the gate insulating layer 112, whereby current flows
between the source electrode 118 and the drain electrode 120. The channel formation
region is formed in a region of the first impurity region 108 which overlaps with the
gate electrode 114. The first impurity region 108 is provided in the carbide
semiconductor region. 106.

[0042]

When the channel formation region is formed in the first impurity region 108 in
the carbide semiconductor region 106, the dielectric breakdown voltage is improved.
This is because, in a Si-C bond, the interatomic distance is as small as about 0.18 nm,
the binding energy is high, and an energy gap of a silicon carbide semiconductor is
about three times that of a silicon semiconductor.

[0043]
Accordingly, in the case where the channel formation region is formed in the

carbide semiconductor region, specific on resistance can be about 2 digits smaller than
in the case where the channel formation region is formed from a silicon semiconductor.
Further, since a carbide semiconductor has a thermal conductivity approximately three
times as high as silicon, heat can be dissipated efficiently. Therefore, an electric
current density per unit area in the semiconductor device is increased.
[0044]
(Embodiment 2)

In this embodiment, an example of a method of manufacturing the

semiconductor device described in Embodiment 1 is described with reference to FIGS.
3A and 3B, FIGS. 4A and 4B, and FIGS. 5A and 5B. An object of this embodiment is
to provide a semiconductor device including a silicon carbide semiconductor. In
addition, another object of this embodiment is to improve productivity of the
semiconductor device including a silicon carbide semiconductor.
[0045]
[Manufacture or Preparation of Support Substrate (see FIG. 3A)]

The semiconductor layer 104 is formed over the support substrate 100 with the

12
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insulating layer 102 interposed therebetween. This i1s a so-called SOI structure in

which a semiconductor layer is provided over an insulating surface. Therefore, SOI

~ substrates which are commercially available such as a bonded SOI substrate, a SIMOX

(separation by implanted oxygen) substrate, or the like can be employed. A material of
the semiconductor layer 104 is preferably single crystal silicon, but other semiconductor
materials can be used. The semiconductor layer 104 has, for example, an n-type
conductivity.

[0046]

[Formation of Carbide Semiconductor Region (see FIG. 3B}]

The carbide semiconductor region 106 is formed inside a surface of the
semiconductor layer 104. The carbide semiconductor region 106 includes an element
which has an effect of increasing the energy gap of a material of the semiconductor
layer 104 so that the carbide semiconductor region 106 has a larger energy gap than the
semiconductor layer 104, For example, treatment for impregnating the semiconductor
layer 104 with a specific element is performed.

[0047]
For a specific example, in the case where the semiconductor layer 104 is

formed from a single crystal silicon semiconductor, heat treatment is performed at 1000
°C to 1300 °C, preferably, 1100 °C to 1250 °C in a mixed gas atmosphere in which a
hydrocarbon gas such as methane or propane is mixed with a hydrogen gas serving as a
carrier gas. By this treatment, the semiconductor layer 104 is impregnated with carbon
from the surface to the depth of 5 nm to 20 nm, whereby the carbide semiconductor
region 106 can be formed.

[0048]

Further, in a mixed gas atmosphere of hydrogen and a hydrocarbon gas, the
semiconductor layer 104 may be irradiated with laser light in order to be impregnated
with carbon. In this case, it is preferable that the laser light be delivered in a manner
such that at least a surface portion of the semiconductor layer 104 is melt. If laser light
irradiation is performed when the semiconductor layer 104 is being heated at 500 °C to
1000 °C, formation of the carbide semiconductor region 106 is facilitated and

re-single-crystallization after laser irradiation is further promoted.
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[0049]

While the energy gap of single crystal silicon is 1.12 eV, the energy gap of
silicon carbide is about 2.2 eV to 3.1eV (e.g., an energy gap of 4H-SiC is 3.02 V). By
introducing carbon to single crystal silicon, the energy gap can be approximately
doubled or tripled. In addition, in order to increase the thickness of the region with an
increased energy gap, a silicon carbide layer may be epitaxially grown over the carbide
semiconductor region 106.

[0050]
[Formation of First Impurity Region (see FIG. 4A)]}

A first mask layer 124 is formed over the semiconductor layer 104. The first
mask layer 124 is provided with an opening in a region where the first impurity region
108 is to be formed. An impurity element imparting an opposite conductivity type to
the conductivity type of the semiconductor layer 104 is added to the first impurity
region 108. If the semiconductor layer 104 has an n-type conductivity, boron, which
imparts a p-type conductivity, is added.

{0051]
[Formation of Second Impurity Region (see FIG. 4B)]

A second mask layer 126 is formed over the semiconductor layer 104. The
second mask layer 126 is provided with an opening in a region where the second
impurity region 110 is to be formed. In other words, the second mask layer 126 is
provided in a manner such that its opening is located over an inner region of the first
impurity region 108.

[0052]

An impurity element which imparts the same conductivity type as that of the
semiconductor layer 104 is added to the second impurity region 110. If the
semiconductor layer 104 has an n-type conductivity, phosphorus or arsenic, which
impart an n-type conductivity, is added. At the same time, the third impurity region
122 which has the same conductivity type as the second impurity region 110 may also
be formed. Note that the third impurity region 122 is not essential and is preferably
provided for easily making an ohmic contact with the drain electrode 120.

[0053]
{Formation of Insulating Gate (see FIG. 5A)]

14
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The gate insulating layer 112 is formed by oxidizing a surface of the
semiconductor layer 104 (including the carbide semiconductor region 106).
Altemnatively, the gate insulating layer 112 is formed by depositing an insulating layer
over the semiconductor layer 104. As an oxidizing method, a dry oxidation method, a
pyrogenic oxidation method (a wet oxidation method) in which hydrogen is bumnt to
generate water vapor and the water vapor and oxygen are used for oxidation, an HCl
oxidation method in which hydrogen chloride is mixed with oxygen, or the like can be
employed. Altemnatively, as another oxidation method, a plasma oxidation method
may be employed for forming the gate insulating layer 112. In the plasma oxidation
method here, oxygen radicals generated in plasma react with the semiconductor surface
and oxidation reaction proceeds even at low temperatures. In the case of depositing
the gate insulating layer 112, a thermal CVD method or a plasma CVD method by
which a silicon oxide film or a silicon oxynitride film is formed is employed.

[0054]

The gate electrode 114 is formed over the gate insulating layer 112. The gate
electrode 114 is formed from polysilicon or a metal material. As the metal material, a
metal such as molybdenum, tungsten, or titanium or an alloy of any of those refractory
metals may be used. The gate electrode 114 is formed to overlap with the carbide
semiconductor region 106 and the first impurity region 108 with the gate insulating
layer 112 interposed therebetween. In this structure, a region of the first impurity
region 108 overlapping with the gate electrode 114 serves as a channel formation region.
Note that in a plan view of FIG 1A, the gate electrode 114 is positioned to be
surrounded by the source electrode 118.

[0055]
[Formation of Protective Film (see FIG. 5B)}

The insulating layer 116 is formed over the gate electrode 114. Then, contact
holes are formed in the insulating layer 116. After that, the source electrode 118 and
the drain electrode 120 are formed in regions where the contact holes in the insulating
layer 116 are provided. In such a manner, the semiconductor device in FIGS. 1A and
1B can be obtained.

[0056]
By following the process described above, a semiconductor device including
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the carbide semiconductor region 106 can be obtained. This manufacturing process
includes treatment in which the semiconductor layer 104 is impregnated with carbon.
In this process, even when the area of the support substrate 100 is increased, the
semiconductor layer 104 corresponding to the area of the support substrate 100 is
provided easily; accordingly, the carbide semiconductor region 106 having a large area
is also provided easily. In other words, without manufacturing a large-diameter silicon
carbide substrate, by forming a silicon carbide semiconductor region inside a surface of
the semiconductor layer, a high-voltage and low-power-loss semiconductor device can
be obtained. Further, according to a manufacturing method of this embodiment,
productivity of the semiconductor device including a silicon carbide semiconductor can
be improved.

[0057]

[Modification Example with Selective Formation of Modified Layer (see FIGS. 6A and
6B)]

If a third mask layer 128 having an opening is provided for forming the carbide
semiconductor region 106 in the semiconductor layer 104, the carbide semiconductor
region 106 can be selectively formed. Since treatment for forming the carbide
semiconductor region 106 is performed at high temperatures, the third mask layer 128 is
preferably formed from silicon oxide or silicon nitride.

[0058]

Note that since a region of the first impurity region 108 which overlaps with
the gate electrode 114 serves as a channel formation region, if the first impurity region
108 is included in the carbide semiconductor region 106, a semiconductor device which
has an effect similar to that of the semiconductor device in FIGS. 1A and 1B can be
obtained.

[0059]
(Embodiment 3)

In this embodiment, an example of a semiconductor device which has an SOI
structure in which a semiconductor layer is provided over a support substrate with an
insulating layer interposed therebetween and which serves as a bipolar transistor is
described. In this embodiment, an example of a structure for providing a

semiconductor device including a silicon carbide semiconductor is described. FIG, 7A
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is a plan view of the semiconductor device and FIG 7B is a cross-sectional view taken
along dashed line A-B in the plan view.
[0060]

The basic structure of the semiconductor device according to this embodiment
is the same as that of the semiconductor device in FIGS. 1A and 1B, except that the
third impurity region 122 has the same conductivity type as the first impurity region 108,
that an emitter electrode 130 is in contact with the first impurity region 108 and the
second impurity region 110, and that a collector electrode 132 is in contact with the
third impurity region 122.

[0061]

As in Embodiment 1, in the semiconductor device according to this
embodiment, when positive bias is applied to the gate electrode 114, a channel region is
formed in the first impurity region 108. Here, since the third impurity region 122 has a
p-type conductivity, holes are injected to the semiconductor layer 104 from the third
impurity region 122 in an On state. Thus, voltage to make the semiconductor device
into an On state is lowered. In other words, a high-capacity semiconductor device
which can withstand high voltages can be obtained.

[0062]

The semiconductor device according to this embodiment has a structure of an
insulated-gate field effect transistor on an input side and a structure of a bipolar
transistor on an output side. This semiconductor device is driven with a voltage
between the gate electrode 114 and the emitter electrode 130, and is turned on of off by
input signals to the gate electrode 114. In this semiconductor device, switching
operation can be faster. In addition, self-heating is suppressed due to low on
resistance; therefore, this semiconductor device is suitably used for devices controlling a
large amount of electrical power.

[0063]
(Embodiment 4)

In this embodiment, an example of a method in which the semiconductor layer
104 is provided over the support substrate 100 described in Embodiments 1 to 3 is
described.

[0064]
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[Step of Forming Separation Layer in Semiconductor Substrate (see FIG. 8A})]

A damaged layer 136 is formed in a semiconductor substrate 134 by
introduction of ions. The semiconductor substrate 134 is formed from a single crystal
semiconductor or a polycrystal semiconductor. As the semiconductor substrate 134, a
single crystal silicon semiconductor substrate is typically employed. The insulating
fayer 102 provided over the semiconductor substrate 134 is formed from silicon oxide,
silicon oxynitride, silicon nitride or the like. In formation of the damaged layer 136 in
the semiconductor substrate 134, planarity of a surface of the semiconductor substrate
134 is damaged in some cases due to ion irradiation. Accordingly, the insulating layer
102 is preferably provided.

[0065]
In order to form the damaged layer 136 at a predetermined depth from the

surface of the semiconductor substrate 134, the semiconductor substrate 134 is
irradiated with an ion beam including hydrogen ions. For example, the damaged layer
136 1is formed at a certain depth from the surface using hydrogen ions mixed with
hydrogen cluster ions. As for hydrogen cluster ions, H;" ions are employed for
example. By employing hydrogen cluster ions, more hydrogen atoms can be
introduced to the semiconductor substrate 134 although the dose is not changed. Thus,
formation of the damaged layer 136 is facilitated.

[0066]
The distance between the damaged layer 136 and the surface of the

semiconductor substrate 134 is controlled by acceleration energy of hydrogen ions.
The thickness of the semiconductor layer 104 which is released from the semiconductor
substrate 134 depends on the depth of the damaged layer 136. The damaged layer 136
is formed in a manner such that the hydrogen concentration reaches the maximum value
at a depth of less than 1 wm from the surface of the semiconductor substrate 134,
preferably, at a depth of 50 nm to 500 nm from the surface of the semiconductor
substrate 134.

[0067]

[Step of Attaching Semiconductor Substrate to Support Substrate (see FIG. 8B})]

A surface of the semiconductor substrate 134 provided with the insulating layer
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102 is closely attached to the support substrate 100. When the support substrate 100 is.
closely attached to the insulating layer 102, the semiconductor substrate 134 is fixed to
the support substrate 100 by hydrogen bonds or Van der Waals forces.

[0068]

If the surfaces of the support substrate 100 and the insulating layer 102 are
hydrophilic, hydroxyl groups and water molecules effectively act to facilitate formation
of hydrogen bonds. Further, if heat treatment is performed, water molecules are
decomposed to form silanol groups (Si-OH) and hydrogen bonds are further increased.
If heat treatment at high temperatures is performed, hydrogen atoms are released and
siloxane bonds (O-Si-O) are formed to form covalent bonds, whereby the attachment
strength of the semiconductor substrate 134 and the support substrate 100 is improved.
[0069]

[Step of Releasing Semiconductor Substrate to Form Semiconductor Layer over Support
Substrate (see FIG. 8C)]

While the semiconductor substrate 134 and the support substrate 100 are
attached to each other, heat treatment is performed. The heat treatment is performed at
temperatures ranging from 400 °C to 700 °C. The heat treatment embrittles the
damaged layer 136, whereby the semiconductor substrate 134 can be released with the
semiconductor layer 104 left over the support substrate 100. The substrate described
thus far can be used for manufacture of the semiconductor device in Embodiments 1 and
2.

[0070]
(Embodiment 5)

In this embodiment, an example of a semiconductor device using a
semiconductor substrate is described. In this embodiment, an example of a structure
for providing a semiconductor device including a silicon carbide semiconductor is
described. FIG 9A is a plan view of the semiconductor device and FIG 9B is a
cross-sectional view taken along dashed line A-B in the plan view.

[0071]

FIGS. 9A and 9B describe an example of a semiconductor device in which the

carbide semiconductor region 106 is provided inside a surface of a semiconductor

substrate 138, and part or the whole of a channel formation region is formed in the
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carbide semiconductor region 106.
[0072]

Structures of the gate electrode 114, the first impurity region 108, the second
impurity region 110, and the source electrode 118 are similar to those in Embodiment 1.
The drain efectrode 120 is provided on a rear surface of the semiconductor substrate 138
{the surface of the semiconductor substrate 138 opposite from the gate electrode).
Note that in a region in which the drain clectrode 120 is in contact with the
semiconductor substrate 138, the third impurity region 122 which has the same
conductivity type as the second impurity region 1.10 may be provided.

[0073]

A surface part of the semiconductor substrate 138 is provided with the carbide
semiconductor region 106. The energy gap of the carbide semiconductor region 106 is
larger than that of a semiconductor material used for forming the semiconductor
substrate 138. If the semiconductor substrate 138 is formed from a single erystal
silicon semiconductor, a silicon carbide semiconductor is used for the carbide
semiconductor region 106,

[0074]

The carbide semiconductor region 106 is formed down to the depth of at least 5
nm to 15 nm from the surface of the semiconductor substrate 138. The depth of the
first impurity region 108 from the surface of the semiconductor substrate may be
smaller than that of the carbide semiconductor region 106 or may be about the same as
or larger than that of the carbide semiconductor region 106. Thus, the channel
formation region includes the carbide semiconductor region 106 at least as its part.
[0075]

In the case where the semiconductor substrate 138 has an n-type conductivity,
the first impurity region 108 has a p-type conductivity, and the second impurity region
110 has an n-type conductivity, an npn junction is formed between the source electrode
118 and the drain electrode 120. Accordingly, when bias is not applied to the gate
electrode 114, only a small amount of current flows.

[0076]
When positive bias is applied to the gate electrode 114, in the first impurity

region 108 which overlaps with the gate electrode 114, negative charges (electrons) are
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induced near the interface with the gate insulating layer 112, whereby current flows
between the source electrode 118 and the drain electrode 120. The channel formation
region is formed in the first impurity region 108.

[00771

When the channel formation region is formed in the carbide semiconductor
region 106, the dielectric breakdown voltage is improved. This is because, in a Si-C
bond, the interatomic distance is as small as about 0.18 nm, the binding energy is high,
and an energy gap of a silicon carbide semiconductor is about three times that of a
silicon semiconductor.
f0078]

Accordingly, in the case where the channel formation region is formed in the
carbide semiconductor region 106, specific on resistance can be about 2 digits smaller
than in the case where the channel formation region is formed in a silicon
semiconductor substrate. Further, since a carbide semiconductor has a thermal
conductivity approximately three times as high as silicon, heat can be dissipated
efficiently. Therefore, an electric current density per unit area in the semiconductor
device is increased.

[0079]

(Embodiment 6)
In this embodiment, an example of a semiconductor device which uses a

semiconductor substrate and serves as a bipolar transistor is described. In this
embodiment, an example of a structure for providing a semiconductor device including
a silicon carbide semiconductor is described. FIG. 10A is a plan view of the
semiconductor device and FIG. 10B is a cross-sectional view taken along dashed line
A-B in the plan view.

[0080]
FIGS. 10A and 10B illustrate an example of a semiconductor device which

serves as a bipolar transistor. The carbide semiconductor region 106 is provided inside
a surface of the semiconductor substrate 138 and a channel formation is included in the
carbide semiconductor region 106. The structure and operating principles of the
semiconductor device of this embodiment are similar to those of the semiconductor

device in Embodiment 3.
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[0081]

A surface part of the semiconductor substrate 138 is provided with the carbide
semiconductor region 106. As in the semiconductor device in Embodiment 3, in the
semiconductor device according to this embodiment, when positive bias is applied to
the gate electrode 114, a channel is formed in the first impurity region 108. Since the
third impurity region 122 has a p-type conductivity, holes are injected to the
semiconductor layer 104 from the third mmpurity region 122 in an On state. Thus,
voltage to make the semiconductor device into an On state is lowered.

[0082]

The semiconductor device according to this embodiment has a structure of an
insulated-gate field effect transistor on an input side and a structure of a bipolar
transistor on an output side. This semiconductor device is driven with a voltage
betweeﬁ the gate electrode 114 and the emitter electrode 130, and is turned on or off by
input signals to the gate electrode 114. In the semiconductor device having this
structure, switching operation can be faster, and self-heating is suppressed due to low on
resistance, whereby control of a large amount of electrical power can be facilitated.
[0083]

(Embodiment 7)

In this embodiment, an example of a solar power generation system provided
with an inverter is described with reference to FIG. 11. This solar power generation
system is structured to be installed on houses and the like.

{0084]

Electricity generated by this solar power generation system for houses can be
conéu:med in the house and the excess electricity can be returned to an electric grid 154.
Electricity can be supplied from the electric grid 154 when the power generation system
cannot generate electricity at night and when the amount of electricity generated is
decreased because of rain.

[0085]

A solar cell panel 140, which converts sunlight energy into electric energy,
generates direct current electricity. An inverter 144 converts the direct current
electricity into alternating current electricity. AC power output from the inverter 144

is used as electricity to operate various electric appliances 150.
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[0086]

The solar power generation system can be connected to the electric grid 154 so
that excess electricity which is not consumed in the house can be sold to an electrical
company. A DC switch 142 is provided to control connection or disconnection
between the solar cell panel 140 and the inverter 144. An AC switch 148 is provided
to connect or disconnect between the electric grid 154 and a distribution board 146
through a transformer 152.

[0087]

By applying the semiconductor device of any of Embodiments 1 to 6 for the
inverter, the inverter can be downsized. Thus, a high efficiency solar power generation
system with reduced electrical power loss can be realized.

This application is based on Japanese Patent Application serial no.
2009-037717 filed with Japan Patent Office on February 20, 2009, the entire contents of

which are hereby incorporated by reference.
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WHAT IS CLAIMED IS:

1. A semiconductor device comprising:
a semiconductor layer on an insulating surface, the semiconductor layer
comprising:
a semiconductor region having one conductivity type; and
a carbide semiconductor region comprising a first impurity region
having an opposite conductivity type to the one conductivity type and a second
impurity region having the one conductivity type;
a gate insulating layer over the carbide semiconductor region;
a gate electrode over the gate insulating layer;
a source electrode in contact with the first impurity region and the second
impurity region; and
a drain electrode being in contact with the semiconductor layer,
wherein the first impurity region overlaps with a part of the gate electrode, and

wherein the second impurity region is surrounded by the first impurity region.

2. A semiconductor device according to claim 1,
wherein the semiconductor layer comprises single crystal silicon and the

carbide semiconductor region comprises silicon carbide.

3. A semiconductor device according to claim 1,

wherein the drain electrode is in contact with the carbide semiconductor region.

4. A semiconductor device according to claim 1,
wherein the second impurity region is substantially outside a region under the

gate electrode.

5. A semiconductor device comprising:
a semiconductor layer on an insulating surface, the semiconductor layer
comprising:

a semiconductor region having one conductivity type; and
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a carbide semiconductor region comprising a first impurity region
having an opposite conductivity type to the one conductivity type, a second
impurity region having the one conductivity type and a third impurity region
having the opposite conductivity type to the one conductivity type;

a gate insulating layer over the carbide semiconductor region;

a gate electrode over the gate insulating layer;

an emitter electrode in contact with the first impurity region and the second
impurity region; and

a collector electrode in contact with the third impurity region,

wherein the first impurity region overlaps with a part of the gate electrode, and

wherein the second impurity region is surrounded by the first impurity region.

6. A semiconductor device according to claim 5,
wherein the semiconductor layer comprises single crystal silicon and the

carbide semiconductor region comprises silicon carbide.

7. A semiconductor device according to claim 5,
wherein the second impurity region is substantially outside a region under the

gate electrode.

8. A semiconductor device comprising:
a semiconductor substrate comprising;:
a semiconductor region having one conductivity type; and
a carbide semiconductor region comprising a first impurity region
having an opposite conductivity type to the one conductivity type and a second
impurity region having the one conductivity type, the carbide semiconductor
region being in a part of a surface portion of the semiconductor substrate;
a gate insulating layer over the carbide semiconductor region;
a gate electrode over the gate insulating layer;
an insulating layer over the gate electrode;
a source electrode in contact with the first impurity region and the second

impurity region; and
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a drain electrode being on an opposite surface of the semiconductor substrate

from the surface portion,

10.

wherein the first impurity region overlaps with a part of the gate electrode,
wherein the second impurity is surrounded by the first impurity region,
wherein a part of the insulating layer is exposed, and

wherein a shape of the gate electrode is a circular shape.

A semiconductor device according to claim 8,

wherein the carbide semiconductor region comprises silicon carbide.

A semiconductor device according to claim 8§,

wherein the second impurity region is substantially outside a region under the

gate electrode.

11.

A semiconductor device comprising:
a semiconductor substrate comprising:

a semiconductor region having one conductivity type; and

a carbide semiconductor region comprising a first impurity region
having an opposite conductivity type to the one conductivity type, a second
impurity region having the one conductivity type and a third impurity region
having the opposite conductivity type to the one conductivity type, the carbide
semiconductor region being in a part of a surface portion of the semiconductor
substrate;
a gate insulating layer over the carbide semiconductor region;
a gate electrode over the gate insulating layer;

an emitter electrode in contact with the first impurity region and the second

impurity region; and

a collector electrode in contact with the third impurity region,
wherein the first impurity region overlaps with a part of the gate electrode,
wherein the second impurity region is surrounded by the first impurity region,

wherein the third impurity region is on an opposite surface of the semiconductor

substrate from the surface portion, and

wherein a shape of the gate electrode is a circular shape.
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12.

13.

A semiconductor device according to claim 11,

wherein the carbide semiconductor region comprises silicon carbide.

A semiconductor device according to claim 11,

wherein the second impurity region is substantially outside a region under the

gate electrode.

14.

15.

A semiconductor device according to claim 8,

wherein a part of the opposite surface of the semiconductor substrate is exposed.

A semiconductor device according to claim 8§,

wherein the carbide semiconductor region is formed down to a depth of 5 nm to

15 nm from a surface of the semiconductor substrate.

16.

A semiconductor device according to claim 8,

wherein a part of periphery of the insulating layer overlaps with a part of

periphery of the source electrode.

17.

18.

A semiconductor device according to claim 11,

wherein a part of the opposite surface of the semiconductor substrate is exposed.

A semiconductor device according to claim 11,

wherein the carbide semiconductor region is formed down to a depth of 5 nm to

15 nm from a surface of the semiconductor substrate.
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