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SEMICONDUCTOR DEVICE AND
SEMICONDUCTOR DEVICE
MANUFACTURING METHOD

TECHNICAL FIELD

[0001] The present invention relates to a semiconductor
device that includes a Schottky barrier diode and relates to a
method for manufacturing the semiconductor device.

BACKGROUND ART

[0002] Attention has heretofore been paid to a semiconduc-
tor power device that is used chiefly in systems, such as a
motor control system and a power conversion system, in
various power electronics fields. A SiC Schottky barrier diode
is publicly known as the semiconductor power device (see
Patent Document 1, for example).

CITATION LIST

Patent Documents

[0003] Patent Document 1: Japanese Patent Application
Publication No. 2005-79339

SUMMARY OF INVENTION

Solution to Problem

[0004] The semiconductor device of the present invention
includes a semiconductor layer made of a wide bandgap
semiconductor, a trench that is selectively formed on a surface
portion of the semiconductor layer and that defines a unit cell
having a predetermined shape on the surface portion, and a
surface electrode that is embedded in the trench so as to cover
an upper surface of the unit cell and that forms a Schottky
junction between the unit cell and the surface electrode, and
side surfaces of the trench are formed of only a plurality of
planes that have plane orientations crystallographically
equivalent to each other.

[0005] The semiconductor device of the present invention
can be manufactured by a semiconductor-device manufactur-
ing method of the present invention that includes, for
example, a step of forming a trench by etching a semiconduc-
tor layer made of a wide bandgap semiconductor so that side
surfaces are formed of only a plurality of planes that have
plane orientations crystallographically equivalent to each
other, and, simultaneously, defining a unit cell having a pre-
determined shape by means of the trench, a step of forming a
sacrificial oxide film on the side surfaces of the trench by
means of thermal oxidation, a step of peeling off the sacrifi-
cial oxide film, and a step of embedding a surface electrode in
the trench so as to cover the upper surface of the unit cell after
peeling off the sacrificial oxide film, the surface electrode
being made of a material that forms a Schottky junction
between the unit cell and the surface electrode.

[0006] According to this method, the plane orientations of
the side surfaces (side surfaces of the unit cell) of the trench
are crystallographically equivalent to each other, and there-
fore it is possible to make the side surfaces of the trench
uniform so as to have the same anisotropic structure. There-
fore, it is possible to make the degree of the damages suffered
by the side surfaces of the trench uniform during etching.
Additionally, itis possible to form a sacrificial oxide film with
uniform film quality at a constant oxidation rate with respect
to the side surfaces of the trench. As a result, it is possible to
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improve the damages of the side surfaces of the trench at the
same level by means of the sacrificial oxide film.

[0007] Therefore, in the semiconductor device manufac-
tured by this method, it is possible to make physical proper-
ties of the side surfaces of the trench even. Therefore, even if
areverse leakage current flows through the side surfaces (side
surfaces of the unit cell) of the trench, it is possible to reduce
variations in this reverse leakage current.

[0008] Additionally, the unit cell is defined by the trench,
and therefore it is possible to lessen electric field concentra-
tion at the upper surface of the unit cell. This makes it possible
to weaken the electric field strength in the upper surface of the
unit cell, and hence makes it possible to reduce the reverse
leakage current through the upper surface of the unit cell.
Additionally, it is possible to lower a barrier height between
theunit cell and the surface electrode being in contact with the
upper surface of the unit cell, and therefore it is possible to
reduce a forward voltage.

[0009] Preferably, the side surfaces of the trench are formed
of'only a plurality of planes that move to each other as a result
of' a symmetry operation in which a rotation of a predeter-
mined angle is made around a predetermined crystallographic
axis. More specifically, preferably, when the semiconductor
layer is made of 4H—SiC, the side surfaces of the trench are
formed of only a plurality of planes that move to each other as
a symmetry operation in which a rotation of 60 degrees is
made around a [0001] axis.

[0010] Preferably, the unit cell is formed in a linear shape,
or a rhombic shape, or a hexagonal shape when viewed pla-
narly.

[0011] Preferably, the semiconductor layer includes a first

conductivity type electric field relaxation layer formed so as
to follow a part of or all of inner surfaces of the trench and a
second conductivity type drift layer formed contiguously
with the electric field relaxation layer so as to be exposed to
the upper surface of the unit cell, and the surface electrode
forms a Schottky junction between the drift layer and the
surface electrode.

[0012] This arrangement makes it possible to reduce a
reverse leakage current through the inner surfaces (bottom
surface and side surface) of the trench.

[0013] Preferably, the electric field relaxation layer
includes a highly-concentrated layer that is selectively
formed at a part exposed from the inner surfaces of the trench
and that is higher in concentration than other parts of the
electric field relaxation layer.

[0014] This arrangement makes it possible to form an
ohmic contact between the surface electrode and the highly-
concentrated layer.

[0015] The highly-concentrated layer may be formed in an
area that is shallower than a depth position of 1000 A from the
inner surfaces of the trench.

[0016] Preferably, the surface of the semiconductor layer is
partitioned into an active region in which the unit cell is
disposed and an outer peripheral region that surrounds the
active region, and the semiconductor device further includes
a removal region formed at the surface portion of the semi-
conductor layer in the outer peripheral region and a first
conductivity type terminal structure formed so as to follow a
bottom surface of the removal region.

[0017] This arrangement makes it possible to prevent equi-
potential surfaces from densely gathering between the trench
and the removal region by means of a depletion layer gener-
ated from a pn junction portion of an interface between the
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terminal structure and the drift layer. This makes it possible to
lessen electric-field concentration in the bottom of the trench.
As aresult, it is possible to reduce the occurrence of a reverse
leakage current in the bottom of the trench.

[0018] The semiconductor device may further include a
plurality of guard rings formed on an outer side toward an end
surface of the semiconductor layer with respect to the termi-
nal structure.

[0019] Preferably, the semiconductor device further
includes a first conductivity type layer that is formed in the
terminal structure and that is relatively higher in concentra-
tion than the terminal structure.

[0020] This arrangement makes it possible to widen the
interval between equipotential surfaces that spread toward the
end surface of the semiconductor layer, and hence makes it
possible to lessen local electric-field concentration in the
semiconductor layer.

[0021] The first conductivity type layer may include a
highly-concentrated region that is formed so as to be exposed
from the bottom surface of the removal region and that is
higher in concentration than the first conductivity type layer.
Inthis case, the highly-concentrated region may be formed in
an area that is shallower than a depth position of 1000 A from
the bottom surface of the removal region.

[0022] The semiconductor device may include a field insu-
lating film formed at the bottom surface of the removal region
s0 as to selectively cover the terminal structure.

[0023] Preferably, when a contact hole that selectively
exposes an all area of the active region and a part of the outer
peripheral region is formed in the field insulating film, the
contact hole is formed in a tapered shape whose width
becomes greater toward an opening end. This arrangement
makes it possible to raise the withstanding pressure of the
semiconductor device.

[0024] The field insulating film may be made of SiO, (sili-
con oxide) or SiN (silicon nitride).

[0025] Preferably, the terminal structure has an impurity
concentration different from an impurity concentration of the
electric field relaxation layer, and is formed in a depth posi-
tion that is the same as the electric field relaxation layer or in
aposition that is deeper than the electric field relaxation layer.
[0026] Preferably, an edge of the terminal structure, an
edge of the surface electrode, and an edge of the first conduc-
tivity type layer are disposed in this order from the end surface
of'the semiconductor layer. This makes it possible to raise the
withstanding pressure of the semiconductor device.

[0027] Preferably, the surface clectrode forms an ohmic
contact between the first conductivity type layer and the sur-
face electrode.

[0028] The surface electrode may be formed so as to ride on
the field insulating film so that the edge of the surface elec-
trode is positioned on the field insulating film.

[0029] In the method for manufacturing a semiconductor
device, the step of embedding the surface electrode in the
trench may include a step of embedding polysilicon, or tung-
sten (W), or titanium (Ti), or an alloy of these elements
according to a CVD method.

[0030] A semiconductor device according to another aspect
of'the present invention includes a semiconductor layer made
of a wide bandgap semiconductor that has a surface parti-
tioned into an active region and an outer peripheral region that
surrounds the active region, a trench selectively formed on a
surface portion of the semiconductor layer in the active
region, a first conductivity type electric field relaxation layer
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formed so as to follow a part of or all of inner surfaces of the
trench, a second conductivity type drift layer formed contigu-
ously with the electric field relaxation layer so as to be
exposed to the surface portion of the semiconductor layer, a
surface electrode that is embedded in the trench so as to cover
the surface portion of the semiconductor layer and that forms
a Schottky junction between the drift layer and the surface
electrode, a removal region formed at the surface portion of
the semiconductor layer in the outer peripheral region, and a
first conductivity type terminal structure formed so as to
follow a bottom surface of the removal region, and the termi-
nal structure has an impurity concentration different from an
impurity concentration of the electric field relaxation layer,
and is formed in a depth position that is the same as the
electric field relaxation layer or in a position that is deeper
than the electric field relaxation layer.

[0031] The semiconductor device may further include a
plurality of guard rings formed on an outer side toward an end
surface of the semiconductor layer with respect to the termi-
nal structure.

[0032] Preferably, the semiconductor device further
includes a first conductivity type layer that is formed in the
terminal structure and that is relatively higher in concentra-
tion than the terminal structure, and the first conductivity type
layer is disposed in a position inwardly away from an outer
periphery of the terminal structure.

[0033] This arrangement makes it possible to widen the
interval between equipotential surfaces that spread toward the
end surface of the semiconductor layer, and hence makes it
possible to lessen local electric-field concentration in the
semiconductor layer.

[0034] The first conductivity type layer may include a
highly-concentrated region that is formed so as to be exposed
from the bottom surface of the removal region and that is
higher in concentration than the first conductivity type layer.
[0035] Preferably, an edge of the terminal structure, an
edge of the surface electrode, and an edge of the first conduc-
tivity type layer are disposed in this order from the end surface
of'the semiconductor layer. This makes it possible to raise the
withstanding pressure of the semiconductor device.

[0036] Preferably, the surface electrode forms an ohmic
contact between the first conductivity type layer and the sur-
face electrode.

[0037] The semiconductor device may include a field insu-
lating film formed at the bottom surface of the removal region
s0 as to selectively cover the terminal structure. In this case,
the surface electrode may be formed so as to ride on the field
insulating film so that the edge of the surface electrode is
positioned on the field insulating film.

BRIEF DESCRIPTION OF DRAWINGS

[0038] FIG. 1 is a schematic plan view of a semiconductor
device according to a first preferred embodiment of the
present invention.

[0039] FIG. 2is a cross-sectional view seen from the cross-
section line II-1I of FIG. 1.

[0040] FIG. 3 is an enlarged view of a part surrounded by
the alternate long and two short dashes line of FIG. 2.
[0041] FIG. 4 is a schematic view showing a unit cell hav-
ing a crystal structure of 4H—SiC.

[0042] FIG. 5 is a view of the unit cell of FIG. 4 viewed
from directly above a (0001) plane.

[0043] FIG. 6A is a layout view of the unit cell of FIG. 1.
[0044] FIG. 6B is a layout view of the unit cell of FIG. 1.
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[0045] FIG. 6C is a layout view of the unit cell of FIG. 1.
[0046] FIG.7Aisaview todescribe the plane orientation of
a side surface of the unit cell.

[0047] FIG. 7B is aview to describe the plane orientation of
a side surface of the unit cell.

[0048] FIG.7Cis aview to describe the plane orientation of
a side surface of the unit cell.

[0049] FIG. 8 is a flowchart to describe one example of a
manufacturing process of the semiconductor device.

[0050] FIG. 9A is a plan view to describe a step relative to
the formation of a trench and the formation of a sacrificial
oxide film.

[0051] FIG. 9B is a view showing a step subsequent to that
of FIG. 9A.

[0052] FIG.9C is a view showing a step subsequent to that
of FIG. 9B.

[0053] FIG. 10 is a schematic cross-sectional view of a
semiconductor device according to a second preferred
embodiment of the present invention.

[0054] FIG. 11 is a schematic cross-sectional view of a
semiconductor device according to a third preferred embodi-
ment of the present invention.

[0055] FIG. 12 is a schematic cross-sectional view of a
semiconductor device according to a fourth preferred
embodiment of the present invention.

[0056] FIG. 13 is a schematic cross-sectional view of a
semiconductor device according to a fifth preferred embodi-
ment of the present invention.

[0057] FIG. 14 is a schematic cross-sectional view of a
semiconductor device according to a sixth preferred embodi-
ment of the present invention.

[0058] FIG. 15 is a schematic cross-sectional view of a
semiconductor device according to a seventh preferred
embodiment of the present invention.

[0059] FIG. 16 is a schematic cross-sectional view of a
semiconductor device according to an eighth preferred
embodiment of the present invention.

[0060] FIG. 17 is a schematic cross-sectional view of a
semiconductor device according to a ninth preferred embodi-
ment of the present invention.

[0061] FIG. 18 is a schematic cross-sectional view of a
semiconductor device according to a tenth preferred embodi-
ment of the present invention.

[0062] FIG. 19 is a schematic cross-sectional view of a
semiconductor device according to an eleventh preferred
embodiment of the present invention.

[0063] FIG.20A is a view to describe a method for forming
a p type layer.
[0064] FIG. 20B is a cross-sectional view showing a step

subsequent to that of FIG. 20A.

[0065] FIG.21A isaview to describe a method for forming
a p type layer.
[0066] FIG. 21B is a cross-sectional view showing a step

subsequent to that of FIG. 21A.
[0067] FIG. 21C is a cross-sectional view showing a step
subsequent to that of FIG. 21B.

DESCRIPTION OF EMBODIMENTS

[0068] Preferred embodiments of the present invention will
be hereinafter described in detail with reference to the accom-
panying drawings.

[0069] FIG.1 is a schematic plan view of a semiconductor
device 1 according to a first preferred embodiment of the
present invention. FIG. 2 is a cross-sectional view seen from
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the cross-section line II-II of FIG. 1. FIG. 3 is an enlarged
view of a part surrounded by the alternate long and two short
dashes line of FIG. 2.

[0070] The semiconductor device 1is a device that employs
4H—SiC (a wide bandgap semiconductor whose insulation
breakdown electric field is about 2.8 MV/cm and whose
bandgap width is about 3.26 eV). The wide bandgap semi-
conductor employed by the semiconductor device 1 may be,
for example, GaN, Ga,0;, diamond, etc., without being lim-
ited to SiC. In GaN, its insulation breakdown electric field is
about 3 MV/cm, and its bandgap width is about 3.42 eV. In
Ga,0;, its bandgap width is about 4.8 eV. In diamond, its
insulation breakdown electric field is about 8 MV/cm, and its
bandgap width is about 5.47 eV.

[0071] The semiconductor device 1 includes an n* type
substrate 2 made of n* type SiC and an epitaxial layer 4
stacked on a surface 3 of the n* type substrate 2. In the present
preferred embodiment, the n* type substrate 2 and the epi-
taxial layer 4 are shown as one example of the semiconductor
layer of the present invention. A cathode electrode 6 is dis-
posed on a back surface 5 of the n* type substrate 2 so as to
cover its whole area. The cathode electrode 6 forms an ohmic
contact between the n* type substrates 2 and the cathode
electrode 6. Here, the n* type substrate 2 will be specifically
described.

[0072] SiC that forms the n* type substrate 2 is a material
showing a polytype that assumes various layered structures
while having the same composition, and more than several
hundred kinds of polytypes exist. In the present preferred
embodiment, the n* type substrate 2 is 4H—SiC, and yet,
without being limited to this, may be, for example, 3C—SiC,
2H—SiC, 6H—SiC, 15R—SiC, etc. Among these examples,
it is preferable to employ hexagonal SiC such as 6H—SiC.
[0073] FIG. 4 is a schematic view showing a unit cell hav-
ing a crystal structure of 4H—SiC. FIG. 5 is a view of the unit
cell of FIG. 4 viewed from directly above a (0001) plane.
Concerning a perspective view of a SiC crystal structure
shown in the lower part of FIG. 4, only two layers of four
layers of a SiC layered structure shown aside of it are taken
out and are shown there.

[0074] As shown in FIG. 4, the 4H—SiC crystal structure
can be approximated in a hexagonal system, and four carbon
atoms are combined with one silicon atom. The four carbon
atoms are positioned in four vertexes of a regular tetrahedron
in which the silicon atom is disposed in the center. Concern-
ing these four carbon atoms, one silicon atom is positioned in
the direction of'a [0001] axis with respect to one carbon atom,
and the other three carbon atoms are positioned on the [000-1]
axis side with respect to the silicon atom.

[0075] The [0001] axis and the [000-1] axis extend along
the axial direction of a hexagonal prism, and the plane (top
surface of the hexagonal prism) that defines this [0001] axis
asanormal is a (0001) plane (Si plane). Onthe other hand, the
plane (undersurface of the hexagonal prism) that defines the
[000-1] axis as a normal is a (000-1) plane (C plane).

[0076] Directions that are perpendicular to the [0001] axis
and that pass through mutually not-adjoining vertexes of the
hexagonal prism when seen from immediately above the
(0001) plane are an a, axis [2-1-10], an a, axis [-12-10], and
an a; axis [-1-120], respectively.

[0077] As shown in FIG. 5, the direction passing through
the vertex between the a, axis and the a, axis isa [11-20] axis,
and the direction passing through the vertex between the a,
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axis and the a, axis is a [-2110] axis, and the direction passing
through the vertex between the a; axis and the a, axis is a
[1-210] axis.

[0078] Axes each of which is inclined at an angle of 30°
with respect to each axis on the both sides in each space
between the six axes respectively passing through the ver-
texes of the hexagonal prism and that is defined as a normal of
each side surface of the hexagonal prism are a [10-10] axis, a
[1-100] axis,a[0-110] axis, a [-1010] axis, a[-1100] axis, and
a[01-10] axis, respectively, in clockwise order from between
thea, axis and the [11-20] axis. Each plane (side surface of the
hexagonal prism) that defines each of these axes as a normal
is a crystal plane perpendicular to the (0001) plane and to the
(000-1) plane.

[0079] In the present preferred embodiment, the n™ type
substrate 2 has a predetermined off-angle 6 (for example,
6=0° to 10°). More specifically, the principal plane of the n*
type substrate 2 (surface 3) is a plane inclined at an angle 6 in
an off direction of the [ 11-20] axis with respect to the (0001)
plane. The off direction denotes a direction in which the
normal n of the n* type substrate 2 is inclined with respect to
the [0001] axis as shown in FIG. 4, and is shown by the
direction of a vector in which the normal n is projected (is
cast) from the [0001] axis to the (0001) plane. In other words,
in the present preferred embodiment, the direction of a pro-
jected vector of the normal n coincides with the [11-20] axis.
[0080] As aresult, the n* type substrate 2 is formed of a flat
terrace plane consisting of the (0001) plane and a stepped part
of the terrace plane that is generated by the inclination (oft-
angle 0) of the surface with respect to the (0001) plane, and
the stepped part has a step plane that is a (11-20) plane
perpendicular to the [11-20] axis.

[0081] The epitaxial layer 4 includes an n type buffer layer
7 and an n~ type drift layer 8 that are grown in order from the
side of the n* type substrate 2.

[0082] An active region 11 and an outer peripheral region
12 that surrounds the active region 11 are set on the surface 10
of the epitaxial layer 4. In the active region 11, a plurality of
mutually spaced trenches 13 are formed on the surface por-
tion of the epitaxial layer 4.

[0083] The trench 13 defines a plurality of unit cells 14 in
the active region 11. In the present preferred embodiment, the
trench 13 having a stripe pattern defines a plurality of line-
shaped unit cells 14 in the active region 11. As a result, the unit
cells 14 are arranged in a stripe manner so as to be equally
spaced as shown in FIG. 1 and FIG. 6 A. The unit cells 14 may
be arranged in a zigzag manner so that the adjoining unit cells
14 are staggered as shown in, for example, FIG. 6B and FIG.
6C.

[0084] Additionally, the planar shape of the unit cell 14
may be, for example, a linear unit cell 14A shown in FIG. 6 A,
arhombic unit cell 14B shown in FIG. 6B, or a hexagonal unit
cell 14C shown in FIG. 6C.

[0085] Still additionally, in the present preferred embodi-
ment, a side surface 16 (which is the same as the side surface
of the unit cell 14) of the trench 13 is formed of only a
plurality of planes having plane orientations crystallographi-
cally equivalent to each other. More specifically, it is possible
to describe this with reference to FIG. 7A to FIG. 7C showing
parts of the unit cells 14A to 14C of FIG. 6A to FIG. 6C.
[0086] First, in FIG. 7A, the unit cell 14A (linear) consists
of three kinds of side surfaces that differ from each other.
These side surfaces are a side surface 38a, (alternate long and
short dash line) parallel to the a, axis, a side surface 38a,
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(alternate long and two short dashes line) parallel to the a,
axis, and a side surface 38a; (solid line) parallel to the a; axis,
respectively. In other words, the unit cell 14A is defined by
these side surfaces 38a,, 38a,, and 38a,. These side surfaces
38a,,38a,, and 38a; are parallel to any one of the a, axis, the
a, axis, and the a; axis that intersect each other at an angle of
120°, and hence have a relationship in which these side sur-
faces move to each other as a result of a symmetry operation
in which a rotation of 60° is made around the [0001] axis. For
example, if the side surface 384, is allowed to make a clock-
wise rotation of 60° upon the [0001] axis, it coincides with the
side surface 38a,. The same applies to the symmetry opera-
tion from the side surface 384, to the side surface 38a;, and
applies to the symmetry operation from the side surface 384,
to the side surface 384, .

[0087] InFIG. 7B, the unit cell 14B (rhombic) consists of
two kinds of side surfaces that differ from each other. These
side surfaces are a side surface 39a, (alternate long and short
dash line) parallel to the a, axis and a side surface 39a,
(alternate long and two short dashes line) parallel to the a,
axis, respectively. In other words, the unit cell 14B is defined
by these side surfaces 394, and 39a,. These side surfaces 39qa,
and 39a, have a relationship in which these side surfaces
move to each other as a result of a symmetry operation in
which a rotation of 60° is made around the [0001] axis like the
relationship between the side surface 384, and the side sur-
face 38aq,.

[0088] InFIG.7C,theunitcell 14C (hexagonal) consists of
three kinds of side surfaces that differ from each other. These
side surfaces are a side surface 404, (alternate long and short
dash line) parallel to the a, axis, a side surface 40a, (alternate
long and two short dashes line) parallel to the a, axis, and a
side surface 40a; (solid line) parallel to the a; axis, respec-
tively. In other words, the unit cell 14C is defined by these side
surfaces 40a,,40a,, and 40a. These side surfaces 40a,, 40a,,
and 40a; have a relationship in which these side surfaces
move to each other as a result of a symmetry operation in
which a rotation of 60° is made around the [0001] axis like the
relationship among the side surface 38a,, the side surface
38a,, and the side surface 38a,.

[0089] The plurality of surfaces having a relationship in
which the surfaces move to each other as a result of a sym-
metry operation in which a rotation of 60° is made around the
[0001] axis are, for example, three kinds of side surfaces, i.e.,
a side surface 41a, perpendicular to the a, axis, a side surface
41a, perpendicular to the axis a,, and a side surface 41a;
perpendicular to the axis a; as shown by the broken lines in
FIG. 7A to FIG. 7C, respectively.

[0090] A ptypelayer 17 (i.e., cross-hatched area in FIG. 1
(excluding the area of a p type JTE structure 22 described
later)) that is one example of an electric field relaxation layer
of'the present invention is formed at a bottom surface 15 and
a side surface 16 of each trench 13 (hereinafter, these side
surfaces are generically referred to as the “inner surfaces of
the trench 13” when necessary) so as to follow the inner
surfaces of the trench 13.

[0091] The p type layer 17 is formed at the whole of the
bottom surface 15 and the whole of the side surface 16 of the
trench 13. In the present preferred embodiment, the p type
layer 17 is formed such that an n~ type drift layer 8 is not
exposed from the bottom surface 15 and the side surface 16 of
the trench 13. As a result, the p type layer 17 is exposed to the
side surface 16 of the trench 13 from the bottom of the trench
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13 to the surface 10 of the epitaxial layer 4. The p type layer
17 forms a pn junction portion between the n~ type drift layer
8 and the p type layer 17.

[0092] Additionally, the p type layer 17 includes a p* type
contact layer 18 that is one example of a highly-concentrated
layer of the present invention that is higher in concentration
than other parts of the p type layer 17. In the inner area away
from the boundary between the p type layer 17 and then™ type
drift layer 8, the p* type contact layer 18 is formed at the
bottom surface 15 and the side surface 16 of the trench 13
along that boundary. More specifically, the p* type contact
layer 18 is formed in an area that is shallower than the depth
position of 1000 A from the inner surface of the trench 13.

[0093] The p type layer 17 has mutually different thick-
nesses between the bottom surface 15 and the side surface 16
of the trench 13. More specifically, a part on the bottom
surface 15 of the p type layer 17 is thicker than a part on the
side surface 16. As a result, a difference in thickness of the p
type layer 17 is provided between the bottom surface 15 and
the side surface 16. Likewise, concerning the p* type contact
layer 18 formed inside the p type layer 17, a difference in
thickness is provided between the bottom surface 15 and the
side surface 16.

[0094] Inanouter peripheral region 12, a removal region 19
is formed in the epitaxial layer 4 by etching the epitaxial layer
4 from the surface 10 to a depth to which the n™ type drift layer
8 is exposed. In the present preferred embodiment, the
removal region 19 is formed in an annular shape surrounding
the active region 11 so as to cross both ends in the longitudinal
direction of the stripe-patterned trench 13. As a result, the
removal region 19 connects to the stripe-patterned trench 13.
In other words, the removal region 19 is formed of an exten-
sion of the stripe pattern. An outer peripheral edge of the
removal region 19 may coincide with an end surface 20 of the
epitaxial layer 4 as shown in FIG. 1, or may be set inside the
end surface 20 of the epitaxial layer 4 (not shown).

[0095] As a result of the formation of the removal region
19, the n™ type drift layer 8 has a drawer portion 21 that is
drawn out from the periphery of the active region 11 to the end
surface 20 of the epitaxial layer 4 in the lateral direction along
the surface 10 of the epitaxial layer 4. The drawer portion 21
is a low stepped portion that is lower by one step than the
surface 10 of the epitaxial layer 4.

[0096] Intheouterperipheral region12, ap type JTE (Junc-
tion Termination Extension) structure 22 (cross-hatched area
in FIG. 1) that is one example of a terminal structure of the
present invention and a plurality of guard rings 26 are formed
in the n™ type drift layer 8. In the present preferred embodi-
ment, the p type JTE structure 22 and the guard rings 26 are
formed in this order from the side of the active region 11 in an
annular shape surrounding the active region 11.

[0097] More specifically, the p type JTE structure 22 is
formed to follow the side surface 23 and the bottom surface 24
(upper surface of the drawer portion 21) of the removal region
19 in such a manner as to straddle the unit cell 14 and the
drawer portion 21. The guard rings 26 are formed so as to
further surround the p type JTE structure 22. The p type JTE
structure 22 may be formed so that the dopant concentration
is constant over its whole, or may be formed so that the dopant
concentration becomes smaller toward the outside. The
dopant concentration of the guard rings 26 may be the same as
the p type JTE structure 22, or may be smaller than the p type
JTE structure 22.
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[0098] In the present preferred embodiment, a p type layer
25 (cross-hatched area in FIG. 1) that is one example of the
first conductivity type layer of the present invention and that
is relatively higher in concentration than the p type JTE struc-
ture 22 is formed in the p type JTE structure 22.

[0099] Thep typelayer 25 is formed so as to follow the side
surface 23 and the bottom surface 24 (upper surface of the
drawer portion 21) of the removal region 19. Additionally, the
p type layer 25 is disposed at a position inwardly away from
the outer periphery of'the p type JTE structure 22. This makes
it possible to widen the interval between equipotential sur-
faces that spread toward the end surface 20 of the epitaxial
layer 4, and hence makes it possible to lessen local electric-
field concentration in the epitaxial layer 4.

[0100] A p*typecontactlayer 27 that is one example of the
highly-concentrated region of the present invention and that
is higher in concentration than the p type layer 25 is formed in
the p type layer 25. In the inner area away from the boundary
between the p type JTE structure 22 and the n™ type drift layer
8, the p* type contact layer 27 is formed at the side surface 23
and the bottom surface 24 of the removal region 19 along that
boundary. More specifically, the p* type contact layer 27 is
formed in an area that is shallower than the depth position of
1000 A from the inner surface of the removal region 19.
[0101] A field insulating film 28 is formed on the epitaxial
layer 4. A contact hole 29 that selectively exposes all of the
active region 11 and a part of the outer peripheral region 12 is
formed in the field insulating film 28. In the present preferred
embodiment, the outer peripheral edge 30 of the contact hole
29 is set on the side closer to the active region 11 with respect
to the boundary (p type layer edge C (outer peripheral edge of
the p type layer 25)) between the p type layer 25 and the p type
JTE structure 22. As a result, the field insulating film 28
covers a part (e.g., peripheral end) of the p type layer 25.
Preferably, the contact hole 29 is formed in a tapered shape
whose width becomes wider toward its opening end.

[0102] An anode electrode 31 that is one example of the
surface electrode of the present invention is formed on the
field insulating film 28. The anode electrode 31 is formed so
as to cover the whole of the active region 11 exposed from the
contact hole 29, and integrally includes an embedded portion
32 embedded in the trench 13 and a planar portion 33 that is
formed so as to cover the embedded portion 32 while follow-
ing the surface 10 of the epitaxial layer 4.

[0103] The embedded portion 32 is in contact with the p*
type contact layer 18 in the inner surface of the trench 13, and
forms an ohmic contact between the p* type contact layer 18
and the embedded portion 32.

[0104] The planar portion 33 is in contact with the n™ type
drift layer 8 in the upper surface 9 of the unit cell 14 (the
surface 10 of the epitaxial layer 4), and forms a Schottky
junction between the n~ type drift layer 8 and the planar
portion 33. Additionally, the planar portion 33 projects in a
flange shape outwardly from the contact hole 29, and rides on
the field insulating film 28. In the present preferred embodi-
ment, the outer peripheral edge (electrode edge B) of the
planar portion 33 of the anode electrode 31 is positioned on
the side closer to the active region 11 with respect to the outer
peripheral edge (JTE edge A) of the p type JTE structure 22,
and is positioned on the side farther from the active region 11
with respect to the outer peripheral edge (p type layer edge C)
of'the p type layer 25. In other words, the positional relation-
ship among these edges is the JTE edge A, the electrode edge
B, and the p type layer edge C in order from the end surface 20
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(outside). As a result, the planar portion 33 of the anode
electrode 31 has an overlap portion 35 that bulges out toward
the end surface 20 beyond the p type layer edge C.

[0105] A surface protection film 36 is formed on the top-
most surface of the semiconductor device 1. A pad opening 37
that selectively exposes a part of the anode electrode 31 as a
pad is formed in the surface protection film 36. A bonding
wire and so forth are bonded to the anode electrode 31
through the pad opening 37.

[0106] Details of each portion of the semiconductor device
1 will be hereinafter described.

[0107] The semiconductor device 1 is formed in a square
chip shape when viewed planarly. Concerning its size, lengths
in up, down, right, and left directions in the sheet of FIG. 1 are
each 0.5 mm to 20 mm. In other words, the chip size of the
semiconductor device 1 is, for example, 0.5 mm/square to 20
mm/square.

[0108] The thickness of the n* type substrate 2 is 50 um to
700 pm, the thickness of the n type buffer layer 7 is 0.1 um to
10 um, and the thickness of the n™ type drift layer 8 is 2 um to
100 pm.

[0109] For example, N (nitrogen), P (phosphorus), As (ar-
senic), etc., can be used as an n type dopant for use in each
portion of the semiconductor device 1 (the same applies here-
inafter). On the other hand, for example, B (boron), Al (alu-
minum) etc., can be used as a p type dopant.

[0110] The dopant concentration of the n* type substrate 2
is 1x10"® to 1x10%° cm™>, the dopant concentration of the n
type buffer layer 7 is 1x10" to 1x10"° cm™, and the dopant
concentration of the n~ type drift layer 8 may be 1x10** to
1x10"7 ecm™.

[0111] The dopant concentration of the p type layer 17 is
1x10*7 to 1x10" ¢cm™, and the dopant concentration of the
type contact layers 18 and 27 may be 1x10*° to 3x10** cm ™.
[0112] The dopant concentration of the p type layer 25 of
the p type JTE structure 22 and of the guard ring 26 is 1x10*¢
to 1x10"® em™.

[0113] The dopant concentration of the p type layer 25 may
be 1x10' to 1x10™® cm ™.

[0114] The center-to-center pitch between mutually adjoin-
ing trenches 13 may be, for example, 2 um to 20 pm. The
depth of the trench 13 and the depth of the removal region 19
may be equal to each other.

[0115] For example, Ti/Ni/Au/Ag and so forth can be used
as the material of the cathode electrode 6.

[0116] For example, Ti/Al and so forth can be used as the
material of the anode electrode 31.

[0117] For example, SiO, (silicon oxide), SiN (silicon
nitride), and so forth can be used as the material of the field
insulating film 28. The field insulating film 28 can be made
according to, for example, a plasma CVD. Its film thickness
can be set at 0.5 um to 3 pm.

[0118] For example, SiO, (silicon oxide), SiN (silicon
nitride), polyimide, and so forth can be used as the material of
the surface protection film 36. The surface protection film 36
can be made according to, for example, the plasma CVD. Its
film thickness may be set at about 8000 A.

[0119] Next, a method for manufacturing the semiconduc-
tor device 1 will be described.

[0120] FIG. 8 is a flowchart to describe one example of a
manufacturing process of the semiconductor device. FIG. 9A
to FIG. 9C are plan views to describe steps relative to the
formation of a trench and the formation of a sacrificial oxide
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film. In FIG. 9A to FIG. 9C, a linear unit cell 14 is shown as
one example of the unit cell 14.

[0121] First, the n type buffer layer 7 and the n™ type drift
layer 8 undergo epitaxial growth in this order on the n* type
substrate 2 that is in a wafer state (step S1).

[0122] Thereafter, as shown in FIG. 9A, a mask that has an
opening according to the pattern of the trench 13 is formed,
and a trench 13 is formed by an etching operation that uses
this mask, and a unit cell 14 defined by the trench 13 is
simultaneously formed (step S2). A plurality of side surfaces
16 (side surfaces of the unit cell 14) of the trench 13 have
plane orientations that are crystallographically equivalent to
each other, and therefore mutually-uniform damages 42
appear. At this time, the plane orientations of the side surfaces
16 of the trench 13 are crystallographically equivalent to each
other, and therefore it is possible to make the side surfaces 16
of the trench 13 uniform so as to have the same anisotropic
structure. Therefore, it is possible to make the degree of the
damages 42 suffered by the side surfaces 16 of the trench 13
uniform during etching. In FIG. 9A to FIG. 9C, the side
surfaces 16 shown by leader lines of the alternate long and
short dash line, of the alternate long and two short dashes line,
and of the solid line coincide with plane orientations of the
side surface 38a,, of the side surface 38a,, and of the side
surface 38a; shown in FIG. 7A, respectively. When the trench
13 is formed, the removal region 19 may be also formed
simultaneously so as to have the same depth.

[0123] Thereafter, as shown in FIG. 9B, a sacrificial oxide
film 43 is formed on the side surfaces 16 of the trench 13 by
thermal oxidation (step S3). The plane orientations of the side
surfaces 16 of the trench 13 are crystallographically equiva-
lent to each other, and therefore the sacrificial oxide film 43 is
formed with uniform film quality at a constant oxidation rate
with respect to the side surfaces 16 of the trench 13.

[0124] Thereafter, as shown in FIG. 9C, the sacrificial
oxide film 43 is peeled off (step S4). As a result, the plurality
of side surfaces 16 in which the damages 42 have been
improved at the same level appear.

[0125] Thereafter, the p type JTE structure 22, the guard
ring 26, and a p type layer that is the same in shape as the p
type layer 17 are simultaneously formed by selectively
implanting impurities (in the present preferred embodiment,
Al ions) into the inner surfaces of the trench 13 and the
removal region 19 (step S5).

[0126] Thereafter, the p type layers 17, 25 and the p* type
contact layers 18, 27 are simultaneously formed by forming a
mask that has an opening according to the pattern of each of
the p type layers 17, 25 and the p* type contact layers 18, 27
and by selectively implanting impurities (in the present pre-
ferred embodiment, Al ions) into the inner surfaces of the
trench 13 and the removal region 19 by use of the mask (step
S6).

[0127] Thereafter, a field insulating film 28 that has a con-
tact hole 29 is formed on the surface 10 of the epitaxial layer
4 according to, for example, the thermal oxidation method or
the CVD method (step S7). Thereafter, an ohmic contact,
such as NiSi, is formed on the back surface 5 of the n* type
substrate 2.

[0128] Thereafter, an anode electrode 31 is formed on the
epitaxial layer 4 according to, for example, the sputtering
method (step S8), and a surface protection film 36 that has a
pad opening 37 is formed so as to cover the anode electrode 31
(step S9).
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[0129] Finally, the semiconductor device 1 shown in FIG. 1
etc., is obtained by forming a cathode electrode 6 on the back
surface 5 of the n* type substrate 2 (step S10).

[0130] In the semiconductor device 1 manufactured by the
above-mentioned method, the damages 42 (see FIG. 9A) of
the plurality of side surfaces 16 of the trench 13 are improved
at the same level, and therefore it is possible to make physical
properties of the side surfaces 16 even. Therefore, even if a
reverse leakage current flows through the side surfaces 16
(side surface of the unit cell 14) of the trench 13, it is possible
to reduce variations in this reverse leakage current.

[0131] Additionally, the unit cell 14 is defined by the trench
13, and therefore it is possible to lessen electric field concen-
tration at the upper surface 9 of the unit cell 14. This makes it
possible to weaken the electric field strength in the upper
surface 9 of the unit cell 14, and hence makes it possible to
reduce the reverse leakage current through the upper surface
9 of the unit cell 14. Additionally, it is possible to lower a
barrier height between the unit cell 14 and the anode electrode
31 being in contact with the upper surface 9 of the unit cell 14,
and therefore it is possible to reduce a forward voltage.
[0132] Additionally, it is possible to reduce a reverse leak-
age current through the inner surfaces (the bottom surface 15
and the side surface 16) of the trench 13 by means of the p type
layer 17 formed by following the inner surfaces of the trench
13.

[0133] Additionally, it is possible to prevent equipotential
surfaces from densely gathering between the trench 13 and
the removal region 19 by means of a depletion layer generated
from a pn junction portion of an interface between the p type
JTE structure 22 and the n~ type drift layer 8. This makes it
possible to lessen electric field concentration in the bottom of
the trench 13. As a result, it is possible to reduce the occur-
rence of a reverse leakage current in the bottom of the trench
13.

[0134] FIG. 10 is a schematic cross-sectional view of a
semiconductor device 51 according to a second preferred
embodiment of the present invention. In FIG. 10, the same
reference sign as in FIG. 2 is given to a component corre-
sponding to each component of FIG. 2 shown above.

[0135] In the first preferred embodiment of FIG. 2, the
outer peripheral edge 30 of the contact hole 29 was set on the
side closer to the active region 11 with respect to the p type
layer edge C. On the other hand, in the semiconductor device
51 of this second preferred embodiment, the outer peripheral
edge 30 of the contact hole 29 is set on the side farther from
the active region 11 with respect to the p type layer edge C of
the p type layer 25 and the p type JTE structure 22. As aresult,
the field insulating film 28 selectively covers a part of the p
type JTE structure 22, and exposes the whole of the p type
layer 25.

[0136] This semiconductor device 51 also makes it possible
to achieve the same effect as the semiconductor device 1 of
the first preferred embodiment.

[0137] FIG. 11 is a schematic cross-sectional view of a
semiconductor device 61 according to a third preferred
embodiment of the present invention. In FIG. 11, the same
reference sign as in FIG. 3 is given to a component corre-
sponding to each component of FIG. 3 shown above.

[0138] Although the field insulating film 28 was provided
in the first preferred embodiment of FIG. 2, the field insulat-
ing film 28 is excluded in the semiconductor device 61 of this
third preferred embodiment. The planar portion 33 of the
anode electrode 31 is formed so as to be in contact with the
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side surface 23 and the bottom surface 24 of the removal
region 19. The electrode edge B of the planar portion 33 is
positioned on the side closer to the active region 11 with
respect to the p type layer edge C of the p type layer 25. The
surface protection film 36 is formed so as to be in contact with
the bottom surface 24 of the removal region 19 exposed from
the anode electrode 31.

[0139] This semiconductor device 61 also makes it possible
to achieve the same effect as the semiconductor device 1 of
the first preferred embodiment.

[0140] FIG. 12 is a schematic cross-sectional view of a
semiconductor device 71 according to a fourth preferred
embodiment of the present invention. In FIG. 12, the same
reference sign as in FIG. 2 is given to a component corre-
sponding to each component of FIG. 2 shown above.

[0141] In the first preferred embodiment of FIG. 2, the
electrode edge B of the planar portion 33 of the anode elec-
trode 31 was positioned on the side farther from the active
region 11 with respect to the p type layer edge C of the p type
layer 25. On the other hand, in the semiconductor device 71 of
this fourth preferred embodiment, the electrode edge B of the
planar portion 33 of the anode electrode 31 is positioned on
the side closer to the active region 11 with respect to the p type
layer edge C ofthe p type layer 25. In other words, the overlap
portion 35 is housed in an inner area of the p type layer 25.
[0142] This semiconductor device 71 also makes it possible
to achieve the same effect as the semiconductor device 1 of
the first preferred embodiment.

[0143] FIG. 13 is a schematic cross-sectional view of a
semiconductor device according to a fifth preferred embodi-
ment of the present invention. In FIG. 13, the same reference
sign as in FIG. 2 is given to a component corresponding to
each component of FIG. 2 shown above.

[0144] In the first preferred embodiment of FIG. 2, the
removal region 19 was formed in all area of the outer periph-
eral region 12 from the active region 11 to the end surface 20
so that its outer peripheral edge coincided with the end sur-
face 20. On the other hand, in the semiconductor device 81 of
this fifth preferred embodiment, a JTE trench 82, which is one
example of the removal region of the present invention, and a
guard ring trench 83 are selectively formed at a formation
position of the p type JTE structure 22 and a formation posi-
tion of the guard ring 26 in the outer peripheral region 12,
respectively.

[0145] Thep type JTE structure 22 is formed so as to follow
the inner surfaces (the side surface 84 and the bottom surface
85) of'the JTE trench 82, and the guard ring 26 is formed so as
to follow the inner surfaces (the bottom surface and the side
surface) of the guard ring trench 83. Although the p type JTE
structure 22 and the guard ring 26 are formed on the entire
inner surfaces of the trenches 82 and 83, respectively, in the
present preferred embodiment, these may be selectively
formed on only one part of the inner surfaces. The field
insulating film 28 is formed so as to be embedded in the JTE
trench 82 and in the guard ring trench 83.

[0146] This semiconductor device 81 also makes it possible
to achieve the same effect as the semiconductor device 1 of
the first preferred embodiment.

[0147] FIG. 14 is a schematic cross-sectional view of a
semiconductor device according to a sixth preferred embodi-
ment of the present invention. In FIG. 14, the same reference
sign as in FIG. 2 and in FIG. 13 is given to a component
corresponding to each component of FIG. 2 and FIG. 13
shown above.
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[0148] Although the plurality of guard rings 26 were
formed outside the p type JTE structure 22 in the fifth pre-
ferred embodiment of FIG. 13, the guard rings 26 are
excluded in the semiconductor device 91 of this sixth pre-
ferred embodiment. This semiconductor device 91 also
makes it possible to achieve the same effect as the semicon-
ductor device 1 of the first preferred embodiment.

[0149] FIG. 15 is a schematic cross-sectional view of a
semiconductor device according to a seventh preferred
embodiment of the present invention. In FIG. 15, the same
reference sign as in FIG. 2 is given to a component corre-
sponding to each component of FIG. 2 shown above.

[0150] Although the plurality of guard rings 26 were
formed outside the p type JTE structure 22 in the first pre-
ferred embodiment of FIG. 2, the guard rings 26 are excluded
in the semiconductor device 101 of this seventh preferred
embodiment. This semiconductor device 101 also makes it
possible to achieve the same effect as the semiconductor
device 1 of the first preferred embodiment.

[0151] FIG. 16 is a schematic cross-sectional view of a
semiconductor device according to an eighth preferred
embodiment of the present invention. In FIG. 16, the same
reference sign as in FIG. 2 and in FIG. 13 is given to a
component corresponding to each component of FIG. 2 and
FIG. 13 shown above.

[0152] Although the field insulating film 28 was provided
s0 as to be embedded in the guard ring trench 83 in the fifth
preferred embodiment of FIG. 13, the field insulating film 28
is excluded in the semiconductor device 111 of this eighth
preferred embodiment. The planar portion 33 of the anode
electrode 31 is formed so as to be in contact with the side
surface 84 and the bottom surface 85 of the JTE trenches 82.
The electrode edge B of the planar portion 33 is positioned on
the side closer to the active region 11 with respect to the p type
layer edge C of the p type layer 25. The surface protection film
36 is formed so as to be in contact with the bottom surface 85
of the JTE trench 82 exposed from the anode electrode 31.
The surface protection film 36 is embedded in the guard ring
trench 83.

[0153] FIG. 17 is a schematic cross-sectional view of a
semiconductor device according to a ninth preferred embodi-
ment of the present invention. In FIG. 17, the same reference
sign as in FIG. 2 and in FIG. 13 is given to a component
corresponding to each component of FIG. 2 and FIG. 13
shown above.

[0154] In the fifth preferred embodiment of FIG. 13, the
planar portion 33 of the anode electrode 31 and the embedded
portion 32 were integrally formed with the same material. On
the other hand, in the semiconductor device 121 of this ninth
preferred embodiment, the planar portion 33 and the embed-
ded portion 32 are formed with mutually different materials.

[0155] As described above, Ti/Al and so forth can be used
as the material of the planar portion 33. On the other hand, a
material excellent in embedding properties, such as polysili-
con (n type or p type doped polysilicon), tungsten (W), tita-
nium (T1), or an alloy of these elements, can be used as the
material of the embedded portion 32.

[0156] FIG. 18 is a schematic cross-sectional view of a
semiconductor device according to a tenth preferred embodi-
ment of the present invention. In FIG. 18, the same reference
sign as in FIG. 2 and in FIG. 17 is given to a component
corresponding to each component of FIG. 2 and FIG. 17
shown above.
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[0157] In the ninth preferred embodiment of FIG. 17, the
field insulating film 28 was embedded in the guard ring trench
83. On the other hand, the semiconductor device 131 of this
tenth preferred embodiment additionally includes a guard-
ring embedding layer 132 embedded in the guard ring trench
83.

[0158] The same material as the embedded portion 32 of
the anode electrode 31 can be used as the material of the
guard-ring embedding layer 132. This makes it possible to
simultaneously form the guard-ring embedding layer 132 and
the embedded portion 32 of the anode electrode 31.

[0159] FIG. 19 is a schematic cross-sectional view of a
semiconductor device according to an eleventh preferred
embodiment of the present invention. In FIG. 19, the same
reference sign as in FIG. 2 is given to a component corre-
sponding to each component of FIG. 2 shown above.

[0160] In the first preferred embodiment of FIG. 2, the
planar portion 33 of the anode electrode 31 and the embedded
portion 32 were integrally formed with the same material. On
the other hand, in the semiconductor device 141 of this elev-
enth preferred embodiment, the planar portion 33 and the
embedded portion 32 are formed with mutually different
materials.

[0161] As described above, Ti/Al and so forth can be used
as the material of the planar portion 33. On the other hand, a
material excellent in embedding properties, such as polysili-
con (n type or p type doped polysilicon), tungsten (W), tita-
nium (T1), or an alloy of these elements, can be used as the
material of the embedded portion 32.

[0162] Next, amethod for forming the p type layers 17,18,
22, and 25 to 27 of the semiconductor devices will be
described while making a division into the case of the semi-
conductor devices 81, 91, 111, 121, and 131 each of which
has the JTE trench 82 and the guard ring trench 83 and the
case of the semiconductor devices 1, 51, 61, 71, and 141 each
of which has the removal region 19.

[0163] First, the former, i.e., the case of the semiconductor
devices 81, 91, 111, 121, and 131 will be described with
reference to FIG. 20A and FIG. 20B.

[0164] As shown in FIG. 20A, a hardmask 86 that has
openings according to the patterns of the trench 13, of the ITE
trench 82, and of the guard ring trench 83 is formed, and the
trench 13, the JTE trench 82, and the guard ring trench 83 are
formed by an etching operation that uses the hard mask 86,
and, simultaneously, unit cells 14 defined by the trench 13 are
formed.

[0165] Thereafter, in a state in which the hard mask 86
remains, impurities (in the present preferred embodiment, Al
ions) are selectively implanted into the inner surfaces of the
trench 13, of the JTE trench 82, and of the guard ring trench
83. As aresult, the p type JTE structure 22, the guard ring 26,
and the p type layer 88 having the same shape as the p type
layer 17 are simultaneously formed.

[0166] Thereafter, as shown in FIG. 20B, a resist mask 87
with which the p type JTE structure 22 and the guard ring 26
are selectively covered is formed. Thereafter, in a state in
which this resist mask 87 and the hard mask 86 remain,
impurities (in the present preferred embodiment, Al ions) are
selectively implanted into the inner surfaces of the trench 13
and of the JTE trench 82. As a result, the p type layers 17, 25
and the p* type contact layers 18, 27, which are relatively
higher in concentration than the p type JTE structure 22 and
the guard ring 26, are simultaneously formed.
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[0167] Next, the latter, i.e., the case of the semiconductor
devices 1,51, 61, 71, and 141 will be described with reference
to FIG. 21A to FIG. 21C.

[0168] As shown in FIG. 20A, a hardmask 89 that has
openings according to the patterns of the trench 13 and of the
removal region 19 is formed, and the trench 13 and the
removal region 19 are formed by an etching operation that
uses this hard mask 89, and, simultaneously, unit cells 14
defined by the trench 13 are formed.

[0169] Thereafter, as shown in FIG. 21B, in a state in which
the hard mask 89 remains, a resist mask 90 that has an opening
according to the pattern of the p type JTE structure 22 in the
removal region 19 is formed. Thereafter, impurities (in the
present preferred embodiment, Al ions) are selectively
implanted into the inner surfaces of the trench 13 and of the
removal region 19 by use of the hard mask 89 and the resist
mask 90. As a result, the p type JTE structure 22 and the p type
layer 93 having the same shape as the p type layer 17 are
simultaneously formed.

[0170] Thereafter, as shown in FIG. 21C, a resist mask 92
with which the p type JTE structure 22 is selectively covered
is formed. Thereafter, in a state in which this resist mask 92
and the hard mask 89 remain, impurities (in the present pre-
ferred embodiment, Al ions) are selectively implanted into
the inner surfaces of the trench 13 and of the JTE trench 82. As
aresult, the p type layers 17, 25 and the p™* type contact layers
18, 27, which are relatively higher in concentration than the p
type JTE structure 22, are simultaneously formed.

[0171] Although the preferred embodiments of the present
invention have been described as above, the present invention
can be embodied in other modes.

[0172] Forexample, itis possible to combine the aforemen-
tioned features comprehended from the disclosure of each of
the aforementioned preferred embodiments together among
different preferred embodiments.

[0173] Additionally, an arrangement formed by reversing
the conductivity type in each semiconductor part of the semi-
conductor devices 1, 51, 61, 71, 81, 91, 101, 111, 121, 131,
and 141 may be employed. For example, in the semiconduc-
tor device 1, the p type part may be an n type, and the n type
part may be a p type.

[0174] The semiconductor device (semiconductor power
device) of the present invention is capable of being incorpo-
rated into a power module for use in an inverter circuit form-
ing a driving circuit to drive an electric motor that is used as
a power source of, for example, an electric automobile (in-
cluding a hybrid automobile), a train, and an industrial robot.
Additionally, the semiconductor device of the present inven-
tionis also capable of being incorporated into a power module
for use in an inverter circuit that converts electric power
generated by a solar battery, by a wind generator, or by other
power generators (particularly, a private electric generator) so
as to match the electric power of a commercial power source.
[0175] Besides, various design changes can be made within
the scope of the matters recited in the appended claims.
[0176] The preferred embodiments of the present invention
are merely concrete examples used to clarify the technical
contents of the present invention, and the present invention
should not be understood by being limited to these concrete
examples, and the spirit and scope of the present invention are
limited solely by the appended claims.

[0177] The present application corresponds to Japanese
Patent Application No. 2012-269771 filed in the Japan Patent
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Office on Dec. 10, 2012, and the entire disclosure of this
application is incorporated herein by reference.

REFERENCE SIGNS LIST

[0178] 1 Semiconductor device
[0179] 2 n* type substrate

[0180] 4 Epitaxial layer

[0181] 6 Cathode electrode

[0182] 7 n type buffer layer

[0183] 8 n~ type drift layer

[0184] 9 (Unit cell) Upper surface
[0185] 10 (Epitaxial layer) Surface
[0186] 11 Active region

[0187] 12 Outer peripheral region
[0188] 13 Trench

[0189] 14 Unit cell

[0190] 15 (Trench) Bottom surface
[0191] 16 (Trench) Side surface
[0192] 17 p type layer

[0193] 18 p* type contact layer
[0194] 19 Removal region

[0195] 20 (Epitaxial layer) End surface
[0196] 22 p type JTE structure
[0197] 23 (Removal region) Side surface
[0198] 24 (Removal region) Bottom surface
[0199] 25 p type layer

[0200] 26 Guard ring

[0201] 27 p* type contact layer
[0202] 28 Field insulating film
[0203] 29 Contact hole

[0204] 31 Anode electrode

[0205] 38a, Side surface

[0206] 38a, Side surface

[0207] 38a, Side surface

[0208] 394, Side surface

[0209] 39a, Side surface

[0210] 404, Side surface

[0211] 40a, Side surface

[0212] 404, Side surface

[0213] 41a, Side surface

[0214] 42a, Side surface

[0215] 424, Side surface

[0216] 43 Sacrificial oxide film
[0217] 51 Semiconductor device
[0218] 61 Semiconductor device
[0219] 71 Semiconductor device
[0220] 81 Semiconductor device
[0221] 82 JTE trench

[0222] 83 Guard ring trench
[0223] 84 (Trench) Side surface
[0224] 85 (Trench) Bottom surface
[0225] 91 Semiconductor device
[0226] 101 Semiconductor device
[0227] 111 Semiconductor device
[0228] 121 Semiconductor device
[0229] 131 Semiconductor device
[0230] 141 Semiconductor device
[0231] AJTE edge

[0232] B Electrode edge

[0233] C p type layer edge

1. A semiconductor device comprising:
a semiconductor layer made of a wide bandgap semicon-
ductor;
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a trench that is selectively formed on a surface portion of
the semiconductor layer and that defines a unit cell hav-
ing a predetermined shape on the surface portion; and

a surface electrode that is embedded in the trench so as to
cover an upper surface of the unit cell and that forms a
Schottky junction between the unit cell and the surface
electrode;

side surfaces of the trench being formed of only a plurality
of planes that have plane orientations crystallographi-
cally equivalent to each other.

2. The semiconductor device according to claim 1, wherein
the side surfaces of the trench are formed of only a plurality of
planes that move to each other as a result of a symmetry
operation in which a rotation of a predetermined angle is
made around a predetermined crystallographic axis.

3. The semiconductor device according to claim 2, wherein
the semiconductor layer is made of 4H—SiC, and

the side surfaces of the trench are formed of only a plurality
of planes that move to each other as a symmetry opera-
tion in which a rotation of 60 degrees is made around a
axis.

4. The semiconductor device according to claim 1, wherein
the unit cell is formed in a linear shape, or a rhombic shape, or
a hexagonal shape when viewed planarly.

5. The semiconductor device according to claim 1, wherein
the semiconductor layer includes a first conductivity type
electric field relaxation layer formed so as to follow a part of
orall of inner surfaces of the trench and a second conductivity
type drift layer formed contiguously with the electric field
relaxation layer so as to be exposed to the upper surface of the
unit cell, and

wherein the surface electrode forms a Schottky junction
between the drift layer and the surface electrode.

6. The semiconductor device according to claim 5, wherein
the electric field relaxation layer includes a highly-concen-
trated layer that is selectively formed at a part exposed from
the inner surfaces of the trench and that is higher in concen-
tration than other parts of the electric field relaxation layer.

7. The semiconductor device according to claim 6, wherein
the surface electrode forms an ohmic contact between the
highly-concentrated layer and the surface electrode.

8. The semiconductor device according to claim 6, wherein
the highly-concentrated layer is formed in an area that is
shallower than a depth position of 1000 A from the inner
surfaces of the trench.

9. The semiconductor device according to claim 5, wherein
the surface of the semiconductor layer is partitioned into an
active region in which the unit cell is disposed and an outer
peripheral region that surrounds the active region, and

the semiconductor device further includes:

aremoval region formed at the surface portion of the semi-
conductor layer in the outer peripheral region; and

a first conductivity type terminal structure formed so as to
follow a bottom surface of the removal region.

10. The semiconductor device according to claim 9,
wherein the semiconductor device further includes a plurality
of guard rings formed on an outer side toward an end surface
of'the semiconductor layer with respect to the terminal struc-
ture.

11. The semiconductor device according to claim 9,
wherein the semiconductor device further includes a first
conductivity type layer that is formed in the terminal structure
and that is relatively higher in concentration than the terminal
structure, and
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wherein the first conductivity type layer is disposed in a
position inwardly away from an outer periphery of the
terminal structure.

12. The semiconductor device according to claim 11,
wherein the first conductivity type layer includes a highly-
concentrated region that is formed so as to be exposed from
the bottom surface of the removal region and that is higher in
concentration than the first conductivity type layer.

13. The semiconductor device according to claim 12,
wherein the highly-concentrated region is formed in an area
that is shallower than a depth position of 1000 A from the
bottom surface of the removal region.

14. The semiconductor device according to claim 9,
wherein the semiconductor device includes a field insulating
film formed at the bottom surface of the removal region so as
to selectively cover the terminal structure.

15. The semiconductor device according to claim 14,
wherein a contact hole that selectively exposes an all area of
the active region and a part of the outer peripheral region is
formed in the field insulating film, and

the contact hole is formed in a tapered shape whose width
becomes greater toward an opening end.

16. The semiconductor device according to claim 14,
wherein the field insulating film is made of SiO, (silicon
oxide) or SiN (silicon nitride).

17. The semiconductor device according to claim 9,
wherein the terminal structure has an impurity concentration
different from an impurity concentration of the electric field
relaxation layer, and is formed in a depth position that is the
same as the electric field relaxation layer or in a position that
is deeper than the electric field relaxation layer.

18. The semiconductor device according to claim 11,
wherein an edge of the terminal structure, an edge of the
surface electrode, and an edge of the first conductivity type
layer are disposed in this order from the end surface of the
semiconductor layer.

19. The semiconductor device according to claim 11,
wherein the surface electrode forms an ohmic contact
between the first conductivity type layer and the surface elec-
trode.

20. The semiconductor device according to claim 14,
wherein the surface electrode is formed so as to ride on the
field insulating film so that the edge of the surface electrode is
positioned on the field insulating film.

21. A method for manufacturing a semiconductor device,
the method comprising:

a step of forming a trench by etching a semiconductor layer
made of a wide bandgap semiconductor so that side
surfaces are formed of only a plurality of planes that
have plane orientations crystallographically equivalent
to each other, and, simultaneously, defining a unit cell
having a predetermined shape by means of the trench;

a step of forming a sacrificial oxide film on the side sur-
faces of the trench by means of thermal oxidation;

a step of peeling off the sacrificial oxide film; and

a step of embedding a surface electrode in the trench so as
to cover the upper surface of the unit cell after peeling off
the sacrificial oxide film, the surface electrode being
made of a material that forms a Schottky junction
between the unit cell and the surface electrode.

22. The method for manufacturing a semiconductor device

according to claim 21, wherein the step of embedding the
surface electrode in the trench includes a step of embedding
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polysilicon, or tungsten (W), or titanium (T1), or an alloy of
these elements according to a CVD method.

23. A semiconductor device comprising:

a semiconductor layer made of a wide bandgap semicon-
ductor that has a surface partitioned into an active region
and an outer peripheral region that surrounds the active
region;

a trench selectively formed on a surface portion of the
semiconductor layer in the active region;

a first conductivity type electric field relaxation layer
formed so as to follow a part of or all of inner surfaces of
the trench;

a second conductivity type drift layer formed contiguously
with the electric field relaxation layer so as to be exposed
to the surface portion of the semiconductor layer;

a surface electrode that is embedded in the trench so as to
cover the surface portion of the semiconductor layer and
that forms a Schottky junction between the drift layer
and the surface electrode;

aremoval region formed at the surface portion of the semi-
conductor layer in the outer peripheral region; and

a first conductivity type terminal structure formed so as to
follow a bottom surface of the removal region;

wherein the terminal structure has an impurity concentra-
tion different from an impurity concentration of the elec-
tric field relaxation layer, and is formed in a depth posi-
tion that is the same as the electric field relaxation layer
or in a position that is deeper than the electric field
relaxation layer.

24. The semiconductor device according to claim 23,

wherein the semiconductor device further includes a plurality
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of guard rings formed on an outer side toward an end surface
of'the semiconductor layer with respect to the terminal struc-
ture.

25. The semiconductor device according to claim 23,
wherein the semiconductor device further includes a first
conductivity type layer that is formed in the terminal structure
and that is relatively higher in concentration than the terminal
structure, and

wherein the first conductivity type layer is disposed in a

position inwardly away from an outer periphery of the
terminal structure.

26. The semiconductor device according to claim 25,
wherein the first conductivity type layer includes a highly-
concentrated region that is formed so as to be exposed from
the bottom surface of the removal region and that is higher in
concentration than the first conductivity type layer.

27. The semiconductor device according to claim 25,
wherein an edge of the terminal structure, an edge of the
surface electrode, and an edge of the first conductivity type
layer are disposed in this order from the end surface of the
semiconductor layer.

28. The semiconductor device according to claim 25,
wherein the surface electrode forms an ohmic contact
between the first conductivity type layer and the surface elec-
trode.

29. The semiconductor device according to claim 23,
wherein the semiconductor device includes a field insulating
film formed at the bottom surface of the removal region so as
to selectively cover the terminal structure.

30. The semiconductor device according to claim 29,
wherein the surface electrode is formed so as to ride on the
field insulating film so that the edge of the surface electrode is
positioned on the field insulating film.
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