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1
POWER SEMICONDUCTOR DEVICE

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s based upon and claims the benefit of
priority from prior Japanese Patent Application No. 2010-
209160, filed on Sep. 17, 2010, the entire contents of which

are incorporated herein by reference.

FIELD

Present embodiments relate to a power semiconductor
device.

BACKGROUND

The use of power semiconductor devices including MOS-
FETs (Metal Oxide Silicon Field Effect Transistors) is
rapidly increasing not only in the market of large-current
high-breakdown-voltage switching power sources but also,
especially 1 recent years, in the market of power-saving
switching for mobile communication apparatuses such as
notebook PCs. The power semiconductor devices are used in
power-management circuits, safety circuits for lithtum ion
batteries, or the like. Accordingly, the power semiconductor
devices are designed to achieve a low drive voltage that
enables the power semiconductor devices to be directly
driven with a battery voltage, a low on-resistance, a reduc-
tion 1n capacitance between the gate and the drain, or the
like.

For instance, a technology 1s known 1n which an n-chan-
nel MOSFET with a trench-gate structure 1s made to have a
low on-resistance by narrowing the trench pitch. In a MOS-
FET with a narrowed trench pitch, among an n™-type source
layer and a p™-type contact layer both connected to a source
electrode, the p™-type contact layer has a difficulty in secur-
ing a large enough contact area for the connection.

For this reason, the potential of a p-type base layer, which
1s connected to the p™-type contact layer, 1s diflicult to fix to
the source potential. Thus, there 1s a problem that an
avalanche resistance of the semiconductor device 1s low-
ered.

Avalanche breakdown occurs, for instance, when a surge
voltage caused by induced electromotive force 1s larger than
a breakdown voltage of the MOSFET 1n a switching-OFF
operation 1n an inductive load. Here, the avalanche resis-
tance 1s the ability to withstand the avalanche breakdown.

Suppose a case where the potential of the p-type base
layer 1s not completely fixed to the source potential. In this
case, when holes generated by the avalanche breakdown
flow as the electric current through the source electrode, the
holes pass under the n™-type source layer. Hence, a potential
difference 1s generated between the source electrode and the
p-type base layer, and an npn-type bipolar transistor that 1s
parasitic i the MOSFET 1s turned ON. Consequently,
concentration of the current occurs, and the MOSFET
becomes more likely to be broken down.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram showing a structure of a
semiconductor device according to a first embodiment of the
invention. FIG. 1A 1s a plan view, and FIG. 1B 1s a
cross-sectional view.

FIG. 2 1s a schematic diagram describing the structure of
the semiconductor device according to the first embodiment.

FIG. 3 1s a cross-sectional view schematically showing a
structure of a semiconductor device according to a second
embodiment.

FIG. 4 1s a cross-sectional view schematically showing a
structure of a semiconductor device according to a modifi-
cation of the second embodiment.

DETAILED DESCRIPTION

According to one embodiment, a semiconductor device
includes an element unit comprising a vertical-type MOS-
FET, the vertical-type MOSFET comprising, a first semi-
conductor layer with a first conductive type, a second
semiconductor layer with the first conductive type provided
on a first main surface of the first semiconductor layer, an
impurity concentration of the second semiconductor layer
being lower than the first semiconductor layer, a third
semiconductor layer with a second conductive type provided
on a surface of the second semiconductor layer, a fourth
semiconductor layer with the second conductive type selec-
tively provided on a surface of the third semiconductor layer,
a fifth semiconductor layer with the second conductive type
selectively provided on the surface of the third semiconduc-
tor layer, an insulator covering inner surfaces of a plurality
of trenches, each trench penetrating the third semiconductor
layer from a surface of the fourth semiconductor layer or a
surface of the fifth semiconductor layer reaching the second
semiconductor layer, the adjacent trenches being provided
with a first interval 1n between,

a first embedded conductive layer embedded at a bottom
of the trench via the insulator, a second embedded conduc-
tive layer embedded at an upper portion of the first embed-
ded conductive layer via the 1nsulator, an interlayer insulator
provided on the second embedded conductive layer,

a first main electrode provided on a second main surface
of the first semiconductor layer opposed to the first main
surface, the first main electrode electrically connecting to the
first semiconductor layer, a second main electrode provided
on the a fourth semiconductor layer, the fifth semiconductor
layer and the interlayer msulator, the second main electrode
clectrically connecting to the fourth semiconductor layer and
the fifth semiconductor layer; and a diode unit adjacent to
the element unit comprising, the first semiconductor layer,
the second insulator semiconductor layer, the third semicon-
ductor layer, the fifth semiconductor layer, the insulator
covering the inner surfaces of the plurality of the trenches,
the adjacent trenches being provided with a second interval
in between, the second interval being larger than the first
interval, the first embedded conductive layer, the second
embedded conductive layer, the interlayer insulator, the first
main electrode, and the second main electrode.

Embodiments of the invention are described below by
referring to the drawings. In the drawings, the same com-
ponents are denoted by the same reference numerals. In a
semiconductor device, the side where the source electrode 1s
provided 1s referred to the upper side whereas the side where
the draimn electrode 1s provided is referred to as the lower
side.
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First Embodiment

A semiconductor device according to a first embodiment
of the invention 1s described below by referring to FIGS. 1
and 2. FIG. 1A 1s a plan view showing the state where two
uppermost layers 1n FIG. 1B (upper portion in the drawing)

are removed. FIG. 1B 1s a cross-sectional view taken along
the line A-A 1n FIG. 1A.

As shown 1n FIG. 1 shows, a semiconductor device 1
includes an element unit and a diode unit. The element unit
includes a region with an n-channel vertical-type MOSFET.
The diode unit 1s provided next to the element unit, and
includes a region with a diode. The element unit 1s on the lett
side 1n the drawing whereas the diode unit 1s provided next
to the element unit and 1s on the right side in the drawing.

The element unit 1s made of single-crystal silicon, for
instance, and includes an n™-type semiconductor substrate
11, which 1s a first semiconductor layer of a first conduc-
tivity type. The element unit includes an n™-type dnit layer
12 provided on a first principal surface (the top surface) of
the n™-type semiconductor substrate 11. The n™-type drift
layer 12 has a lower impurity concentration than the n™-type
semiconductor substrate 11, and 1s an epitaxially-grown,
second semiconductor layer of the first conductivity type.
The element unit includes a p~-type base layer 13 that is
selectively provided on the surface of the n™-type drift layer
12. The p™-type base layer 13 1s a third semiconductor layer
of a second conductivity type doped with p-type impurities,
for instance. The element unit includes n*-type source layers
14 that are selectively provided on the surface of the p~-type
base layer 13. The n™-type source layers 14 are fourth
semiconductor layers of the first conductivity type doped
with n-type impurities. The element unit includes p™-type
contact layers 15 that are selectively provided on the surface
of the p~-type base layer 13. The p*-type contact layers 15
are fifth semiconductor layers of the second conductivity
type doped with p-type impurities.

As shown in FIG. 1A shows, the n™-type source layers 14
and the p™-type contact layers 15 appear alternately 1n a
direction that 1s normal to the line A-A. To make the
on-resistance of the semiconductor device 1 as low as
possible, the area of the n™-type source layer 14 is larger than
the area of the p™-type contact layer 15 in the plan view.

As shown in FIG. 1, plural trenches 16 are provided 1n the
clement unit. Each trench 16 1s provided from the surface of
either the n™-type source layer 14 or the p™-type contact
layer 15, penetrates the p~-type base layer 13, and reaches
the n™-type dnit layer 12. The trench 16 has a prescribed
opening width that 1s the minimum size allowed by the
design rule along the line A-A, and the trenches 16 are
arranged along the line A-A at prescribed repeating intervals
(pitches 31) that are the minimum distances allowed by the
design rule. The trench 16 has a U-shape 1n a section taken
in the direction 1n which the plural trenches 16 are arranged
(1.e., taken along the line A-A), and extends long in a
direction that 1s normal to the line A-A when viewed from
the top.

An 1nsulator 17 1s provided on the internal surfaces of the
trench 16. The insulator 17 1s made of a silicon oxide film,
for instance. An embedded source electrode 18 1s provided
at the bottom of the trench 16, 1.e., on a side near the n™ -type
drift layer 12, with the isulator 17 provided between the
embedded source electrode 18 and the n™-type driit layer 12.
The embedded source electrode 18 i1s a first embedded
clectrically-conducting material made of conductive-type
polycrystalline silicon, for instance.
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In the trench 16, a gate electrode 19 1s embedded 1n a
portion above the embedded source electrode 18, that 1s, on
the side near either the n™-type source layer 14 or the p™-type
contact layer 15 via the insulator 17. The gate electrode 19
1s a second embedded electrically-conducting material made
of conductive-type polycrystalline silicon, for istance. The
gate electrode 19 starts at the level at least as deep as the
bottom surface of the p~-type base layer 13, and reaches the
level at least as high as the top surface of the p~-type base
layer 13. Thus, the gate electrode 19 allows a channel to be
provided 1n the p~-type base layer 13 on the side surfaces of
cach trench 16. The embedded source electrode 18 and the
gate electrode 19 are isolated from each other by the
insulator 17. The embedded source electrode 18 has a width
(the dimension measured along the line A-A) that 1s smaller
than the width of the gate electrode 19. As the insulator 17
provided on the side surfaces, the embedded source elec-
trode 18 1s thicker than the msulator 17 on the side surfaces
of the gate electrode 19. Note that the embedded source
clectrode 18 and the gate electrode 19 may have the same
width.

An 1nterlayer insulator 20 1s provided on the gate elec-
trode 19 so as to be 1n contact with the isulator 17. The
interlayer msulator 20 1s made of a silicon oxide film, for
instance. The gate electrode 19 1s thus surrounded by the
insulator 17 and the interlayer msulator 20.

A drain electrode 21-a being a first main electrode 1s
provided on a second principal surface (bottom surface)
opposite to the first principal surface of the n™-type semi-
conductor substrate 11. The drain electrode 21 1s made of a
metal, for instance, and 1s electrically connected to the
second principal surface of the n™-type semiconductor sub-
strate 11. A source eclectrode 22-a being a second main
electrode 1s provided on the n*-type source layer 14, the
pT-type contact layer 135, and the interlayer insulator 20. The
source electrode 22 1s made of a metal, for instance, and 1s
electrically connected to both the n™-type source layer 14
and the p™-type contact layer 15.

The diode unit has four layers which are the n™-type
semiconductor substrate 11, the n™-type drift layer 12, the
p~-type base layer 13, and the p™-type contact layer 15. The
diode unit has a structure where the p™-type contact layer 15
is provided on the p~-type base layer 13, and the n™-type
source layer 14, which 1s provided 1n the element unit, 1s not
provided 1n the diode unit. The four layers provided 1n the
diode unit extend to be continuous with the respective four
layers provided 1n the element unit. Hence, the four layers
are named the same as their counterparts in the element unait.
It other components that are to be described later extend to
be continuous with their counterparts 1n the element unit, or
are provided in the same process as their counterparts in the
clement unit, such other components are called by the
common or similar names. Hence, the components 1n the
diode unit do not always reflect their respective functions. In
addition, the element unit and the diode unit share the trench
16 and the components of the trench 16 1n the border area.

The trench 16 provided in the diode unit has the same
shape as the trench 16 provided in the element unit. The
insulator 17, an embedded source electrode material 18a,
and a gate electrode material 19a provided 1n each trench 16
in the diode unit correspond respectively to and have 1den-
tical structures respectively to the mnsulator 17, the embed-
ded source electrode 18, and the gate electrode 19 provided
in each trench 16 in the element unait.

A pitch 32 between trenches 16 1n the diode unit 1s larger
than the pitch 31 between trenches 16 provided in the
clement unit. As will be described later, the pitch 32 for the
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trenches 16 1n the diode unit 1s determined by referring to the
pitch 31 for the trenches 16 in the element unit and on the
basis of the breakdown voltage of the diode.

The source electrode 22 and the drain electrode 21 1n the
diode unit respectively serve as the anode and the cathode.

Though not illustrated, the source electrode 22 1s con-
nected to both the embedded source electrode 18 and the
embedded source electrode material 18a. As described ear-
lier, 1n the element unit, the source electrode 22 has a
relatively large contact area with the n-type source layer 14,
and has a relatively small contact area with the p-type
contact layer 15. Both of these contacts are low resistance
contacts. In the diode unit, the source electrode 22 1s in
contact with the p*-type contact layer 15, and the contact 1s
a low resistance contact. Though not illustrated, both the
gate electrode 19 and the gate electrode material 19a are
connected to a gate electrode for external connection pro-
vided on a surface of the semiconductor device 1.

Next, description 1s given of the relationship between the
pitch 31 in the element unit and the pitch 32 in the diode
unit. In the element unit, channels of the MOSFETs are
provided at a higher density to achieve a low on-resistance.
To achieve a higher channel density, the channels are
provided to have the minimum size allowed by the design
rule. Since the channels are provided on the side surfaces of
the trench 1n the case of the vertical—type MOSFET with a
trench structure, achieving a higher channel density means
providing trenches at a higher density. Accordingly, both the
opening width of each trench and the repeating interval
(pitch) between every two trenches are designed to be
mimmum allowed by the design rule.

FIG. 2 shows the relationship between the breakdown
voltage and the pitch for the trenches 16 provided in the
clement umt. The trench 16 has a double-electrode structure
including the embedded source electrode 18 and the gate
clectrode 19. The horizontal axis of the graph shown 1n FIG.
2 represents the pitch for the trenches 16 whereas the vertical
axis represents the breakdown voltage. The pitch 31 for the
trenches 16 in the element unit 1s determined first to be the
mimmum distance allowed by the design rule. Then, with
the pitch 31 being determined 1n the above-described way,
such parameters as the thicknesses of and the impurity
concentrations of the n™-type drift layer 12 and the like
around trenches 16 are determined to provide the maximum
breakdown voltage.

Consequently, as shown in FIG. 2, the pitch 31 for the
trenches 16 1n the element unit provides the maximum
breakdown voltage. If the pitch for the trenches 16 1s
changed, the breakdown voltage becomes lower. Neverthe-
less, since the pitch 31 for the trenches 16 1n the element unit
1s the minimum distance allowed by the design rule, the
pitch for the trenches 16 in the diode unit can be made larger
only. Then, the breakdown voltage of the diode unit being a
voltage at which an avalanche breakdown starts before an
avalanche breakdown starts in the element unit 1s deter-
mined to be within a range that exceeds the rated breakdown
voltage required for the semiconductor device 1. The thus
determined pitch for the trenches 16 1s used as the pitch 32.
For instance, as indicated by the down-pointing arrow, the
breakdown voltage of the diode unit 1s determined to be
lower than the breakdown voltage of the element unit by one
to several volts.

In the semiconductor device 1, arrangement of the diode
unit relative to the element unit in the plan view 1s not
limited. For instance, 1n the plan view, the diode unit may be
provided 1n a central portion of the semiconductor device 1,
a peripheral portion of the semiconductor device 1, or
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6

somewhere in the middle of these two portions. The diode
units may also be provided at plural locations. The width of
cach diode unit may be configured such that multiple diode
units are successively arranged with the pitches 32 having
the minimum width. The area of the diode unit, or the total
areas of the diode units, 1n the plan view can be determined
as desired.

Next, description 1s given of manufacturing processes of
the semiconductor device 1. A process of epitaxially grow-
ing the n™-type drift layer 12 on the n™-type semiconductor
substrate 11 1s the same 1n manufacturing processes of the
clement unit and the diode unit. A process of providing the
p -type base layer 13 1n the n™-type driit layer 12 by the
ion-implantation method 1s the same in the manufacturing
processes of the element unit and the diode unit. The n™-type
source layer 14 and the p™-type contact layer 15, which are
provided by the 1on-implantation method, 15 are arranged
differently in the plan view. However, the p*-type contact
layer 15 1n the diode unit 1s concurrently with the p™-type
contact layer 15 1n the element unit. Hence, only a modifi-
cation 1n the mask pattern 1s required. Accordingly, the
manufacturing processes of the element unit and the diode
unit are the same.

The trenches 16 and the structure of the trench 16 are the
same 1n the element unit and the diode unit, though the pitch
31 for the trenches 16 1n the element unit 1s different from
the corresponding pitch 32 in the diode unit. The difference
between the pitches 31 and 32 can be dealt with a modifi-
cation in the mask pattern, so that the trenches 16 including
their internal structures are provided 1n the same manufac-
turing process 1n the element unit and in the diode unait.
Likewise, the difference in the pitches for the interlayer
insulators 20 between the element unit and the diode unit 1s
also dealt with a modification in the mask pattern. Then, the
drain electrode 21, the source electrode 22, and the like are
provided 1n the same manufacturing process both in the
clement unit and in the diode umit. This 1s because the
arrangements 1n the plan view, of the drain electrode 21, the
source electrode 22, and the like are the same both in the
clement unit and 1n the diode unit.

The manufacturing of the semiconductor device 1
requires modifications in the mask patterns because the
clement unit and the diode unit are arranged differently 1n
the plan view. However, the element unit and the diode unit
have the same patterns 1n the sectional view, 1.e., in the depth
direction. Thus, the addition of the diode unit to the element
unit needs no extra manufacturing processes other than the
ones necessary for the manufacturing the element unit.

Next, description 1s given of the operations of the semi-
conductor device 1 i a switching-OFF operation 1n an
inductive load.

As described earlier, the pitch 32 for the trenches 16 1n the
diode unit 1s larger than the pitch 31 for the trenches 16 1n
the element unit. The trench 16 1n the diode umit has the
same size as the trench 16 in the element unit. Hence, the
distance between every two adjacent trenches 16 in the
diode unit 1s larger than the corresponding distance in the
clement unit. Accordingly, the n™-type dnit layer 12 in the
diode unit 1s less likely to be depleted than the n™-type driit
layer 12 1n the element unit, so that the breakdown voltage
of the diode unit drops and the avalanche breakdown starts
at a lower voltage.

When a voltage exceeding the breakdown voltages 1s
applied between the drain electrode 21 and the source
electrode 22, an avalanche breakdown occurs in the diode
unmit with the lower breakdown voltage before the break-
down occurs 1 the element unit. When the avalanche
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breakdown occurs, most of the electric current flows into the
diode unit. Little current flows 1n the element unit, so that the
parasitic npn-bipolar transistor becomes more difficult to be
turned ON. Even when a configuration 1s impossible to
secure a large contact area between the p™-type contact layer
and the source electrode 22, the turning ON of the parasitic
npn-bipolar transistor 1s impeded. Therefore, the breakdown
ol the element unit becomes less likely to occur, and thus the
clement unit can have larger avalanche resistance.

In the case of a switching-ON operation in the element
unit, the semiconductor device 1 can have a lower on-
resistance. As described earlier, the trench 16 1n the element
unit has a double-electrode structure including the embed-
ded source electrode 18 and the gate electrode 19. A
depletion layer extends from the p~-type base layer 13 and
from the trenches 16 on the both sides. In addition, the pitch
31 1s narrow. Hence the n™-type drift layer 12 1s more likely
to be depleted. Accordingly, the breakdown voltage between
the drain electrode 21 and the source electrode 22 becomes
higher. Consequently, 1n comparison to the semiconductor
device including trenches each of which has an ordinary
clectrode structure (single electrode structure), the n™-type
drift layer 12 of the semiconductor device 1 can raise its
impurity concentration and thus the semiconductor device 1
can lower the on-resistance.

Second Embodiment

A semiconductor device according to a second embodi-
ment 1s described below by referring to FIG. 3. FIG. 3 1s a
sectional view corresponding to FIG. 1B. A semiconductor
device 2 of the second embodiment differs from the semi-
conductor device 1 of the first embodiment 1n that the gate
clectrode provided in the trench has a step-like structure
with a narrower bottom portion. Note that the components
that are 1dentical to those 1n the first embodiment are denoted
by the same reference numerals, and no description of the
components will be given.

As FIG. 3 shows, a gate electrode 25 1s provided in the
trench 16 1n the element unit of the semiconductor device 2.
The gate electrode 25 extends from the top portion to the
bottom portion with the insulator 17 provided between the
gate electrode 25 and the internal surface of the trench 16.
The gate electrode 25 1s made of conductive-type poly
crystalline silicon, for instance. Like the gate electrode 25 1n
the element unit, a gate electrode material 25a 1s provided in
the trench 16 1n the diode unit. The other configuration of the
semiconductor device 2 1s identical to the corresponding
configuration of the semiconductor device 1 of the first
embodiment.

The width, measured in the direction in which the
trenches 16 are provided, of the gate electrode 25 1s larger
on the top-end side than on the bottom-end side. The wider
upper-end side portion of the gate electrode 25 extends at
least from the level as deep as the bottom surface of the
p -type base layer 13 up to the level as high as the top
surface of the p~-type base layer 13. Thus, channels are

allowed to be provided 1n the p~-type base layer 13 on the
side surfaces of each trench 16. The width, measured in the
direction 1 which the trenches 16 are prowded of the
bottom-end side portion of the gate electrode 235 1s evenly
narrow. The bottom-end side portion of the gate electrode 25
1s contiguously provided from the upper-end-side portion of
the gate electrode 25, so that the two portions of the gate
clectrode 25 together form a single body. The insulator 17
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provided on the internal side surfaces of the trench 16 1s
thinner on the upper-end side and 1s thicker on the bottom-
end side.

The gate electrode 25 which has a step-like structure with
a wider upper-end side and a narrower bottom-end side has
the maximum breakdown voltage at the pitch 31 for the
trenches as the same as the double-electrode structure of the
first embodiment including the embedded source electrode

18 and the gate electrode 19 (see FIG. 2).

The gate electrode material 25a 1n the diode unit has the
same size as that of the gate electrode 25 1n the element unit
though a prescribed processing error should be tolerated.

The internal structure of each trench 16 1n the element unit
1s basically the same as 1ts counterpart in the diode unit, and

il

only the pitch for the trenches 16 in the element unit differs
from 1ts counterparts 1n the diode unit. The element unit and
the diode unit are provided in the same manufacturing
processes as the same as the first embodiment.

The gate electrode 25 of the semiconductor device 2
extends deeper 1n the n™-type dnit layer 12 compared with
the semiconductor device 1. Accordingly, a charge accumu-
lation layer can be provided along the trenches 16 1n the
n~-type drift layer 12. Consequently, an even lower on-
resistance can be secured. Besides, the semiconductor
device 2 has the same eflects that the semiconductor device
1 has.

Next, a semiconductor device according to a modification
ol the second embodiment 1s described below by referring to
FIG. 4. The semiconductor device 2 of the second embodi-
ment has the single-body gate electrode 25 with a step-like
structure. Meanwhile, as shown 1n FIG. 4, a semiconductor
device 3 of the modification has a step-like double-electrode
structure 1n which a wider gate electrode 36 on the upper-
end side 1s separated from a narrower, bottom gate electrode
35 at the step portion. To give the same potential, both the
gate electrode 36 and the bottom gate electrode 35 are
connected commonly to a gate electrode (not illustrated)
provided on the top surface. The diode unit 1s provided with
a gate electrode 36a and a bottom gate electrode 35a
corresponding respectively to the gate electrode 36 and the
bottom gate electrode 335 1n the element unit. Both the gate
clectrode 36a and the bottom gate electrode 35a are con-
nected commonly to the gate electrode provided on the top
surtace.

The semiconductor device 3 as the modification of the
second embodiment may also be regarded as a modification
of the first embodiment. The semiconductor device 3 can be
formed by connecting the embedded source electrode 18 not
to the source electrode 22 but to a gate electrode provided on
the top surface in the semiconductor device 1.

The semiconductor device 3 has the same eflects that the
semiconductor device 2 has.

In the embodiments described thus far, the insulator
provided in each trench 1s made of a silicon oxide film. It 1s,
however, possible to use an insulator with either a higher or
a lower dielectric constant than the silicon oxide film for the
purposes ol further improving the performance concerning
the breakdown voltage, the on-resistance, or the like. The
film of either a higher dielectric constant or a lower dielec-
tric constant may be used not only to replace the entire film
in each trench but also to replace only a part of the film 1n
cach trench.

In addition, the semiconductor layers 1in the embodiments
described thus far are made of silicon. It 1s, however,
possible to use various compound semiconductors such as
S1C compounds and GaN compounds. In addition, the
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embodiments described thus far concern n-channel MOS-

F

W

= Ts. It 15, however, possible to carry out the embodiments
ith p-channel MOSFFETs.

While certain embodiments have been described, these

embodiments have been presented by way of example only,
and are not intended to limit the scope of the mventions.
Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the mventions.

What 1s claimed 1s:

1. A power semiconductor device, comprising:

an element unit comprising a vertical-type MOSFET,

the vertical-type MOSFET comprising,

a 1irst semiconductor layer with a first conductivity type,

a second semiconductor layer with the first conductivity
type provided on a {first main surface of the first
semiconductor layer, an impurity concentration of the
second semiconductor layer being lower than the first
semiconductor layer,

a third semiconductor layer with a second conductivity
type provided on a surface of the second semiconductor
layer,

a fourth semiconductor layer with a first conductivity type
selectively provided on a surface of the third semicon-
ductor layer,

a fifth semiconductor layer with the second conductivity
type selectively provided on the surface of the third
semiconductor layer,

an 1nsulator covering inner surfaces of a plurality of
trenches, each trench penetrating the third semiconduc-
tor layer from a surface of the fourth semiconductor
layer or a surface of the fifth semiconductor layer
reaching the second semiconductor layer, the adjacent
trenches being provided with a first interval in between,

a first embedded conductive layer embedded at a bottom
of the trench via the insulator,

a second embedded conductive layer embedded at an
upper portion of the first embedded conductive layer
via the 1nsulator,

an interlayer msulator provided on the second embedded
conductive layer,

a {irst main electrode provided on a second main surface
of the first semiconductor layer opposed to the first
main surface, the first main electrode electrically con-
necting to the first semiconductor layer,

a second main electrode provided on the a fourth semi-
conductor layer, the fifth semiconductor layer and the
interlayer isulator, the second main electrode electri-
cally connecting to the fourth semiconductor layer and
the fifth semiconductor layer; and

a diode unit adjacent to the element unit comprising,
the first semiconductor layer, the second insulator semi-

conductor layer, the third semiconductor layer, the
fifth semiconductor layer, the insulator covering the
inner surfaces of the plurality of the trenches, the
adjacent trenches being provided with a second
interval 1n between, the second interval being larger
than the first interval, the first embedded conductive
layer, the second embedded conductive layer, the
interlayer nsulator, the first main electrode, and the
second main electrode.
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2. The power semiconductor device of claim 1, further

comprising;

the insulator 1s provided between the first embedded
conductive layer and the second embedded conductive
layer.

3. The power semiconductor device of claim 1, wherein

clectrical potential of the first embedded conductive layer
1s the same as electrical potential of the second embed-
ded conductive layer.

4. The power semiconductor device of claim 1, wherein

the first embedded conductive layer 1s connected to the
second main electrode.

5. The power semiconductor device of claim 1, wherein

the first embedded conductive layer 1s a gate electrode.

6. The power semiconductor device of claim 1, wherein

a first film thickness of the insulator being contact with a
stdewall of the first embedded conductive layer 1s
thicker than a second film thickness of the insulator

being contact with a sidewall of the second embedded
conductive layer.

7. The power semiconductor device of claim 1, wherein

a width of the first embedded conductive layer 1s wider
than a width of the second embedded conductive layer.

8. The power semiconductor device of claim 1, wherein

both the first embedded conductive layer and the second
embedded conductive layer are connected each other
and act as gate electrodes.

9. The power semiconductor device of claim 1, wherein

the fourth semiconductor layer and the fifth semiconduc-
tor layer are alternately arranged to a longitudinal
direction of the trench in the element unait.

10. The power semiconductor device of claim 1, wherein

a breakdown voltage of the diode unit 1s set to be lower
than a breakdown voltage of the element unit.

11. A power semiconductor device, comprising:

an element unit comprising a vertical-type MOSFET,

the vertical-type MOSFET comprising,

a first semiconductor layer with a first conductivity type,

a second semiconductor layer with the first conductivity
type provided on a first main surface of the first
semiconductor layer, an impurity concentration of the
second semiconductor layer being lower than the first
semiconductor layer,

a third semiconductor layer with a second conductivity
type provided on a surface of the second semiconductor
layer,

a Tourth semiconductor layer with a first conductivity type
selectively provided on a surface of the third semicon-
ductor layer,

a fifth semiconductor layer with the second conductivity
type selectively provided on the surface of the third
semiconductor layer,

an 1insulator covering inner surfaces of a plurality of
trenches, each trench penetrating the third semiconduc-
tor layer from a surface of the fourth semiconductor
layer or a surface of the fifth semiconductor layer
reaching the second semiconductor layer, a film thick-
ness of a sidewall at a bottom side of the insulator
opposed to the second semiconductor layer being
thicker than a film thickness of a sidewall at an upper
side of the mnsulator, the adjacent trenches being pro-
vided with a first interval 1in between,

an embedded conductive layer embedded 1n the trench via
the insulator,

an 1terlayer insulator provided on the embedded conduc-
tive layer,
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a first main electrode provided on a second main surface
of the first semiconductor layer opposed to the first
main surface, the first main electrode electrically con-
necting to the first semiconductor layer,

a second main electrode provided on the a fourth semi-
conductor layer, the fifth semiconductor layer and the
interlayer insulator, the second main electrode electri-
cally connecting to the fourth semiconductor layer and
the fifth semiconductor layer; and

a diode unit adjacent to the element unit comprising,
the first semiconductor layer, the second insulator semi-

conductor layer, the third semiconductor layer, the
fifth semiconductor layer, the insulator covering the
inner surfaces of the plurality of the trenches, the

adjacent trenches being provided with a second
interval 1n between, the second interval being larger
than the first interval, the first embedded conductive
layer, the second embedded conductive layer, the
interlayer nsulator, the first main electrode, and the
second main electrode.

12. The power semiconductor device of claim 11, wherein

the embedded conductive layer 1s a gate electrode.

13. The power semiconductor device of claim 11, wherein

a width of the embedded conductive layer being in contact
with a sidewall at a bottom side of the insulator 1s wider
than a width of the embedded conductive layer being 1n
contact with a sidewall at an upper side of the insulator,
a thickness of the sidewall at the bottom side being
thicker and a thickness of the sidewall at the upper side
being thinner.

14. The power semiconductor device of claim 11, wherein

the fourth semiconductor layer and the fifth semiconduc-
tor layer are alternately arranged to a longitudinal
direction of the trench 1n the element unit.

15. The power semiconductor device of claim 11, wherein

a breakdown voltage of the diode unit 1s set to be lower
than a breakdown voltage of the element unit.

16. A power semiconductor device, comprising:

an element unit and a diode unit, the element unit com-
prising a vertical-type MOSFET and the diode unit
comprising a diode, the power semiconductor device
having,

a first semiconductor laver of a first conductivity type, a
dopant concentration of first semiconductor laver in
the element unit being same as a dopant concentration
of the first semiconductor layer in the diode unit,
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a second semiconductor laver of a second conductivity
tvpe provided on the first semiconductor layer,

a third semiconductor laver of the first conductivity type
provided on the second semiconductor laver in the
element unit,

a source electrode electrically comnnected to the third
semiconductor layer of the element unit,

a drain electrode electrically connected to the first semi-
conductor laver of the element unit,

a plurality of first trenches provided in the element unit
having a first interval therebetween, each of the first
trenches extending from a location within the thivd
semiconductor layer and into the first semiconductor
layer,

a gate electrode provided in the first trenches in the
element unit, the gate electrode located adjacent to the
second semiconductor layer, and spaced from the sec-
ond semiconductor laver by a first insulating film
having a first thickness,

a first electrode provided in the first trenches in the
element unit, the first electrode located under the gate
electrode and spaced thevefrom by a second insulating
film, and the first electrode located adjacent to the first
semiconductor layer and spaced therefrom by a third
insulating film having a thickness greater than a thick-
ness of the first insulating film,

a plurality of second trenches provided in the first semi-
conductor layer in the diode unit, the second trenches
having an interval thevebetween greater than the first
interval, at least one of the second trenches dividing a
p-n junction formed by the first semiconductor layer
and the second semiconductor layer in the diode unit,
and

a second electrode provided in the second trenches, the
second electrode spaced from the first semiconductor
laver by a fourth insulating film.

17. The power semiconductor device of claim 16, wherein

the first interval is equal to a minimum design rule size of
the element unit and the diode unit.

18. The power semiconductor device of claim 16, wherein

the first electrode is connected to the source electrode.

19. The power semiconductor device of claim 16, wherein

the second electrode is connected to the source electrode.

20. The power semiconductor device of claim 16, wherein

the first insulating film, the second insulating film and the
third insulating film are continuous.
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