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[Fig. 1]

(57) Abstract: A SiC device includes an inversion type
MOSFET having: a substrate (1), a drift layer (2), and a base
region (3) stacked in this order; source and contact regions
(4, 5) in upper portions of the base region (3); a trench (6)
penetrating the source and base regions (4, 3); a gate elec-
trode (9) on a gate insulating film (8) in the trench (6); a
source electrode (11) coupled with the source and base re-
gion (4, 3); a drain electrode (13) on a back of the substrate
(1); and multiple deep layers (10) in an upper portion of the
dritt layer (2) deeper than the trench (6) and extending in a
direction, which crosses the longitudinal direction of the
trench. Each deep layer (10) has an impurity concentration
distribution in a depth direction, and an inversion layer is
provided in a portion of the deep layer (10) on the side of the
trench (6) under application of the gate voltage.
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Description

Title of Invention: SILICON CARBIDE SEMICONDUCTOR
DEVICE AND METHOD FOR MANUFACTURING THE SAME

[0001]

[0002]

[0003]

[0004]

[0005]

[0006]

Cross Reference to Related Application
This application is based on Japanese Patent Application No. 2011-27997 filed on

February 11, 2011, the disclosure of which is incorporated herein by reference.

Technical Field
The present disclosure relates to a silicon carbide semiconductor device having a
trench gate type MOSFET and a method for manufacturing a silicon carbide semi-

conductor device having a trench gate type MOSFET.
Background Art

In SiC semiconductor devices, an increase in channel density is effective for
providing a greater electric current. A MOSFET with a trench gate structure has
therefore been adopted and already been put to practical use in silicon transistors.
Needless to say, this trench gate structure can be applied to a SiC semiconductor
device. A serious problem however occurs when it is applied to SiC. Described
specifically, SiC has breakdown field strength ten times that of silicon so that a SiC
semiconductor device is used while applying a voltage about ten times that of a silicon
device. As a result, an electric field ten times that of the silicon device is applied to a
gate insulating film formed in a trench in SiC and the gate insulating film is easily
broken at a corner of the trench.

In order to overcome this problem, Patent Document 1 proposes a SiC semiconductor
device having, below a p type base region, p-type deep layers which are formed in a
stripe pattern and cross a trench constituting a trench gate structure. In this SiC semi-
conductor device, by extending a depletion layer from each of p type deep layers
toward an n- type drift layer to prevent application of a high voltage to a gate insulating
film, an electric field concentration in the gate insulating film can be mitigated and
thereby the gate insulating film can be prevented from being broken.

Although the structure equipped with the p type deep layers as described in Patent
Document 1 is effective for preventing an electric field concentration to the gate in-
sulating film, a current path is narrowed by the p type deep layers and a JFET region is
formed between two p type deep layers adjacent to each other, resulting in an increase

in on-resistance.
Citation List

Patent Literature
PTL 1: Japanese Patent Laid-Open No. 2009-194065



WO 2012/108167 PCT/JP2012/000770
Summary
[0007]  In view of the above-described problem, it is an object of the present disclosure to

[0008]

[0009]

provide a silicon carbide semiconductor device having a trench gate type MOSFET
with a low on-state resistance. It is another object of the present disclosure to provide a
method for manufacturing a silicon carbide semiconductor device having a trench gate
type MOSFET with a low on-state resistance.

According to a first aspect of the present disclosure, a silicon carbide semiconductor
device includes: an inversion type MOSFET with a trench gate structure. The inversion
type MOSFET includes: a substrate having first or second conductivity type and made
of silicon carbide; a drift layer disposed on the substrate, having an impurity con-
centration lower than the substrate, having the first conductivity type, and made of
silicon carbide; a base region disposed on the drift layer, having the second con-
ductivity type, and made of silicon carbide; a source region disposed in an upper
portion of the base region, having an impurity concentration higher than the drift layer,
having the first conductivity type, and made of silicon carbide; a contact region
disposed in another upper portion of the base region, having an impurity concentration
higher than the base layer, having the second conductivity type, and made of silicon
carbide; a trench extending from a surface of the source region to penetrate the base
region, and having a first direction as a longitudinal direction; a gate insulating film
disposed on an inner wall of the trench; a gate electrode disposed on the gate insulating
film in the trench; a source electrode electrically coupled with the source region and
electrically coupled with the base region via the contact region; and a drain electrode
disposed on a back side of the substrate. The inversion type MOSFET is configured to
flow current between the source electrode and the drain electrode via the source region,
an inversion type channel region and the drift layer. The inversion type channel region
is provided in a portion of the base region positioned on a side of the trench by con-
trolling a gate voltage applied to the gate electrode. The inversion type MOSFET
further includes: a plurality of deep layers having the second conductivity type. Each
deep layer is disposed in an upper portion of the drift layer below the base region, has a
depth deeper than the trench, and extends along a second direction, which crosses the
first direction. Each deep layer has an impurity concentration distribution in a depth
direction of the deep layer. When the gate voltage is applied to the gate electrode, an
inversion layer is provided in a portion of the deep layer positioned on the side of the
trench.

In the above device, since the current flowing through the channel flows not only the
channel but also the inversion layer formed in the portion of the deep layer. Thus, a
JFET region between the deep layers has a low JFET resistance, so that an on-state re-

sistance is reduced.
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[0010]

[0011]

[0012]

According to a second aspect of the present disclosure, a method of manufacturing a
silicon carbide semiconductor device includes: forming a drift layer on a substrate,
wherein the substrate is made of silicon carbide and has a first or second conductivity
type, and the drift layer is made of silicon carbide, has the first conductivity type, and
has an impurity concentration lower than the substrate; forming a plurality of deep
layers having the second conductivity type in a surface portion of the drift layer by im-
planting an ion on a surface of the drift layer through a first mask after the first mask is
formed on the surface of the drift layer; forming a base region having the second con-
ductivity type and made of silicon carbide on the deep layers and the drift layer;
forming a source region in a surface portion of the base region by implanting a first
conductivity type impurity on a surface of the base region, wherein the source region
has an impurity concentration higher than the drift layer, having the first conductivity
type, and made of silicon carbide; forming a contact region in another surface portion
of the base region by implanting a second conductivity type impurity on the surface of
the base region, wherein the contact region has an impurity concentration higher than
the base region, having the second conductivity type, and made of silicon carbide;
forming a trench on a surface of the source region to penetrate the base region and to
reach the drift layer, wherein the trench is shallower than each deep layer, and has a
first direction as a longitudinal direction; forming a gate insulating film on an inner
wall of the trench; forming a gate electrode on the gate insulating film in the trench;
forming a source electrode to be electrically coupled with the source region and to be
coupled with the base region via the contact region; and forming a drain electrode on a
back side of the substrate. Each deep layer is disposed in an upper portion of the drift
layer below the base region, has a depth deeper than the trench, and extends along a
second direction, which crosses the first direction. Each deep layer has an impurity
concentration distribution in a depth direction of the deep layer. When the gate voltage
is applied to the gate electrode, an inversion layer is provided in a portion of the deep
layer positioned on the side of the trench.

In the above method, since the current flowing through the channel flows not only
the channel but also the inversion layer formed in the portion of the deep layer. Thus, a
JFET region between the deep layers has a low JFET resistance, so that an on-state re-
sistance is reduced.

According to a third aspect of the present disclosure, a method of manufacturing a
silicon carbide semiconductor device includes: forming a drift layer on a substrate,
wherein the substrate is made of silicon carbide and has a first or second conductivity
type, and the drift layer is made of silicon carbide, has the first conductivity type, and
has an impurity concentration lower than the substrate; forming a second conductivity

type film on a surface of the drift layer by an epitaxial growth method; implanting an
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[0013]

[0014]

ion on a surface of the second conductivity type film through a first mask after the first
mask is formed on the surface of the second conductivity type film so that the second
conductivity type film is divided into a plurality of parts, each of which provide a cor-
responding deep layer, and an implanted part of the second conductivity type film
between a plurality of deep layers provides the drift layer; forming a base region
having the second conductivity type and made of silicon carbide on the deep layers and
the drift layer; forming a source region in a surface portion of the base region by im-
planting a first conductivity type impurity on a surface of the base region, wherein the
source region has an impurity concentration higher than the drift layer, having the first
conductivity type, and made of silicon carbide; forming a contact region in another
surface portion of the base region by implanting a second conductivity type impurity
on the surface of the base region, wherein the contact region has an impurity con-
centration higher than the base region, having the second conductivity type, and made
of silicon carbide; forming a trench on a surface of the source region to penetrate the
base region and to reach the drift layer, wherein the trench is shallower than each deep
layer, and has a first direction as a longitudinal direction; forming a gate insulating
film on an inner wall of the trench; forming a gate electrode on the gate insulating film
in the trench; forming a source electrode to be electrically coupled with the source
region and to be coupled with the base region via the contact region; and forming a
drain electrode on a back side of the substrate. Each deep layer is disposed in an upper
portion of the drift layer below the base region, has a depth deeper than the trench, and
extends along a second direction, which crosses the first direction. Each deep layer has
an impurity concentration distribution in a depth direction of the deep layer. When the
gate voltage is applied to the gate electrode, an inversion layer is provided in a portion

of the deep layer positioned on the side of the trench.
In the above method, since the current flowing through the channel flows not only

the channel but also the inversion layer formed in the portion of the deep layer. Thus, a
JFET region between the deep layers has a low JFET resistance, so that an on-state re-

sistance is reduced.

Brief Description of Drawings

The above and other objects, features and advantages of the present disclosure will
become more apparent from the following detailed description made with reference to
the accompanying drawings. In the drawings:
[fig. 1]FIG. 1 is a perspective cross-sectional view of a MOSFET having an inversion
type trench gate structure according to a first embodiment;
[fig.2A]FIG. 2A is a cross-sectional view taken along the line ITA-IIA of FIG. 1;
[fig.2B]FIG. 2B is a cross-sectional view taken along the line IIB-IIB of FIG. 1;
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[fig.2CJFIG. 2C is a cross-sectional view taken along the line IIC-IIC of FIG. 1;
[fig.2D]FIG. 2D is a cross-sectional view taken along the line IID-IID of FIG. 1;
[fig.3]FIG. 3 is a partial perspective cross-sectional view of the vicinity of a trench in a
trench gate structure shown while omitting therefrom a gate oxide film, a gate
electrode, and the like;

[fig.4A]FIG. 4A is a cross-sectional view of the MOSFET taken along line IIB-IIB in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1;

[fig.4B]FIG. 4B is a cross-sectional view of the MOSFET taken along line IID-IID in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1;

[fig.4CJFIG. 4C is a cross-sectional view of the MOSFET taken along line IIB-1IB in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1;

[fig.4D]FIG. 4D is a cross-sectional view of the MOSFET taken along line IID-IID in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1;

[fig.4E]FIG. 4E is a cross-sectional view of the MOSFET taken along line IIB-1IB in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1;

[fig.4F]FIG. 4F is a cross-sectional view of the MOSFET taken along line IID-IID in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1;

[fig.SA]FIG. 5A is a cross-sectional view of the MOSFET taken along line IIB-IIB in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 4A, 4C and 4E;

[fig.5SB]FIG. 5B is a cross-sectional view of the MOSFET taken along line IID-IID in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 4B, 4D and 4F;

[fig.SCJFIG. 5C is a cross-sectional view of the MOSFET taken along line IIB-1IB in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 4A, 4C and 4E;

[fig.5SD]FIG. 5D is a cross-sectional view of the MOSFET taken along line IID-IID in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 4B, 4D and 4F;

[fig.SE]FIG. 5E is a cross-sectional view of the MOSFET taken along line IIB-1IB in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 4A, 4C and 4E;
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[fig.SF]FIG. 5F is a cross-sectional view of the MOSFET taken along line IID-IID in
FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 4B, 4D and 4F;

[fig.6]FIG. 6 is a perspective cross-sectional view of a SiC semiconductor device
according to a second embodiment;

[fig. 7A]FIG. 7A is a cross-sectional view taken along the line VIIA-VIIA in parallel
with the xz plane in FIG. 6;

[fig.7B]FIG. 7B is a cross-sectional view taken along the line VIIB-VIIB in parallel
with the yz plane in FIG. 6;

[fig.8]FIG. 8 is a perspective cross-sectional view of a SiC semiconductor device
according to a third embodiment;

[fig.9A]FIG. 9A is a cross-sectional view taken along the line IXA-IXA in parallel
with the xz plane in FIG. §;

[fig.9B]FIG. 9B is a cross-sectional view taken along the line IXB-IXB in parallel with
the yz plane in FIG. §;

[fig. 10]FIG. 10 is a perspective cross-sectional view of a SiC semiconductor device
according to a fourth embodiment;

[fig. 11A]FIG. 11A is a cross-sectional view taken along the line XIA-XIA in parallel
with the xz plane in FIG. 10;

[fig. 11B]FIG. 11B is a cross-sectional view taken along the line XIB-XIB in parallel
with the yz plane in FIG. 10;

[fig.12]FIG. 12 is a perspective cross-sectional view of a SiC semiconductor device
according to a fifth embodiment;

[fig. 13A]FIG. 13A is a cross-sectional view taken along the line XIIIA-XIITA in
parallel with the xz plane in FIG. 12;

[fig.13B]FIG. 13B is a cross-sectional view taken along the line XIIIB-XIIIB in
parallel with the yz plane in FIG. 12;

[fig.14]FIG. 14 is a perspective cross-sectional view of a SiC semiconductor device
according to a sixth embodiment;

[fig. 15A]FIG. 15A is a cross-sectional view taken along the line XVA-XVA in parallel
with the xz plane in FIG. 14;

[fig. 15B]FIG. 15B is a cross-sectional view taken along the line XVB-XVB in parallel
with the yz plane in FIG. 14;

[fig.16]FIG. 16 is a perspective cross-sectional view of a SiC semiconductor device
according to a seventh embodiment;

[fig. 17A]FIG. 17A is a cross-sectional view taken along the line XVIIA-XVIIA in
parallel with the xz plane in FIG. 16;

[fig. 17B]FIG. 17B is a cross-sectional view taken along the line XVIIB-XVIIB in
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parallel with the yz plane in FIG. 16;

[fig. 18A]FIG. 18A is a cross-sectional view of the MOSFET taken along line XVIIA-
XVIIA in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 16;

[fig. 18B]FIG. 18B is a cross-sectional view of the MOSFET taken along line XVIIB-
XVIIB in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 16;

[fig. 18C]FIG. 18C is a cross-sectional view of the MOSFET taken along line XVIIA-
XVIIA in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 16;

[fig. 18D]FIG. 18D is a cross-sectional view of the MOSFET taken along line XVIIB-
XVIIB in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 16;

[fig. 18E]FIG. 18E is a cross-sectional view of the MOSFET taken along line XVIIA-
XVIIA in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 16;

[fig. 18F]FIG. 18F is a cross-sectional view of the MOSFET taken along line XVIIB-
XVIIB in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 16;

[fig. 19A]FIG. 19A is a cross-sectional view of the MOSFET taken along line XVIIA-
XVIIA in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure following those of FIGS. 18A, 18C and 18E;

[fig. 19B]FIG. 19B is a cross-sectional view of the MOSFET taken along line XVIIB-
XVIIB in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure following those of FIGS. 18B, 18D and 18F;

[fig. 19C]FIG. 19C is a cross-sectional view of the MOSFET taken along line XVIIA-
XVIIA in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure following those of FIGS. 18A, 18C and 18E;

[fig. 19D]FIGS. 19D is a cross-sectional views of the MOSFET taken along line
XVIIB-XVIIB in FIG. 16 showing a manufacturing step of the MOSFET having a
trench gate structure following those of FIGS. 18B, 18D and 18F;

[fig. 19E]FIG. 19E is a cross-sectional views of the MOSFET taken along line XVIIA-
XVIIA in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure following those of FIGS. 18A, 18C and 18E;

[fig. 19F]FIG. 19F is a cross-sectional view of the MOSFET taken along line XVIIB-
XVIIB in FIG. 16 showing a manufacturing step of the MOSFET having a trench gate
structure following those of FIGS. 18B, 18D and 18F;

[fig.20]FIG. 20 is a perspective cross-sectional view of a SiC semiconductor device
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according to an eighth embodiment;

[fig.21A]FIG. 21A is a cross-sectional view taken along the line XXIA-XXIA in
parallel with the xz plane in FIG. 20;

[fig.21B]FIG. 21B is a cross-sectional view taken along the line XXIB-XXIB in
parallel with the yz plane in FIG. 20;

[fig.22A]FIG. 22A is a cross-sectional view of the MOSFET taken along line 1IB-IIB
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1, according to a ninth embodiment;

[fig.22B]FIG. 22B is a cross-sectional view of the MOSFET taken along line IID-1ID
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1 according to the ninth embodiment;

[fig.22C]FIG. 22C is a cross-sectional view of the MOSFET taken along line IIB-IIB
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1, according to a ninth embodiment;

[fig.22D]FIG. 22D is a cross-sectional view of the MOSFET taken along line IID-IID
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1 according to the ninth embodiment;

[fig.22E]FIG. 22E is a cross-sectional view of the MOSFET taken along line I1IB-1IB
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1, according to a ninth embodiment;

[fig.22F]FIG. 22F is a cross-sectional view of the MOSFET taken along line I[ID-IID
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
shown in FIG. 1 according to the ninth embodiment;

[fig.23A]FIG. 23A is a cross-sectional view of the MOSFET taken along line 1IB-IIB
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 22A, 22C and 22E;

[fig.23B]FIG. 23B is a cross-sectional view of the MOSFET taken along line IID-1ID
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 22B, 22D and 22F;

[fig.23C]FIG. 23C is a cross-sectional view of the MOSFET taken along line IIB-IIB
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 22A, 22C and 22E;

[fig.23D]FIG. 23D is a cross-sectional view of the MOSFET taken along line IID-1ID
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 22B, 22D and 22F;

[fig.23E]FIG. 23E is a cross-sectional view of the MOSFET taken along line I1IB-1IB
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 22A, 22C and 22E;
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[fig.23F]FIG. 23F is a cross-sectional view of the MOSFET taken along line I[ID-IID
in FIG. 1 showing a manufacturing step of the MOSFET having a trench gate structure
following those of FIGS. 22B, 22D and 22F;

[fig.24A]FIG. 24A is a cross-sectional view of the MOSFET taken along line XXIA-
XXIA in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 20, according to a tenth embodiment;

[fig.24B]FIG. 24B is a cross-sectional view of the MOSFET taken along line XXIB-
XXIB in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 20 according to the tenth embodiment;

[fig.24C]FIG. 24C is a cross-sectional view of the MOSFET taken along line XXIA-
XXIA in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 20, according to a tenth embodiment;

[fig.24D]FIG. 24D is a cross-sectional view of the MOSFET taken along line XXIB-
XXIB in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 20 according to the tenth embodiment;

[fig.24E]FIG. 24E is a cross-sectional view of the MOSFET taken along line XXIA-
XXIA in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 20, according to a tenth embodiment;

[fig.24F]FIG. 24F is a cross-sectional view of the MOSFET taken along line XXIB-
XXIB in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure shown in FIG. 20 according to the tenth embodiment;

[fig.25A]FIG. 25A is a cross-sectional view of the MOSFET taken along line XXIA-
XXIA in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure following those of FIGS. 24 A, 24C and 24E;

[fig.25B]FIG. 25B is a cross-sectional view of the MOSFET taken along line XXIB-
XXIB in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure following those of FIGS. 24B, 24D and 24F;

[fig.25C]FIG. 25C is a cross-sectional view of the MOSFET taken along line XXIA-
XXIA in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure following those of FIGS. 24 A, 24C and 24E;

[fig.25D]FIG. 25D is a cross-sectional view of the MOSFET taken along line XXIB-
XXIB in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure following those of FIGS. 24B, 24D and 24F;

[fig.25E]FIG. 25E is a cross-sectional view of the MOSFET taken along line XXIA-
XXIA in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
structure following those of FIGS. 24 A, 24C and 24E; and

[fig.25F]FIG. 25F is a cross-sectional view of the MOSFET taken along line XXIB-
XXIB in FIG. 20 showing a manufacturing step of the MOSFET having a trench gate
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structure following those of FIGS. 24B, 24D and 24F.
Description of Embodiments

(First Embodiment)

A first embodiment will next be described. Here, a MOSFET with an inversion type
trench gate structure will be described as an element which a SiC semiconductor
device is equipped with.

FIG. 1 is a perspective cross-sectional view of a MOSFET having a trench gate
structure according to the present embodiment. This drawing corresponds to one cell of
the MOSFET. Although only one cell of the MOSFET is shown in this diagram, two or
more columns of MOSFETs having a similar structure to that of the MOSFET of FIG.
1 are arranged adjacent to each other. FIGS. 2A to 2D are cross-sectional views of the
MOSFET of FIG. 1. FIG. 2A is a cross-sectional view of FIG. 1 taken along the line
ITA-IIA in parallel with the xz plane in FIG. 1; FIG. 2B is a cross-sectional view taken
along the line IIB-1IB in parallel with the xz plane in FIG. 1, FIG. 2C is a cross-
sectional view of FIG. 1 taken along the line IIC-1IC in parallel with the yz plane in
FIG. 1, and FIG. 2D is a cross-sectional view taken along the line IID-IID in parallel
with the yz plane in FIG. 1.

In MOSFET shown in FIG. 1 and FIGS. 2A to 2D, an n* type substrate 1 made of
SiC is used as a semiconductor substrate. The n* type substrate 1 has, for example, a
concentration of n type impurities, such as phosphorus, of 1.0x10'%/cm? and a thickness
of about 300 micrometer. This n* type substrate 1 has, in the surface thereof, an n- type
drift layer 2 having, for example, a concentration of n type impurities, such as
phosphorus, of from 3.0x10"%/cm? to 7.0x10'%/cm? and a thickness of from about 10 to
15 micrometer and made of SiC . The impurity concentration of this n- type drift layer
2 may be uniform in the depth direction, but preferably has a gradient concentration
distribution in which the concentration of a portion of the n- type drift layer 2 on the
side of the n* type substrate 1 is higher than that of a portion of the n- type drift layer 2
on the side distant from the n* type substrate 1. For example, it is recommended to
make the impurity concentration of a portion of the n- type drift layer 2 within a range
from the surface of the n* type substrate 1 to about 3 to 5 micrometer therefrom higher
by about 2.0x10'5/cm? than another portion. This makes it possible to reduce the
internal resistance of the n- type drift layer 2, thereby achieving a reduction in on-
resistance.

This n- type drift layer 2 has, on the surface layer portion thereof, a p type base
region 3 and the p type base region 3 has, on the upper layer portion thereof, an n* type
source region 4 and p* type contact layer 5.

The p type base region 3 has, for example, a concentration of p type impurities, such
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as boron or aluminum, of 5.0x10!¢ to 2.0x10" /cm? and a thickness of about 2.0 mi-
crometer. The n* type source region 4 has, in the surface layer thereof, for example, a
concentration of n type impurities (surface concentration) such as phosphorus of
1.0x10?! /cm? and a thickness of about 0.3 micrometer. The p* type contact layer 5 has,
in the surface layer thereof, for example, a concentration of p type impurities (surface
concentration) such as boron or aluminum of 1.0x10?! /cm? and a thickness of about
0.3 micrometer. The n* type source region 4 is placed on both sides of a trench gate
structure which will be described later and the p* type contact layer 5 is provided on
the side opposite to the trench gate structure with the n* type source region 4
therebetween.

A trench 6 having, for example, a width of from 1.4 to 2.0 micrometer and a depth of
2.0 micrometer or greater (for example, 2.4 micrometer) penetrates through the p type
base region 3 and the n* type source region 4 and it reaches the n- type drift layer 2.
The p type base region 3 and the n* type source region 4 are placed so as to be in
contact the side surface of the trench 6.

The inner wall surface of the trench 6 is covered with a gate oxide film 8 and the
trench 6 is filled with a gate electrode 9 comprised of doped Poly-Si formed on the
surface of the gate oxide film 8. The gate oxide film 8 is formed by thermally
oxidizing the inner wall surface of the trench 6. The gate oxide film 8 has a thickness
of about 100 nm both on the side surface and the bottom of the trench 6.

The trench gate structure has such a constitution. This trench gate structure extends
with the y direction in FIG. 1 as a longitudinal direction. Two or more trench gate
structures are arranged in parallel along the x direction of FIG. 1, thus forming a stripe
pattern. The n* type source region 4 and the p* type contact layer 5 also extend along
the longitudinal direction of the trench gate structure.

Further, a p type deep layer 10 extending in a direction crossing the trench gate
structure is formed in the n- type drift layer 2 below the p type base region 3. In the
present embodiment, the p type deep layer 10 extends in a normal direction (x
direction in FIG. 1) relative to a portion of the side surface of the trench 6 in which a
channel region is formed in the trench gate structure, that is, extends in a direction per-
pendicular to the longitudinal direction of the trench 6. A plurality of such p type deep
layers 10 is arranged in the longitudinal direction of the trench 6. This p type deep
layer 10 is located to a depth deeper than the bottom of the trench 6. Its depth from the
surface of the n- type drift layer 2 is, for example, from about 2.6 to 3.0 micrometer
(depth from the bottom portion of the p type base region 3 is, for example, from 0.6 to
1.0 micrometer). The p type deep layer 10 is in contact with the p type base region 3 so
that it is fixed to a potential equal to that of the p type base region 3.

FIG. 3 is a partial perspective cross-sectional view of the vicinity of the trench 6 in
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the trench gate structure shown while omitting the gate oxide film 8 and the gate
electrode 9 therefrom. As illustrated in FIG. 1, FIGS. 2A to 2D, and FIG. 3, the p type
deep layer 10 of the present embodiment is equipped with two regions different in con-
centration, that is, a heavily doped region 10a and a lightly doped region 10b. In the
present embodiment, the p type deep layer 10 is provided with a stepped concentration
gradient in the depth direction, meaning that it has the heavily doped region 10a and
the lightly doped region 10b having a lower impurity concentration than the heavily
doped region. For example, in the heavily doped region 10a, in order to relax an
electric field concentration in the gate oxide film 8, thereby preventing dielectric
breakdown, the concentration of p type impurities such as boron or aluminum is set at,
for example, from 1.0x10'7 /em?® to 1.0x10" /cm? in expectation of breakdown voltage.
In the lightly doped region 10b, on the other hand, the concentration is set at, for
example, from 1.0x10% /em? to 1.0x10'7 /cm? at which an inversion layer is formed
around the trench 6 when a gate voltage is applied to the gate electrode 9.

In the present embodiment, the depth of a boundary between the heavily doped
region 10a and the lightly doped region 10b, in other words, the depth of the bottom
surface of the lightly doped region 10b is located deeper than the trench 6 and the
lightly doped region 10b is placed from the side surface to the bottom portion of the
trench 6. In the present embodiment, the lightly doped region 10b positioned on the
side surface and the bottom portion of the trench 6 becomes an inversion layer.

The n* type source region 4, the p* type contact layer 5, and the gate electrode 9 have
on the surfaces thereof a source electrode 11 and gate wiring (not illustrated). The
source electrode 11 and the gate wiring are each comprised of a plurality of metals (for
example, Ni/Al). At least a portion of them to be brought into contact with an n type
SiC (more specifically, the n* type source region 4 and, when doped with n, the gate
electrode 9) is comprised of a metal which can form an ohmic contact with the n type
SiC and at least a portion of them to be brought into contact with a p type SiC (more
specifically, p* type contact layer 5 and, when doped with p, the gate electrode 9) is
comprised of a metal which can form an ohmic contact with the p type SiC. The source
electrode 11 and the gate wiring are formed on an interlayer insulating film 12 and
therefore they are electrically insulated. Through a contact hole formed in the in-
terlayer insulating film 12, the source electrode 11 is in electric contact with the n* type
source region 4 and the p* type contact layer 5 and the gate wiring is in electric contact
with the gate electrode 9.

The n* type substrate 1 has, on the back surface side thereof, a drain electrode 13
electrically coupled to the n* type substrate 1. Such a structure constitutes MOSFET
having an n channel and inversion type trench gate structure.

Such a MOSFET having an inversion type trench gate structure operates as follows.
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Before a gate voltage is applied to the gate electrode 9, no inversion layer is formed
in both the p type base region 3 and the p type deep layer 10. Accordingly, even if a
positive voltage is applied to the drain electrode 13, electrons cannot reach the p type
base region 3 from the n* type source region 4 and no electric current flows between
the source electrode 11 and the drain electrode 13.

In an off state (gate voltage = 0 V, drain voltage = 650 V, source voltage = 0 V),
when a voltage is applied to the drain electrode 13, it becomes a reverse bias so that a
depletion layer expands from between the p type base region 3 and the n- type drift
layer 2. Since the impurity concentration of the p type base region 3 is higher than that
of the n- type drift layer 2, the depletion layer expands mostly toward the n- type drift
layer 2. For example, in the case where the impurity concentration of the p type base
region 3 is 10 times higher than the impurity concentration of the n- type drift layer 2,
the depletion layer expands about 0.7 micrometer toward the p type base region 3 and
about 7.0 micrometer toward the n- type drift layer 2. However, the thickness of the p
type base region 3 is set to 2.0 micrometer that is greater than the expanding amount of
the depletion layer so that a punching through does not occur. Then, because the
depletion layer expands more than the case where the drain is 0 V and a region that
acts as an insulator further expands, electric current does not flow between the source
electrode 11 and the drain electrode 13.

In addition, because the gate voltage is 0 V, an electric field is applied between the
drain and the gate. Therefore, an electric field concentration may occur at the bottom
of the gate oxide film 8. Since the p type deep layer 10 deeper than the trench 6 is
provided, however, the depletion layer at a PN junction between the p type deep layer
10 and the n- type drift layer 2 largely expands toward the n- type drift layer 2 and a
high voltage due to the influence of the drain voltage is not easily applied to the gate
oxide film 8. Especially when the impurity concentration of the heavily doped region
10a of the p type deep layer 10 is set higher than that of the p type base region 3, the
expanding amount of the depletion layer toward the n- type drift layer 2 further
increases. This makes it possible to relax an electric field concentration in the gate
oxide film 8, especially, the electric field concentration in the gate oxide film 8 at the
bottom of the trench 6 and thereby prevent breakage of the gate oxide film 8.

On the other hand, in an on state (gate voltage = 20 V, drain voltage =1 V, and
source voltage = 0 V), a gate voltage of 20 V is applied to the gate electrode 9 so that a
channel is formed on the surface of the p type base region 3 which is in contact with
the trench 6. Electrons injected from the source electrode 11 flow to the n- type drift
layer 2 through the n* type source region 4 and the channel formed in the p type base
region 3. Accordingly, electric current can be provided between the source electrode
11 and the drain electrode 13.
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Furthermore, in the present embodiment, the impurity concentration of the lightly
doped region 10b of the p type deep layer 10 is reduced so that application of a gate
voltage to the gate electrode 9 in an on state forms an inversion layer at portions of the
lightly doped region 10b on the side surface and bottom portion of the trench 6. This
makes it possible to allow electric current flowing through the channel to flow not only
through a portion of the n- type drift layer 2 positioned between the p type deep layers
10 but also through the inversion layer formed in the lightly doped region 10b. As
shown in a broken line in FIG. 3, a JFET region formed between two p type deep
layers 10 adjacent to each other therefore becomes narrow. As a result, a JFET re-
sistance can be reduced and a reduction in on-resistance can be achieved.

Next, a manufacturing method of the MOSFET having a trench gate structure as
shown in FIG. 1 will be described. FIGS. 4A to 4F and 5A to 5F are cross-sectional
views showing manufacturing steps of the MOSFET having a trench gate structure as
shown in FIG. 1. In each of FIGS. 4A to 4F and 5A to 5F, cross-sectional views (area
corresponding to FIG. 2B) taken along the line IIB-IIB in parallel with the xz plane in
FIG. 1 are shown on the left side, while cross-sectional views (area corresponding to
FIG. 2D) taken along the line IID-IID in parallel with the yz plane in FIG. 1 are shown
on the right side. The description will next be made referring to these drawings.

(Step shown in FIGS. 4A and 4B)

First, an n* type substrate 1 having, for example, a concentration of n type impurities,
such as phosphorous, of 1.0x10" /cm?® and a thickness of about 300 micrometer is
prepared. On the surface of the n* type substrate 1, an n- type drift layer 2 having, for
example, a concentration of n type impurities, such as phosphorus, of from 3.0x10% /
cm?® to 7.0x10" /ecm? and a thickness of about 15 micrometer and made of SiC is
formed by epitaxial growth.

(Step shown in FIGS. 4C and 4D)

After formation of a mask 20 made of LTO or the like on the surface of the n- type
drift layer 2, the mask 20 is opened at a predetermined formation region of a p type
deep layer 10 through photolithography. Then, p type impurities (such as boron or
aluminum) are implanted from above the mask 20 and are activated to form the p type
deep layer 10. At this time, a heavily doped region 10a having, for example, a boron or
aluminum concentration of from 1.0x10" /cm? to 1.0x10" /cm? and a lightly doped
region 10b having, for example, a boron or aluminum concentration of from 1.0x10% /
cm?® to 1.0x10"7 /ecm? are formed by changing the concentration of boron or aluminum
and ion injection energy while using the mask 20. Then, the mask 20 is removed.

(Step shown in FIGS. 4E and 4F)

A p type base region 3 is formed by the epitaxial growth of a p type impurity layer

having, for example, a concentration of p type impurities, such as boron or aluminum,
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of from 5.0x10% to 5.0x10'¢ /cm? and a thickness of about 2.0 micrometer on the
surface of the n- type drift layer 2.

(Step shown in FIGS. 5A and 5B)

Then, after formation of a mask (not illustrated) made of, for example, LTO on the p
type base region 3, photolithography is conducted to open the mask at a predetermined
formation region of an n* type source region 4. After that, n type impurities (such as
nitrogen) are implanted.

Then, after removal of the mask used previously, another mask (not illustrated) is
formed. Photolithography is performed to open the mask at a predetermined formation
region of a p* type body layer 5. Then, p type impurities (such as boron or aluminum)
are implanted.

The ions thus implanted are then activated to form an n* type source region 4 having,
for example, a concentration (surface concentration) of n type impurities such as
phosphorus of 1.0x10?!' /cm? and a thickness of about 0.3 micrometer and a p* type
contact layer 5 having, for example, a concentration (surface concentration) of p type
impurities such as boron or aluminum of about 1.0x10?! /cm? and a thickness of about
0.3 micrometer. After that, the mask is removed.

(Step shown in FIGS. 5C and 5D)

After formation of an etching mask, which is not illustrated, on the p type base
region 3, the n* type source region 4, and the p* type contact layer 5, the etching mask
is opened at a predetermined formation region of a trench 6. Then, anisotropic etching
is performed with the etching mask, followed by isotropic etching or sacrificial
oxidation if needed to form a trench 6. After this, the etching mask is removed.

(Step shown in FIGS. 5E and 5F)

A gate oxide film formation step is performed to form a gate oxide film 8 on the
entire surface of the substrate including the inside of the trench 6. More specifically,
the gate oxide film 8 is formed by gate oxidization (thermal oxidization) by a
pyrogenic method using a wet atmosphere. Next, an about 440-nm thick polysilicon
layer doped with n type impurities is formed on the surface of the gate oxide film 8 at a
temperature of, for example, 600 degrees C and then, an etch back step or the like is
performed to leave the gate oxide film 8 and the gate electrode 9 in the trench 6.

Steps following the above step are not illustrated because they are similar to con-
ventional steps. After formation of an interlayer insulating film 12, the interlayer in-
sulating film 12 is patterned to form contact holes connected to the n* type source
region 4 or the p* type contact layer 5 and at the same time, to form contact holes
connected to the gate electrode 9 on another cross section. Next, after a film of an
electrode material is formed to fill the contact holes therewith, it is patterned to form a

source electrode 11 and a gate wiring. A drain electrode 13 is formed on the back
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surface side of the n* type substrate 1. As a result, the MOSFET shown in FIG. 1 is
completed.

In the above-described manufacturing method, the heavily doped region 10a and the
lightly doped region 10b of the p type deep layer 10 can be formed with the same mask
20, making it possible to share a mask and simplify the manufacturing steps of a SiC
semiconductor device.

As described above, in the present embodiment, the impurity concentration of the
lightly doped region 10b of the p type deep layer 10 is decreased and when a gate
voltage is applied to the gate electrode 9 in an on state, an inversion layer is formed at
a portion of the lightly doped region 10b located on the side surface and bottom
portion of the trench 6. Electric current flowing through a channel can therefore flow
not only through a portion of the n- type drift layer 2 positioned between the p type
deep layers 10 but also through the inversion layer formed in the lightly doped region
10b. Accordingly, a JFET resistance in a JFET region formed between two p type deep
layers 10 adjacent to each other can be reduced and therefore a reduction in on-
resistance can be achieved.

(Second Embodiment)

A second embodiment will next be described. The SiC semiconductor device of this
embodiment is different from that of the first embodiment in the structure of the p type
deep layer 10. Since they are similar in the fundamental structure, only portions
different from the first embodiment will next be described.

FIG. 6 is a perspective cross-sectional view of the SiC semiconductor device
according to this embodiment. FIG. 7A is a cross-sectional view taken along the line
VIIA-VIIA in parallel with the xz plane in FIG. 6 and FIG. 7B is a cross-sectional
view taken along the line VIIB-VIIB in parallel with the yz plane in FIG. 6.

In this embodiment, as shown in FIG. 6 and FIGS. 7A and 7B, the depth of the
lightly doped region 10b of the p type deep layer 10 is made shallower than that in the
first embodiment and the bottom of the trench 6 is in contact with the heavily doped
region 10a. In such a structure, when a voltage is applied to the gate electrode 9,
inversion occurs only in the lightly doped region 10b of the p type deep layer 10
located on the side surface of the trench 6 and no inversion layer is formed at the
bottom portion of the trench 6. It is however possible to allow electric current to flow
through at least an inversion layer formed in the lightly doped region 10b positioned on
the side surface of the trench 6. Compared with the first embodiment, the structure of
the present embodiment is less effective, but a JFET resistance in a JFET region
formed between two p type deep layers 10 adjacent to each other can be reduced and
therefore, a reduction in on-resistance can be achieved.

A manufacturing method of the SiC semiconductor device of the present em-
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bodiment is basically similar to that of the first embodiment. It is only necessary to
change the ion implantation conditions employed in the first embodiment for the
formation of the p type deep layer 10 shown in FIG. 4C and 4D and expand the heavily
doped region 10a to a position contiguous to the bottom portion of the trench 6.

(Third Embodiment)

A third embodiment will next be described. The SiC semiconductor device of this
embodiment is also different from that of the first embodiment in the structure of the p
type deep layer 10. Since they are similar in the fundamental structure, only portions
different from the first embodiment will next be described.

FIG. 8 is a perspective cross-sectional view of the SiC semiconductor device
according to the present embodiment. FIG. 9A is a cross-sectional view taken along
the line IXA-IXA in parallel with the xz plane in FIG. 8 and FIG. 9B is a cross-
sectional view taken along the line IXB-IXB in parallel with the yz plane in FIG. 8.

In this embodiment, as shown in FIG. 8 and FIGS. 9 A and 9B, the lower layer
portion and the upper layer portion of the p type deep layer 10 are formed as a lightly
doped region 10b, while the intermediate layer portion is formed as the heavily doped
region 10a. In such a structure, when a gate voltage is applied to the gate electrode 9,
inversion occurs only in the lightly doped region 10b of the p type deep layer 10
located on the side surface of the trench 6 and no inversion layer is formed at the
bottom portion of the trench 6. It is however possible to allow electric current to flow
through at least an inversion layer formed in the lightly doped region 10b positioned on
the side surface of the trench 6. Compared with the first embodiment, the structure of
the present embodiment is less effective, but a JFET resistance in a JFET region
formed between two p type deep layers 10 adjacent to each other can be reduced and
therefore, a reduction in on-resistance can be achieved.

In the structure of the present embodiment, the lower layer portion of the p type deep
layer 10 serves as the lightly doped region 10b, but since the heavily doped region 10a
is formed at the bottom portion of the trench 6, this heavily doped region 10a can relax
an electric field concentration in the gate oxide film 8 positioned at the bottom portion
of the trench 6. As a result, a breakdown voltage can be achieved.

A manufacturing method of the SiC semiconductor device of the present em-
bodiment is also basically similar to that of the first embodiment. It is only necessary
to change the ion implantation concentration in a depth direction upon formation of the
p type deep layer 10 as shown in FIG. 4C and 4D, thereby permitting the lower layer
portion and the upper layer portion to serve as the lightly doped region 10b and
permitting the intermediate layer portion to serve as the heavily doped region 10a.

(Fourth embodiment)

A fourth embodiment will next be described. The SiC semiconductor device of this



18

WO 2012/108167 PCT/JP2012/000770

[0057]

[0058]

[0059]

[0060]

[0061]

embodiment is also different from that of the first embodiment in the structure of the p
type deep layer 10. Since they are similar in the fundamental structure, only portions
different from the first embodiment will next be described.

FIG. 10 is a perspective cross-sectional view of the SiC semiconductor device
according to the present embodiment. FIG. 11A is a cross-sectional view taken along
the line XIA-XIA in parallel with the xz plane in FIG. 10 and FIG. 11B is a cross-
sectional view taken along the line XIB-XIB in parallel with the yz plane in FIG. 10.

In the structure of the present embodiment as illustrated in FIG. 10 and FIGS. 11A
and 11B, an impurity concentration gradient is provided in the depth direction of the p
type deep layer 10 and with a decrease in the depth of the p type deep layer 10, the
impurity concentration becomes lower gradually. Even when such a structure is
employed, application of a gate voltage to the gate electrode 9 leads to the formation of
an inversion layer at a portion of the p type deep layer 10 located on the side surface or
bottom portion of the trench 6. Similar to the first embodiment, a JFET resistance in a
JFET region formed between two p type deep layers 10 adjacent to each other can be
reduced and therefore a reduction in on-resistance can be achieved. Also in this em-
bodiment, when a gate voltage is applied to the gate electrode 9, an inversion layer is
sometimes formed only in a portion of the p type deep layer 10 located on the side
surface of the trench 6, which depends on the impurity concentration gradient of the p
type deep layer 10. In this case, as described in the second embodiment, the structure
of the present embodiment is less effective than that of the first embodiment, but a
similar effect to that of the first embodiment can be achieved.

The manufacturing method of the SiC semiconductor device having a structure of the
present embodiment is basically similar to that of the first embodiment. It is only
necessary to change the ion implantation concentration employed in the first em-
bodiment for the formation of the p type deep layer 10, which is shown in FIG. 4C and
4D, so as to gradually reduce the dosage of the impurities upon ion implantation with a
decrease in the depth.

(Fifth Embodiment)

A fifth embodiment will next be described. The SiC semiconductor device of this
embodiment is also different from that of the first embodiment in the structure of the p
type deep layer 10. Since they are similar in the fundamental structure, only portions
different from the first embodiment will next be described.

FIG. 12 is a perspective cross-sectional view of the SiC semiconductor device
according to the present embodiment. FIG. 13A is a cross-sectional view taken along
the line XIITA-XIIIA in parallel with the xz plane in FIG. 12 and FIG. 13B is a cross-
sectional view taken along the line XIIIB-XIIIB in parallel with the yz plane in FIG.
12.
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In this embodiment, as illustrated in FIG. 12 and FIGS. 13A and 13B, the width of
the p type deep layer 10 is changed in the depth direction of the p type deep layer 10.
The width of a heavily doped region 10a located at the lower layer portion of the p
type deep layer 10 is set in consideration of breakdown voltage, while the width of a
lightly doped region 10b located at the upper layer portion is made smaller than that of
the heavily doped region 10a. When such a structure is employed, the width of the n-
type drift layer 2 can be made wider in proportion to a decrease in the width of the
lightly doped region 10b compared with the first embodiment so that a current path can
be widened even in a region which will not be an inversion layer when a gate voltage
is applied to the gate electrode 9. Accordingly, a JFET resistance in a JFET region
formed between two p type deep layers 10 adjacent to each other can be reduced
further and therefore, a further reduction in on-resistance can be achieved.

A manufacturing method of the SiC semiconductor device having the structure of the
present embodiment is basically similar to that of the first embodiment, but upon
formation of the p type deep layer 10 which is shown in FIGS. 4C and 4D, ion im-
plantation is performed after two masks 20 different in opening width are formed re-
spectively. For example, first, a mask 20 opened in a predetermined formation region
of the lightly doped region 10b is formed and p type impurities are implanted to form
the lightly doped region 10b. After removal of the mask 20, another mask 20 opened in
a predetermined formation region of the heavily doped region 10a is formed and p type
impurities are implanted to form the heavily doped region 10a. It is recommended to
form the heavily doped region 10a and the lightly doped region 10b by implanting p
type impurities at different dosages and set the p type impurity concentration lower in
the lightly doped region 10b than in the heavily doped region 10a.

(Sixth Embodiment)

A sixth embodiment will next be described. The SiC semiconductor device of this
embodiment is also different from that of the first embodiment in the structure of the p
type deep layer 10. Since they are similar in the fundamental structure, only portions
different from the first embodiment will next be described.

FIG. 14 is a perspective cross-sectional view of the SiC semiconductor device
according to the present embodiment. FIG. 15A is a cross-sectional view taken along
the line XVA-XVA in parallel with the xz plane in FIG. 14 and FIG. 15B is a cross-
sectional view taken along the line XVB-XVB in parallel with the yz plane in FIG. 14.

In the present embodiment, as shown in FIG. 14 and FIGS. 15A and 15B, the width
of the p type deep layer 10 is changed in the depth direction of the p type deep layer 10
as in the fifth embodiment and the width of the bottom portion of the heavily doped
region 10a located at the lower layer portion of the p type deep layer 10 is set at a

width in consideration of a breakdown voltage and with a decrease in the depth of the p
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type base layer 10 from this position, the width is decreased gradually. Even if such a
structure is employed, the width of the n- type drift layer 2 can be widened in
proportion to a decrease in the width of the lightly doped region 10b compared with
the first embodiment so that even in a region which will not be an inversion layer when
a gate voltage is applied to the gate electrode 9, a current path can be widened. Ac-
cordingly, a JFET resistance in a JFET region formed between two p type deep layers
10 adjacent to each other can be reduced further and therefore, a further reduction in
on-resistance can be achieved.

A manufacturing method of the SiC semiconductor device having the structure of the
present embodiment is basically similar to that of the first embodiment. It is only
necessary to implant p type impurities by oblique ion implantation using the mask 20
upon formation of the p type deep layer 10 which is shown in FIGS. 4C and 4D,
thereby forming the p type deep layer 10 in an oblique direction.

(Seventh Embodiment)

A seventh embodiment will next be described. The SiC semiconductor device of this
embodiment is also different from that of the first embodiment in the structure of the p
type deep layer 10. Since they are similar in the fundamental structure, only portions
different from the first embodiment will next be described.

FIG. 16 is a perspective cross-sectional view of the SiC semiconductor device
according to the present embodiment. FIG. 17A is a cross-sectional view taken along
the line XVIIA-XVIIA in parallel with the xz plane in FIG. 16 and FIG. 17B is a cross-
sectional view taken along the line XVIIB-XVIIB in parallel with the yz plane in FIG.
16.

In the present embodiment, as shown in FIG. 16 and FIGS. 17A and 17B, the p type
deep layer 10 has a two-layer structure with the heavily doped region 10a and the
lightly doped region 10b. At the same time, the lightly doped region 10b is not formed
on at least a portion of the side surface of the trench 6 and the n- type drift layer 2 has
been left on the side surface of the trench 6 as a first conductivity type layer.

When such a structure is employed, current flow of the side surface of the trench can
be ensured by the n- type drift layer 2, while that of a part of the side surface of the
trench 6 or the bottom thereof can be ensured by the formation of an inversion layer.
Accordingly, similar to the first embodiment, a JFET resistance in a JFET region
formed between two p type deep layers 10 adjacent to each other can be reduced
further and therefore, a further reduction in on-resistance can be achieved.

In this embodiment compared with the first embodiment, the n- type drift layer 2 has
been left on the side surface of the trench 6 and the p type deep layer 10 is formed
below the n- type drift layer 2 on the side surface of the trench 6. A similar structure

can also be applied to the second to sixth embodiments.
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Next, a manufacturing method of the SiC semiconductor device of the present em-
bodiment will be described. FIGS. 18A to 18F and 19A to 19F are cross-sectional
views showing manufacturing steps of the SiC semiconductor device of the present
embodiment. In each of FIGS. 18A to 18F and 19A to 19F, a cross-sectional view
(area corresponding to FIG. 17A) taken along the line XVIIA-XVIIA in parallel with
the xz plane in FIG. 16 is shown on the left side and a cross-sectional view (area corre-
sponding to FIG. 17B) taken along the line XVIIB-XVIIB in parallel with the yz plane
in FIG. 16 is shown on the right side. The manufacturing method of the SiC semi-
conductor device according to the present embodiment is basically similar to that of
the first embodiment so that only portions different from the first embodiment will
next be described.

First, a step similar to that of FIGS. 4A and 4B is performed to form an n- type drift
layer 2 by epitaxial growth on the surface of the n* type semiconductor substrate 1.
Then, in the step shown in FIGS. 18A and 18B, after formation of a mask 20 made of
LTO or the like on the surface of the n- type drift layer 2, photolithography is
performed to open an upper layer portion of a lightly doped region 10b, among prede-
termined formation regions of a p type deep layer 10. Upon this opening, the mask 20
is remained unopened in a region where a trench 6 is to be formed in a later step and a
region therearound. The upper layer portion of the lightly doped region 10b is formed
by implanting p type impurities (such as boron or aluminum) from above the mask 20.
Then, as illustrated in FIGS. 18C and 18D, the mask 20 is patterned again by pho-
tolithography to open all the predetermined formation regions of the p type deep layer
10. This means that the mask 20 is removed even from areas corresponding to a region
in which the trench 6 is to be formed later and a region therearound. By implanting p
type impurities (such as boron or aluminum) from above the mask 20 and activating
them, a remaining portion of the lightly doped region 10b and a heavily doped region
10a are formed. After that, in the steps shown in FIG. 18E and 18F and FIGS. 19A to
19F, steps similar to those shown in FIGS. 4E and 4F and FIGS. 5A to 5F described in
the first embodiment are performed to manufacture the SiC semiconductor device of
the present embodiment.

(Eighth Embodiment)

An eighth embodiment will next be described. The SiC semiconductor device of this
embodiment has a structure capable of reducing the on resistance further compared
with that of the first embodiment. Since they are similar in the fundamental structure,
only portions different from the first embodiment will next be described.

FIG. 20 is a perspective cross-sectional view of the SiC semiconductor device
according to the present embodiment. FIG. 21A is a cross-sectional view taken along
the line XXTA-XXIA in parallel with the xz plane in FIG. 20 and FIG. 21B is a cross-
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sectional view taken along the line XXIB-XXIB in parallel with the yz plane in FIG.
20.

In the present embodiment, as shown in FIG. 20 and FIGS. 21A and 21B, a current
diffusion layer 2a is formed by setting high the n type impurity concentration on the
surface side of the n- type drift layer 2, that is, on the side opposite to the n* type semi-
conductor substrate 1. The current diffusion layer 2a is provided in order to widen a
current flowing range in an on state and the current diffusion layer 2a has an impurity
concentration of, for example, from 5.0x10'¢ to 1.5x10"7 /cm? and has a thickness of
from 0.3 to 0.7 micrometer.

Described specifically, when a gate voltage is applied to the gate electrode 9 in an on
state, a channel is formed on the surface of the p type base region 3 contiguous to the
trench 6 and electrons injected from the source electrode 11 flow from the n* type
source region 4, pass through the channel formed on the p type base region 3, and then
reach the current diffusion layer 2a of the n- type drift layer 2. As a result, a current
flowing range becomes wider in the low-resistance current diffusion layer 2a and
electric current flows even to a position distant from the trench gate structure, which
contributes to a further reduction in on-resistance.

Thus, the p type deep layer 10 comprised of the heavily doped region 10a and the
lightly doped region 10b may be equipped with the current diffusion layer 2a. This
enables to achieve a further reduction in on-resistance.

A manufacturing method of the SiC semiconductor device having the structure of the
present embodiment is basically similar to that of the first embodiment. It is only
necessary to form the current diffusion layer 2a by increasing, at the final stage of the
formation step of the n- type drift layer 2 shown in FIGS. 4A and 4B, the concentration
of impurities to be doped upon growth of the layer.

Here, the SiC semiconductor device having the structure of the first embodiment and
equipped with the current diffusion layer 2a further is described, but the SiC semi-
conductor devices having the structure of the second to the seventh embodiments may
be equipped with the current diffusion layer 2a. Also in this case, it is only necessary to
form the current diffusion layer 2a by increasing, at the final stage of the formation
step of the n- type drift layer 2, the concentration of impurities to be doped upon
epitaxial growth of the layer.

(Ninth Embodiment)

A ninth embodiment will next be described. In this embodiment, a manufacturing
method of the SiC semiconductor device having the structure of the first embodiment,
which method is different from that employed in the first embodiment, will be
described.

FIGS. 22A to 22F and 23A to 23F are cross-sectional views showing manufacturing
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steps of the SiC semiconductor device according to the present embodiment. In each of
FIGS. 22A to 22F and 23A to 23F, a cross-sectional view (area corresponding to FIG.
2B) taken along the line IIB-IIB in parallel with the xz plane in FIG. 1 is shown on the
left side and a cross-sectional view (area corresponding to FIG. 2D) taken along the
line IID-IID in parallel with the yz plane in FIG. 1 is shown on the right side. The man-
ufacturing method of the SiC semiconductor device of the present embodiment will
next be described referring to these drawings.

In the step shown in FIGS. 22A and 22B, after formation of the n- type drift layer 2
by epitaxial growth on the surface of the n* type substrate 1, a p type deep layer 10,
more specifically, a heavily doped region 10a and a lightly doped region 10b are
formed successively by the epitaxial growth on the surface of the n- type drift layer 2.
Then, in the step shown in FIGS. 22C and 22D, a mask 21 is placed and n type im-
purities (such as nitrogen) are implanted through this mask to partially invert the p type
deep layer 10 to an n type SiC, thereby forming a region of the n- type drift layer 2
sandwiched between two p type deep layers 10 adjacent to each other. After that, in the
steps shown in FIG. 22E and 22F and FIGS. 23A to 23F, steps similar to those shown
in FIG. 4E and 4F and FIGS. 5A to 5F described in the first embodiment are performed
to manufacture a SiC semiconductor device having a structure similar to that of the
first embodiment.

Thus, it is possible to form a region of the n- type drift layer 2 sandwiched between
two adjacent p type deep layers 10 after formation of the p type deep layer 10.
According to such a manufacturing method, the p type deep layer 10 can be formed by
epitaxial growth not by ion implantation so that the heavily doped region 10a can be
formed as a region having a higher impurity concentration or a region of the n- type
drift layer 2 sandwiched between two adjacent p type deep layers 10 can be formed as
a region having a higher concentration than a region located below the p type deep
layer 10.

In the above description, the SiC semiconductor device having the structure of the
first embodiment is manufactured by forming the p type deep layer 10 and then
forming a region of the n- type drift layer 2 sandwiched between two adjacent p type
deep layers 10. A similar manufacturing method can be applied to the SiC semi-
conductor devices having the structures of the second to eighth embodiments.
However, when as in the fifth embodiment, the width of the p type deep layer 10 is
changed between the heavily doped region 10a and the lightly doped region 10b, the
opening width of a mask to be used for the formation of the n- type drift layer should
also be changed. In addition, as in the sixth embodiment, the width of the p type deep
layer 10 is reduced with a decrease in the depth of the p type deep layer 10, the

opening portion of a mask to be used for the formation of the n- type drift layer 2 is
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tapered by using, for example, isotropic etching. Moreover, as in the seventh em-
bodiment, a portion of the n- type drift layer 2 is remained on the side surface of the
trench 6, n type impurities may be implanted into this portion.

(Tenth Embodiment)

A tenth embodiment will next be described. In this embodiment, a manufacturing
method of the SiC semiconductor device having the structure of the eighth em-
bodiment, which method is different from that employed in the eighth embodiment,
will be described.

FIGS. 24A to 24F and FIGS. 25A to 25F are cross-sectional views showing manu-
facturing steps of the SiC semiconductor device of the present embodiment. In FIGS.
24A to 24F and FIGS. 25A to 25F, a cross-sectional view (area corresponding to FIG.
21A) taken along the line XXIA-XXIA in parallel with the xz plane in FIG. 20 is
shown on the left side and a cross-sectional view (area corresponding to FIG. 21B)
taken along the line XXIB-XXIB in parallel with the yz plane in FIG. 20 is shown on
the right side. The manufacturing method of the SiC semiconductor device according
to the present embodiment will be described referring to these drawings.

In the step shown in FIGS. 24A and 24B, after formation of an n- type drift layer 2 by
epitaxial growth on the surface of the n* type substrate 1, a heavily doped region 10a of
the p type deep layer 10 having a thickness corresponding to the thickness of the
entirety of the p type deep layer 10 is formed by epitaxial growth on the surface of the
n type drift layer 2. Then, in the step shown in FIGS. 24C and 24D, n type impurities
(such as nitrogen) are implanted to reduce the carrier concentration of the upper layer
portion of the p type deep layer 10, thereby forming a lightly doped region 10b.
Further, a mask 21 is placed and n type impurities (such as nitrogen) are implanted
therethrough to partially invert the p type deep layer 10 to n type SiC, thereby forming
a region of the n- type drift layer 2 sandwiched between two adjacent p type deep
layers 10 and at the same time, forming a current diffusion layer 2a. At this time, since
ion implantation enough for inverting the heavily doped region 10a to n type one is
performed, the current diffusion layer 2a has a higher n type impurity concentration
than the n- type drift layer 2.

Then, by carrying out, as the steps shown in FIGS. 24E and 24F and FIGS. 25A to
25F, steps similar to those shown in FIGS. 4E and 4F and FIGS. 5A to 5F described in
the first embodiment, a SiC semiconductor device having a structure similar to that of
the eighth embodiment can be manufactured.

Thus, it is possible to form a region of the n- type drift layer 2 sandwiched between
two adjacent p type deep layers 10 or the current diffusion layer 2a after formation of
the p type deep layer 10. According to such a manufacturing method, the p type deep

layer 10 can be formed not by ion implantation but epitaxial growth so that the heavily
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doped region 10a can be formed as a region having a higher concentration or a region
of the n- type drift layer 2 sandwiched between two adjacent p type deep layers 10 can
be formed as a region having a higher concentration than a region positioned below the
p type deep layer 10. Alternatively, it becomes possible to automatically form a con-
centration gradient so as to form the current diffusion layer 2a having a higher con-
centration.

(Another Embodiment)

In the above first and second embodiments, the p type deep layer 10 is extended in a
x direction, but each p type deep layer 10 may be obliquely crossed with the lon-
gitudinal direction of the trench 6 or may be divided into two or more portions in the x
direction. When the p type deep layer 10 is obliquely crossed with the longitudinal
direction of the trench 6, it is preferred, in order to prevent an uneven equipotential dis-
tribution, to arrange the p type deep layer 10 in line symmetry, with a line extending in
a direction perpendicular to the longitudinal direction of the trench 6 as a symmetry
line.

In the above embodiments, the description is made with, as an example, an n channel
type MOSFET having an n type as the first conductivity type and a p type as the
second conductivity type. The disclosure can also be applied to a p channel type
MOSFET in which the conductivity type of each of the constituting elements have
been reversed. In addition, in the above description, a MOSFET having a trench gate
structure is used. The disclosure can also be applied to an IGBT having a similar trench
gate structure. The structure or the manufacturing method of the IGBT is similar to that
of the above embodiments except that the conductivity type of the substrate 1 is
changed from n type to p type.

In the above embodiments, the gate oxide film 8 made by thermal oxidation is used
as an example of a gate insulating film. The gate insulating film is not limited thereto
but it may include an oxide film not formed by thermal oxidation or a nitride film.

The above disclosure has the following aspects.

According to a first aspect of the present disclosure, a silicon carbide semiconductor
device includes: an inversion type MOSFET with a trench gate structure. The inversion
type MOSFET includes: a substrate having first or second conductivity type and made
of silicon carbide; a drift layer disposed on the substrate, having an impurity con-
centration lower than the substrate, having the first conductivity type, and made of
silicon carbide; a base region disposed on the drift layer, having the second con-
ductivity type, and made of silicon carbide; a source region disposed in an upper
portion of the base region, having an impurity concentration higher than the drift layer,
having the first conductivity type, and made of silicon carbide; a contact region

disposed in another upper portion of the base region, having an impurity concentration
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higher than the base layer, having the second conductivity type, and made of silicon
carbide; a trench extending from a surface of the source region to penetrate the base
region, and having a first direction as a longitudinal direction; a gate insulating film
disposed on an inner wall of the trench; a gate electrode disposed on the gate insulating
film in the trench; a source electrode electrically coupled with the source region and
electrically coupled with the base region via the contact region; and a drain electrode
disposed on a back side of the substrate. The inversion type MOSFET is configured to
flow current between the source electrode and the drain electrode via the source region,
an inversion type channel region and the drift layer. The inversion type channel region
is provided in a portion of the base region positioned on a side of the trench by con-
trolling a gate voltage applied to the gate electrode. The inversion type MOSFET
further includes: a plurality of deep layers having the second conductivity type. Each
deep layer is disposed in an upper portion of the drift layer below the base region, has a
depth deeper than the trench, and extends along a second direction, which crosses the
first direction. Each deep layer has an impurity concentration distribution in a depth
direction of the deep layer. When the gate voltage is applied to the gate electrode, an
inversion layer is provided in a portion of the deep layer positioned on the side of the
trench.

In the above device, since the current flowing through the channel flows not only the
channel but also the inversion layer formed in the portion of the deep layer. Thus, a
JFET region between the deep layers has a low JFET resistance, so that an on-state re-
sistance is reduced.

Alternatively, the impurity concentration distribution of each deep layer may be a
stepwise concentration gradient in the depth direction of the deep layer. Further, each
deep layer may include a heavily doped region having the second conductivity type
and a lightly doped region having the second conductivity type. An impurity con-
centration of the heavily doped region is higher than the lightly doped region. The
lightly doped region is located on the side of the trench. When the gate voltage is
applied to the gate electrode, a portion of the lightly doped region located on the side
of the trench provides the inversion layer. Furthermore, a boundary between the
heavily doped region and the lightly doped region may be deeper than the trench. In
these cases, the lightly doped region positioned under the bottom of the trench in
addition to the side of the trench provides the inversion layer. Thus, since the current
flows under the bottom of the trench, the JFET resistance is much reduced, and
therefore, the on-state resistance is reduced.

Alternatively, the impurity concentration distribution of each deep layer may be a
concentration gradient, in which the impurity concentration decreases as the depth of

the deep layer is made shallow.
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Alternatively, a width of each deep layer may decrease as the depth of the deep layer
is made shallow. In this case, since the width of the drift layer adjacent to a shallow
portion of the deep layer becomes wide, the current path is made wider even in a
region, which does not form the inversion layer when the gate voltage is applied to the
gate electrode. Thus, the JFET region between the deep layers has the low JFET re-
sistance, so that an on-state resistance is reduced.

Alternatively, the inversion type MOSFET may further include: a first conductivity
type layer on the side of the trench. Each deep layer is located below the first con-
ductivity layer. In this case, when the MOSFET turns on, the current flows through the
first conductivity type layer on the side of the trench. Further, the inversion layer is
formed on the side of the trench partially. Thus, the JFET region between the deep
layers has the low JFET resistance, so that an on-state resistance is reduced.

Alternatively, the inversion type MOSFET may further include: a current diffusion
layer having the first conductivity type. The current diffusion layer is disposed in the
drift layer between the plurality of deep layers, and the current diffusion layer has an
impurity concentration higher than the drift layer, which is located below the deeper
layer. In this case, the range in which the current flows becomes wide in the current
diffusion layer having the low resistance. Thus, the current also flows in a portion
spaced apart from the trench gate structure, and therefore, the on-state resistance is
much reduced.

According to a second aspect of the present disclosure, a method of manufacturing a
silicon carbide semiconductor device includes: forming a drift layer on a substrate,
wherein the substrate is made of silicon carbide and has a first or second conductivity
type, and the drift layer is made of silicon carbide, has the first conductivity type, and
has an impurity concentration lower than the substrate; forming a plurality of deep
layers having the second conductivity type in a surface portion of the drift layer by im-
planting an ion on a surface of the drift layer through a first mask after the first mask is
formed on the surface of the drift layer; forming a base region having the second con-
ductivity type and made of silicon carbide on the deep layers and the drift layer;
forming a source region in a surface portion of the base region by implanting a first
conductivity type impurity on a surface of the base region, wherein the source region
has an impurity concentration higher than the drift layer, having the first conductivity
type, and made of silicon carbide; forming a contact region in another surface portion
of the base region by implanting a second conductivity type impurity on the surface of
the base region, wherein the contact region has an impurity concentration higher than
the base region, having the second conductivity type, and made of silicon carbide;
forming a trench on a surface of the source region to penetrate the base region and to

reach the drift layer, wherein the trench is shallower than each deep layer, and has a
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first direction as a longitudinal direction; forming a gate insulating film on an inner
wall of the trench; forming a gate electrode on the gate insulating film in the trench;
forming a source electrode to be electrically coupled with the source region and to be
coupled with the base region via the contact region; and forming a drain electrode on a
back side of the substrate. Each deep layer is disposed in an upper portion of the drift
layer below the base region, has a depth deeper than the trench, and extends along a
second direction, which crosses the first direction. Each deep layer has an impurity
concentration distribution in a depth direction of the deep layer. When the gate voltage
is applied to the gate electrode, an inversion layer is provided in a portion of the deep
layer positioned on the side of the trench.

In the above method, since the current flowing through the channel flows not only
the channel but also the inversion layer formed in the portion of the deep layer. Thus, a
JFET region between the deep layers has a low JFET resistance, so that an on-state re-
sistance is reduced.

According to a third aspect of the present disclosure, a method of manufacturing a
silicon carbide semiconductor device includes: forming a drift layer on a substrate,
wherein the substrate is made of silicon carbide and has a first or second conductivity
type, and the drift layer is made of silicon carbide, has the first conductivity type, and
has an impurity concentration lower than the substrate; forming a second conductivity
type film on a surface of the drift layer by an epitaxial growth method; implanting an
ion on a surface of the second conductivity type film through a first mask after the first
mask is formed on the surface of the second conductivity type film so that the second
conductivity type film is divided into a plurality of parts, each of which provide a cor-
responding deep layer, and an implanted part of the second conductivity type film
between a plurality of deep layers provides the drift layer; forming a base region
having the second conductivity type and made of silicon carbide on the deep layers and
the drift layer; forming a source region in a surface portion of the base region by im-
planting a first conductivity type impurity on a surface of the base region, wherein the
source region has an impurity concentration higher than the drift layer, having the first
conductivity type, and made of silicon carbide; forming a contact region in another
surface portion of the base region by implanting a second conductivity type impurity
on the surface of the base region, wherein the contact region has an impurity con-
centration higher than the base region, having the second conductivity type, and made
of silicon carbide; forming a trench on a surface of the source region to penetrate the
base region and to reach the drift layer, wherein the trench is shallower than each deep
layer, and has a first direction as a longitudinal direction; forming a gate insulating
film on an inner wall of the trench; forming a gate electrode on the gate insulating film

in the trench; forming a source electrode to be electrically coupled with the source



29

WO 2012/108167 PCT/JP2012/000770

[0106]

[0107]

[0108]

region and to be coupled with the base region via the contact region; and forming a
drain electrode on a back side of the substrate. Each deep layer is disposed in an upper
portion of the drift layer below the base region, has a depth deeper than the trench, and
extends along a second direction, which crosses the first direction. Each deep layer has
an impurity concentration distribution in a depth direction of the deep layer. When the
gate voltage is applied to the gate electrode, an inversion layer is provided in a portion
of the deep layer positioned on the side of the trench.

In the above method, since the current flowing through the channel flows not only
the channel but also the inversion layer formed in the portion of the deep layer. Thus, a
JFET region between the deep layers has a low JFET resistance, so that an on-state re-
sistance is reduced.

Alternatively, the implanting of the ion on the surface of the second conductivity
type film through the first mask may include: implanting a first conductivity type
impurity on the surface of the second conductivity type film so that a carrier con-
centration of an upper portion of the second conductivity type film is reduced; forming
the first mask on the surface of the second conductivity type film; and implanting the
ion on the surface of the second conductivity type film through the first mask after the
first mask is formed on the surface of the second conductivity type film so that the
second conductivity type film is divided into the plurality of parts, each of which
provide a corresponding deep layer, the implanted part of the upper portion of the
second conductivity type film between a plurality of deep layers provides a current
diffusion layer, and the implanted part of a lower portion of the second conductivity
type film between a plurality of deep layers provides the drift layer. The current
diffusion layer has the first conductivity type, and has an impurity concentration higher
than the drift layer. In this case, when the drift layer is formed between the deep layers,
the current diffusion layer is also formed in the upper portion of the second con-
ductivity type film. Thus, the impurity concentration in the upper and the lower
portions of the second conductivity type film is automatically controlled to have a
certain concentration gradient such that the impurity concentration of the current
diffusion layer is high.

While the disclosure has been described with reference to preferred embodiments
thereof, it is to be understood that the disclosure is not limited to the preferred em-
bodiments and constructions. The disclosure is intended to cover various modification
and equivalent arrangements. In addition, while the various combinations and config-
urations, which are preferred, other combinations and configurations, including more,

less or only a single element, are also within the spirit and scope of the disclosure.
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Claims

A silicon carbide semiconductor device comprising:

an inversion type MOSFET with a trench gate structure,

wherein the inversion type MOSFET includes:

a substrate (1) having first or second conductivity type and made of
silicon carbide;

a drift layer (2) disposed on the substrate (1), having an impurity con-
centration lower than the substrate (1), having the first conductivity
type, and made of silicon carbide;

a base region (3) disposed on the drift layer (2), having the second con-
ductivity type, and made of silicon carbide;

a source region (4) disposed in an upper portion of the base region (3),
having an impurity concentration higher than the drift layer (2), having
the first conductivity type, and made of silicon carbide;

a contact region (5) disposed in another upper portion of the base
region (3), having an impurity concentration higher than the base layer
(3), having the second conductivity type, and made of silicon carbide;
a trench (6) extending from a surface of the source region (4) to
penetrate the base region (3), and having a first direction as a lon-
gitudinal direction;

a gate insulating film (8) disposed on an inner wall of the trench (6);

a gate electrode (9) disposed on the gate insulating film (8) in the
trench (6);

a source electrode (11) electrically coupled with the source region (4)
and electrically coupled with the base region (3) via the contact region
(5); and

a drain electrode (13) disposed on a back side of the substrate (1),
wherein the inversion type MOSFET is configured to flow current
between the source electrode (11) and the drain electrode (13) via the
source region (4), an inversion type channel region and the drift layer
(2),

wherein the inversion type channel region is provided in a portion of
the base region (3) positioned on a side of the trench (6) by controlling
a gate voltage applied to the gate electrode (9),

wherein the inversion type MOSFET further includes: a plurality of
deep layers (10) having the second conductivity type,

wherein each deep layer (10) is disposed in an upper portion of the drift
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layer (2) below the base region (3), has a depth deeper than the trench
(6), and extends along a second direction, which crosses the first
direction,

wherein each deep layer (10) has an impurity concentration distribution
in a depth direction of the deep layer (10), and

wherein, when the gate voltage is applied to the gate electrode (9), an
inversion layer is provided in a portion of the deep layer (10) po-
sitioned on the side of the trench (6).

The silicon carbide semiconductor device according to claim 1,
wherein the impurity concentration distribution of each deep layer (10)
is a stepwise concentration gradient in the depth direction of the deep
layer (10).

The silicon carbide semiconductor device according to claim 1,
wherein each deep layer (10) includes a heavily doped region (10a)
having the second conductivity type and a lightly doped region (10b)
having the second conductivity type,

wherein an impurity concentration of the heavily doped region (10a) is
higher than the lightly doped region (10b),

wherein the lightly doped region (10b) is located on the side of the
trench (6), and

wherein, when the gate voltage is applied to the gate electrode (9), a
portion of the lightly doped region (10b) located on the side of the
trench (6) provides the inversion layer.

The silicon carbide semiconductor device according to claim 3,
wherein a boundary between the heavily doped region (10a) and the
lightly doped region (10b) is deeper than the trench (6).

The silicon carbide semiconductor device according to claim 1,
wherein the impurity concentration distribution of each deep layer (10)
is a concentration gradient, in which the impurity concentration
decreases as the depth of the deep layer (10) is made shallow.

The silicon carbide semiconductor device according to any one of
claims 1 to 5,

wherein a width of each deep layer (10) decreases as the depth of the
deep layer (10) is made shallow.

The silicon carbide semiconductor device according to any one of
claims 1 to 6,

wherein the inversion type MOSFET further includes: a first con-

ductivity type layer (2) on the side of the trench (6),
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wherein each deep layers (10) is located below the first conductivity
layer (2).

The silicon carbide semiconductor device according to any one of
claims 1to 7,

wherein the inversion type MOSFET further includes: a current
diffusion layer (2a) having the first conductivity type,

wherein the current diffusion layer (2a) is disposed in the drift layer (2)
between the plurality of deep layers, and

wherein the current diffusion layer (2a) has an impurity concentration
higher than the drift layer (2), which is located below the deeper layer
(10).

A method of manufacturing a silicon carbide semiconductor device
comprising:

forming a drift layer (2) on a substrate (1), wherein the substrate (1) is
made of silicon carbide and has a first or second conductivity type, and
the drift layer (2) is made of silicon carbide, has the first conductivity
type, and has an impurity concentration lower than the substrate (1);
forming a plurality of deep layers (10) having the second conductivity
type in a surface portion of the drift layer (2) by implanting an ion on a
surface of the drift layer (2) through a first mask after the first mask is
formed on the surface of the drift layer (2);

forming a base region (3) having the second conductivity type and
made of silicon carbide on the deep layers (10) and the drift layer (2);
forming a source region (4) in a surface portion of the base region (3)
by implanting a first conductivity type impurity on a surface of the base
region (3), wherein the source region (4) has an impurity concentration
higher than the drift layer (2), having the first conductivity type, and
made of silicon carbide;

forming a contact region (5) in another surface portion of the base
region (3) by implanting a second conductivity type impurity on the
surface of the base region (3), wherein the contact region (5) has an
impurity concentration higher than the base region (3), having the
second conductivity type, and made of silicon carbide;

forming a trench (6) on a surface of the source region (4) to penetrate
the base region (3) and to reach the drift layer (2), wherein the trench
(6) is shallower than each deep layer (10), and has a first direction as a
longitudinal direction;

forming a gate insulating film (8) on an inner wall of the trench (6);
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forming a gate electrode (9) on the gate insulating film (8) in the trench
(6);

forming a source electrode (11) to be electrically coupled with the
source region (4) and to be coupled with the base region (3) via the
contact region (5); and

forming a drain electrode (13) on a back side of the substrate (1),
wherein each deep layer (10) is disposed in an upper portion of the drift
layer (2) below the base region (3), has a depth deeper than the trench
(6), and extends along a second direction, which crosses the first
direction,

wherein each deep layer (10) has an impurity concentration distribution
in a depth direction of the deep layer (10), and

wherein, when the gate voltage is applied to the gate electrode (9), an
inversion layer is provided in a portion of the deep layer (10) po-
sitioned on the side of the trench (6).

A method of manufacturing a silicon carbide semiconductor device
comprising:

forming a drift layer (2) on a substrate (1), wherein the substrate (1) is
made of silicon carbide and has a first or second conductivity type, and
the drift layer (2) is made of silicon carbide, has the first conductivity
type, and has an impurity concentration lower than the substrate (1);
forming a second conductivity type film on a surface of the drift layer
(2) by an epitaxial growth method;

implanting an ion on a surface of the second conductivity type film (10)
through a first mask (21) after the first mask (21) is formed on the
surface of the second conductivity type film (10) so that the second
conductivity type film (10) is divided into a plurality of parts, each of
which provide a corresponding deep layer (10), and an implanted part
of the second conductivity type film (10) between a plurality of deep
layers (10) provides the drift layer (2);

forming a base region (3) having the second conductivity type and
made of silicon carbide on the deep layers (10) and the drift layer (2);
forming a source region (4) in a surface portion of the base region (3)
by implanting a first conductivity type impurity on a surface of the base
region (3), wherein the source region (4) has an impurity concentration
higher than the drift layer (2), having the first conductivity type, and
made of silicon carbide;

forming a contact region (5) in another surface portion of the base
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region (3) by implanting a second conductivity type impurity on the
surface of the base region (3), wherein the contact region (5) has an
impurity concentration higher than the base region (3), having the
second conductivity type, and made of silicon carbide;

forming a trench (6) on a surface of the source region (4) to penetrate
the base region (3) and to reach the drift layer (2), wherein the trench
(6) is shallower than each deep layer (10), and has a first direction as a
longitudinal direction;

forming a gate insulating film (8) on an inner wall of the trench (6);
forming a gate electrode (9) on the gate insulating film (8) in the trench
(6);

forming a source electrode (11) to be electrically coupled with the
source region (4) and to be coupled with the base region (3) via the
contact region (5); and

forming a drain electrode (13) on a back side of the substrate (1),
wherein each deep layer (10) is disposed in an upper portion of the drift
layer (2) below the base region (3), has a depth deeper than the trench
(6), and extends along a second direction, which crosses the first
direction,

wherein each deep layer (10) has an impurity concentration distribution
in a depth direction of the deep layer (10), and

wherein, when the gate voltage is applied to the gate electrode (9), an
inversion layer is provided in a portion of the deep layer (10) po-
sitioned on the side of the trench (6).

The method of manufacturing a semiconductor device according to
claim 10,

wherein the implanting of the ion on the surface of the second con-
ductivity type film (10) through the first mask (21) includes:
implanting a first conductivity type impurity on the surface of the
second conductivity type film (10) so that a carrier concentration of an
upper portion (10b) of the second conductivity type film (10) is
reduced;

forming the first mask (21) on the surface of the second conductivity
type film (10); and

implanting the ion on the surface of the second conductivity type film
(10) through the first mask (21) after the first mask (21) is formed on
the surface of the second conductivity type film (10) so that the second

conductivity type film (10) is divided into the plurality of parts, each of
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which provide a corresponding deep layer (10), the implanted part of
the upper portion (10a) of the second conductivity type film (10)
between a plurality of deep layers (10) provides a current diffusion
layer (2a), and the implanted part of a lower portion of the second con-
ductivity type film (10) between a plurality of deep layers (10) provides
the drift layer (2), and

wherein the current diffusion layer (2a) has the first conductivity type,

and has an impurity concentration higher than the drift layer (2).
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