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(57) ABSTRACT 

A Semiconductor device, comprising: a Semiconductor Sub 
Strate comprising Silicon carbide of a first conductivity type; 
a Silicon carbide epitaxial layer of the first conductivity type; 
a first Semiconductor region formed on the Semiconductor 
Substrate and comprising Silicon carbide of a Second con 
ductivity type; a Second Semiconductor region formed on the 
first Semiconductor region, comprising Silicon carbide of the 
first conductivity type and Separated from the Semiconductor 
substrate of the first conductivity type by the first semicon 
ductor region; a third Semiconductor region formed on the 
Semiconductor region, connected to the Semiconductor Sub 
Strate and the Second Semiconductor region, comprising 
Silicon carbide of the first conductivity type, and of higher 
resistance than the Semiconductor Substrate, and a gate 
electrode formed on the third Semiconductor region via an 
insulating layer; wherein the third Semiconductor layer is 
depleted when no Voltage is being applied to the gate 
electrode So that Said Semiconductor device has a normally 
OFF characteristic. 

32 Claims, 44 Drawing Sheets 
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SILICON CARBIDE SEMCONDUCTOR 
DEVICE 

DESCRIPTION OF THE RELATED 
APPLICATIONS 

This is a continuation-in-part application of U.S. Ser. No. 
09/035,204, filed on Mar. 5, 1998, now abandoned, which is 
a continuation-in-part application of U.S. Ser. No. 08/938, 
805, filed on Sep. 26, 1997 now U.S. Pat. No. 6,020,600, 
which in turn is a continuation application of U.S. Ser. No. 
08/708,582, filed on Sep. 5, 1996, which was abandoned. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a Silicon carbide Semi 
conductor device Such as, for example, an insulated gate 
type field effect transistor and especially a high power 
vertical MOSFET 

2. Description of the Related Art 
A wide variety of vertical MOS transistor and other 

devices are conventionally known which employ SiC. 
Examples include those described in Japanese Unexamined 
Patent Publication No. 4-23977, U.S. Pat. No. 5,323,040, 
and Shenoy et al., IEEE Electron Device letters, vol. 18, 
No.3, pp.93–95, March 1997. The vertical MOS transistors 
disclosed in these documents are designed with high quality 
materials for high breakdown voltage and low ON resistance 
compared to MOS transistors formed from silicon. 

It is an object of the present invention to provide a SiC 
MOS transistor which makes full use of the characteristics 
of SiC in order to obtain even lower ON resistance and 
higher breakdown voltage than conventional SiC MOS 
transistors, and which is designed for greater ease of use. 

SUMMARY OF THE INVENTION 

The present invention which achieves the object stated 
above is a Semiconductor device comprising: 

a Semiconductor Substrate comprising Silicon carbide of a 
first conductivity type and a Silicon carbide epitaxial 
layer of the first conductivity type which is formed on 
the main Side of the Semiconductor Substrate, 

a first Semiconductor region formed on the main Surface 
of the Silicon carbide epitaxial layer and comprising 
Silicon carbide of a Second conductivity type, 

a Second Semiconductor region formed on the first Semi 
conductor region, comprising Silicon carbide of the first 
conductivity type and Separated from the Silicon car 
bide epitaxial layer of the first conductivity type by the 
first Semiconductor region, 

a third Semiconductor layer formed on the first Semicon 
ductor region, connected to the Silicon carbide epitaxial 
layer and the Second Semiconductor region, comprising 
Silicon carbide of the first conductivity type, and of 
higher resistance than the Silicon carbide epitaxial layer 
or Semiconductor Substrate, and a gate electrode 
formed on the third Semiconductor region with an 
insulating layer there between, 

wherein the third semiconductor layer is depleted when 
no Voltage is being applied to the gate electrode So that 
said semiconductor device has normally OFF charac 
teristic. 

According to this construction, the third Semiconductor 
layer (thin channel epi-layer) is depleted and exhibits a 
normally OFF characteristic when no voltage is applied to 
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2 
the gate electrode. At Such times, the third Semiconductor 
layer must have its depleted layer extending acroSS the full 
width between the first Semiconductor base region and the 
gate insulating film to exhibit a normally OFF characteristic, 
but it is not necessary for the depleted layer to extend 
completely across the entire length of the third Semiconduc 
tor layer. In particular the depletion of the third Semicon 
ductor layer is not necessary where the third Semiconductor 
layer extends to the Second Semiconductor Source region or 
the region contacting the Silicon carbide epitaxial layer of 
first conductivity type (drift region). 

In the construction described above, when a Voltage is 
applied to the gate electrode to form an electric field on the 
gate insulating layer, an accumulation-type channel is 
induced on the third Semiconductor layer (thin channel 
epi-layer), and the carrier flows between the Source electrode 
and drain electrode (i.e., an ON State is achieved). 

This design can address the low channel mobility problem 
of conventional inversion mode SiC power transistor, Since 
the device operates in an accumulation mode. It was dem 
onstrated in Si electronic devices that, the accumulation 
layer channel mobility is much higher than the inversion 
layer channel mobility (See for example, S. C. Sun et al., 
IEEE. Trans. Electron Device, Vol.ED-27, pp. 1497, 1980). 
The same can be applied to MOS based SiC power devices. 
A large reduction in the ON resistance can also be expected 
for accumulation mode SiC power devices. 
The normally OFF characteristic of the third semiconduc 

tor layer is achieved by mutually connecting the depleted 
layer which extends between the gate electrode and the third 
Semiconductor layer, and the depleted layer between the 
Second Semiconductor layer and the third Semiconductor 
layer. Thus, according to the Silicon carbide Semiconductor 
device of the present invention, the impurity concentration 
and thickness of the third Semiconductor layer, and the 
Second Semiconductor region and gate electrode allow total 
depletion of the third Semiconductor layer even when no 
Voltage is being applied to the gate electrode, thus allowing 
a normally OFF characteristic to be achieved so that it can 
be used like a conventional normally OFF device. 

Furthermore, according to the Semiconductor device of 
the invention, the impurity concentration of the first Semi 
conductor base region and the impurity concentration of the 
third Semiconductor layer in which the channel is formed are 
independently controlled, to give a Silicon carbide Semicon 
ductor device with high breakdown Voltage, low current loSS 
and a low threshold Voltage. That is, the impurity concen 
tration of the first Semiconductor region may be increased, 
So that while maintaining a high breakdown Voltage between 
the Source and drain, the depth of the first Semiconductor 
base region can be shorten to reduce the junction field effect 
(JFET-effect). In addition, since the impurity concentration 
of the channel may be decreased to reduce the effect of 
impurity Scattering during flow of the carrier, the channel 
mobility may be thereby increased. As a result it is possible 
to obtain a Silicon carbide Semiconductor device with high 
breakdown Voltage and low current losses. 

The Silicon carbide Semiconductor device of the present 
invention is a planar vertical field effect transistor, but it may 
also be applied to planar or trench-type transistors. 
A planar-type Semiconductor device according to the 

invention comprises the following: 
a Semiconductor Substrate of a first conductivity type 

comprising Single crystal Silicon carbide and a Silicon 
carbide epitaxial layer of the first conductivity type 
which is formed on the main side of the semiconductor 
Substrate and has a lower dopant concentration than the 
Semiconductor Substrate, 
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a first Semiconductor base region of a Second conductivity 
type formed on a predetermined region of the Silicon 
carbide epitaxial layer to a predetermined depth, 

a Second Semiconductor Source region of the first con 
ductivity type formed on a predetermined region of the 
base region and having a shallower depth than the base 
region, 

a third Semiconductor Surface channel layer of the first 
conductivity-type made of Silicon carbide, and Situated 
So as to connect the Source region and the Silicon 
carbide epitaxial layer of the first conductivity type and 
the Second Semiconductor base region, 

a gate insulating layer formed on the Surface of the Surface 
channel layer, a gate electrode formed on the Surface of 
the channel layer, 

a Source electrode formed in contact with the base region 
and Source region, and 

a drain electrode formed on the back Side of the Semi 
conductor Substrate. 

The following are preferred embodiments of the planar 
type Semiconductor device. 

(1) The main Surface of the Silicon carbide Semiconductor 
substrate is (0.001) Siface, (0001) C-face, (1120) a-face 
or (1100) prism-face. The (0001) Si face or (1120) 
a-face is preferred for the low interface Surface State of 
the Silicon carbide/insulator interface. 

(2) The dopant concentration of the Surface channel layer 
is no greater than the dopant concentrations of the 
Silicon carbide epitaxial layer and the base region. 

(3) The gate electrode has a first work function potential, 
the base region has a Second work function potential, 
the Surface channel layer has a third workfunction 
potential, and the first, Second and third workfunction 
potentials are Set So that the carrier of the first conduc 
tivity type is depleted in the Surface channel layer. 

(4) The first, second and third work function potentials are 
Set So that the carrier of the first conductivity type is 
depleted in the Surface channel layer when the gate 
electrode is at Zero potential with respect to the drain 
region. 

(5) The surface channel layer is formed by epitaxial 
growth or ion implantation. 

(6) The surface channel layer is formed by epitaxial 
growth, and the crystal System/polymorph of the Silicon 
carbide constituting the Semiconductor Substrate, Sili 
con carbide epitaxial layer, base region and Source 
region is different from that of the silicon carbide of the 
Surface channel layer. For example, the Silicon carbide 
constituting the Semiconductor Substrate, Silicon car 
bide epitaxial layer, base region and Source region is a 
hexagonal System, while the Silicon carbide of the 
Surface channel layer is a cubic System. 

(7) The surface channel layer is formed by epitaxial 
growth, and the Silicon carbide constituting the Semi 
conductor Substrate, Silicon carbide epitaxial layer, 
base region and source region is 6H-SiC while the 
silicon carbide of the surface channel layer is 3C-SiC. 
By using a Surface channel layer formed by epitaxial 
growth where the Silicon carbide crystal System/ 
polymorph differs from that of the base as in (5) and 
(6), it is possible to realize a device with high 
characteristics and high reliability. 

(8) A portion of the first Semiconductor base region is 
made thicker. This allows breakdown to occur more 
readily. 
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(9) In the Silicon carbide Semiconductor device according 

to (8) above, the impurity concentration of the thick 
ened Section of the first Semiconductor base region is 
made higher than the impurity concentration of the 
thinner sections. This further facilitates breakdown. 

(10) In the Silicon carbide Semiconductor device accord 
ing to (8) above, the thickened Section of the base 
region may be formed under the Source region. This 
allows common use of the deep base region forming 
mask and the Source region forming mask for produc 
tion. 

(11) Asilicon carbide epitaxial layer of a first conductivity 
type having a lower dopant concentration than the 
Semiconductor Substrate is formed on the main Surface 
of the semiconductor substrate of the first conductivity 
type which is made of Single crystal Silicon carbide, and 
a first base region of a Second conductivity type having 
a predetermined depth is formed on a predetermined 
region of the Surface Section of the Silicon carbide 
epitaxial layer. In addition, a Surface channel layer of 
the first conductivity type and made of Silicon carbide 
is situated on the Silicon carbide epitaxial layer, a 
Second base region of the Second conductivity type and 
with a greater depth than the first base region is formed 
on a predetermined region with in the first base region, 
and then the Second base region forming mask is used 
to form a Source region of the first conductivity type 
which has a shallower depth than the first base region, 
on a predetermined region of the Surface Section of the 
first base. Afterwards, a gate electrode is formed on the 
Surface of the Surface channel layer with a gate insu 
lating film there between, while a Source electrode is 
formed contacting the base region and Source region. 
Thus, it is possible to form the Source region using the 
Second base region forming mask, to allow use of the 
mask for both purposes. 

(12) In the Silicon carbide Semiconductor device accord 
ing to (8) above, the thickened Section of the base 
region is formed at a location not overlapping the 
Source region. This helps to prevent the breakdown. 

(13) The Surface channel layer may be overlapping a 
portion of the Second Semiconductor Source region. 
This allows widening of the contact area from the 
Second Semiconductor Source region to the Surface 
channel layer. 

(14) The third Semiconductor region has a concentration 
distribution of Said Second conductivity-type impurity 
which is lower at the top surface of said third semi 
conductor region close to Said gate electrode than 
inside of Said third Semiconductor region. 

(15) In the Silicon carbide Semiconductor device accord 
ing to (14), the concentration of Said Second 
conductivity-type impurity in Said third Semiconductor 
region gradually decreases in the depth direction 
toward Said top Surface. 

(16) In the Silicon carbide Semiconductor device accord 
ing to (15), the Second conductivity-type impurity is 
boron. 

(17) In the Silicon carbide Semiconductor device accord 
ing to (16), the third Semiconductor region is a Surface 
channel layer where a first conductivity-type impurity 
is ion implanted. 

(18) The base region has a recess in a portion of the top 
Surface thereof and has a portion deeper than the other 
portion thereof which portion resides below Said receSS 
and extends closer to Said Semiconductor Substrate. 
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(19). In the silicon carbide semiconductor device accord 
ing to (18), the recess is formed in contact with said 
Source region and penetrating Said Source region. 

(20) In the planar-type semiconductor device, the Section 
of the Surface channel layer which is situated on the Surface 
Section of the Silicon carbide epitaxial layer may be made 
with lower resistance than the Silicon carbide epitaxial layer 
to allow still further reduction in the ON resistance of the 
MOSFET in accumulation mode. The ON resistance of the 
MOSFET is determined by the contact resistance between 
the Source electrode and Source region, the internal resis 
tance of the Source region, the accumulation channel resis 
tance in the channel region formed on the Surface channel 
layer, the internal resistance of the accumulation drift resis 
tance of surface channel layer, the JFET resistance of the 
JFET Section, the internal resistance of the epitaxial layer, 
the internal resistance of the Semiconductor Substrate, and 
the contact resistance between the Semiconductor Substrate 
and the drain electrode, their sum constituting the ON 
resistance. 

Consequently, by making the impurity concentration of 
the Section of the Surface channel layer situated on the 
Surface Section of the epitaxial layer to be higher than that 
of the epitaxial layer, it is possible to lower the resistance of 
the Sections of the Surface channel layer other than the 
channel region (accumulation-drift resistance of channel 
layer), thus lowering the ON resistance of the MOSFET 
This allows an even lower ON resistance to be achieved for 
the MOSFET 

For example, if the Surface channel layer is formed by ion 
implantation and ion implantation is also carried out in the 
Sections of the Surface channel layer other than the channel 
region, then the impurity concentration of the Section of the 
Surface channel layer situated on the Surface Section of the 
epitaxial layer may be increased above the impurity con 
centration of the epitaxial layer, Simultaneously with forma 
tion of the Surface channel layer. This allows Simplification 
of the production process for the Silicon carbide Semicon 
ductor device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional Schematic view of a power 
planar-type MOSFET according to a first embodiment of the 
invention; 

FIGS. 2 to 9 are cross-sectional views illustrating a 
production process for a power planar-type MOSFET; 

FIG. 10 is a graph showing the relationship between 
Surface channel epitaxial layer thickness, impurity concen 
tration and breakdown Voltage; 

FIG. 11 is a cross-sectional view illustrating another 
production process for a power planar-type MOSFET 
according to the first embodiment of the invention; 

FIG. 12 is a cross-sectional Schematic view of a power 
planar-type MOSFET according to a second embodiment of 
the invention; 

FIGS. 13-20 are cross-sectional views illustrating a pro 
duction process for a power planar-type MOSFET; 

FIG. 21 is a cross-sectional Schematic view of a power 
planar-type MOSFET according to a third embodiment of 
the invention; 

FIG. 22 is a cross-sectional Schematic view of a power 
planar-type MOSFET according to a fourth embodiment of 
the invention; 

FIGS. 23 to 27 are cross-sectional views illustrating a 
production process for a power planar-type MOSFET; 
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6 
FIG. 28 is a cross-sectional view illustrating another 

production process for a power planar-type MOSFET 
according to the fourth embodiment of the invention; 

FIG. 29 is a cross-sectional view illustrating yet another 
production process for a power planar-type MOSFET 
according to the fourth embodiment of the invention; 

FIG. 30 is a cross-sectional structural illustration of a 
conventional inversion mode MOSFET for explanation of 
the prior art; 

FIG. 31 is a cross-sectional view of a vertical power 
MOSFET according to an embodiment of the invention; 

FIG. 32 is a gate application Voltage-drain current char 
acteristic graph showing the ON resistance of the vertical 
power MOSFET of FIG. 31; 

FIGS. 33 to 41 are illustrations of a production process for 
the vertical power MOSFET of FIG. 31; 

FIGS. 42 to 43 are cross-sectional views illustrating a 
vertical power MOSFET according to another embodiment 
of the invention; 

FIG. 44 is a cross-sectional view showing the structure of 
a Silicon carbide Semiconductor device according to an 
eighth embodiment of the present invention; 

FIG. 45 is a cross-sectional view showing a step in the 
process for producing the Silicon carbide Semiconductor 
device shown in FIG. 44; 

FIGS. 46A-46C are illustrations of the external diffusion 
StepS, 

FIGS. 47A, 47B, 48A and 48B show comparison between 
the case in which an external diffusion is caused and the case 
in which an external diffusion is not caused; 

FIG. 49 is a cross-sectional view showing the structure of 
a silicon carbide Semiconductor device according to a ninth 
embodiment of the present invention; 

FIGS. 50-52 are cross-sectional views showing a process 
for producing the Silicon carbide Semiconductor device 
shown in FIG. 49; 

FIG. 53 is a cross-sectional view showing the structure of 
a Silicon carbide Semiconductor device according to a tenth 
and eleventh embodiments of the present invention; 

FIGS. 54-62 are cross-sectional views showing a process 
for producing the Silicon carbide Semiconductor device 
according to the tenth embodiment of the present invention; 

FIGS. 63-71 are cross-sectional views showing a process 
for producing the Silicon carbide Semiconductor device 
according to eleventh embodiment of the present invention; 
FIG.72 is a cross-sectional view showing the structure of 

a Silicon carbide Semiconductor device according to a 
twelfth embodiment of the present invention; 

FIGS. 73A, 73B and 74–79 are cross-section and plan 
ViewS showing a process for producing the Silicon carbide 
Semiconductor device according to the twelfth embodiment 
of the present invention, FIG. 73A being a plan view; 
FIG.80 is a cross-sectional view showing the structure of 

a Silicon carbide Semiconductor device according to a thir 
teenth embodiment of the present invention; 

FIGS. 81 to 87 are cross-sectional views showing a 
process for producing the Silicon carbide Semiconductor 
device shown in FIG. 81; 

FIG. 88 is a graph showing the anisotropy of thermal 
oxidation of a Silicon carbide Semiconductor material; 

FIG. 89 is a schematic view showing the anisotropy of 
epitaxial growth of a Silicon carbide Semiconductor material; 

FIG. 90 is a cross-sectional view showing the structure of 
a Silicon carbide Semiconductor device according to a four 
teenth embodiment of the present invention; 
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FIG. 91 is a cross-sectional view showing the structure of 
a Silicon carbide Semiconductor device according to a fif 
teenth embodiment of the present invention; 

FIG. 92 is a cross-sectional view showing the structure of 
a Silicon carbide Semiconductor device according to a six 
teenth embodiment of the present invention; 

FIG. 93 is a cross-sectional view showing the structure of 
a Silicon carbide Semiconductor device according to a Sev 
enteenth embodiment of the present invention; and 

FIG. 94 is a cross-sectional view showing the structure of 
a Silicon carbide Semiconductor device according to an 
eighteenth embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

(First Embodiment of the Invention) 
Embodiments of the invention will now be explained with 

reference to the drawings. 
FIG. 1 is a cross-sectional view of an n-channel type 

planar vertical power MOSFET according to this embodi 
ment. This device may be Suitably applied as an inverter or 
an alternator for a vehicle. 

The n" type silicon carbide semiconductor substrate 1 
used is hexagonal Silicon carbide. The n" type Silicon 
carbide Semiconductor Substrate 1 may be cubic crystals. 
Also, the n" type silicon carbide Semiconductor Substrate 1 
has the top side as the main Side 1a and the bottom Side 
opposite the main Side as the back Side 1b. On the main side 
1a of the n" type silicon carbide semiconductor substrate 1 
there is laminated an in type Silicon carbide epitaxial layer 
(hereunder, “n type silicon carbide epi-layer”) 2 having a 
lower dopant concentration than the Substrate 1. 

Here, the top Side of the n" type Silicon carbide Semicon 
ductor Substrate 1 and the n type Semiconductor epi-layer 
is the (0001) Si face or (0001) C face. Alternatively, the top 
Side of the n" type Silicon carbide Semiconductor Substrate 
1 and the n type semiconductor epi-layer may be the (1120) 
a face or (1100) prism plane. Specifically, a low interface 
State density of Silicon carbide/insulator can be obtained if 
the (0001) Si and (1200) a face are used. 
On predetermined regions of the Surface Section of the n 

type Silicon carbide epi-layer there are separately formed a 
p type Silicon carbide base region 3a and ap type Silicon 
carbide base region 3b, to a predetermined depth. Also, on 
a predetermined region of the Surface Section of the p type 
Silicon carbide base region 3a there is formed an n' type 
Source region 4a which is shallower than the base region 3a, 
and on a predetermined region of the Surface Section of the 
p type silicon carbide base region 3b there is formed an in 
type Source region 4b which is shallower than the base 
region 3b. In addition, an in type SiC layer 5 is provided on 
the n type Silicon carbide epi-layer 2 between the n' Source 
region 4a and the n" type Source region 4b and on Surface 
Sections of the p type Silicon carbide base regions 3a, 3b. 
That is, the n type SiC layer 5 is situated so as to connect 
the Source regions 4a, 4b on the Surface Sections of the base 
regions 3a, 3b, and the n type Silicon carbide epi-layer 2. 
This n type SiC layer 5 is formed by epitaxial growth, and 
the crystals of the epitaxial film are 4H, 6H or 3C. The 
epitaxial layer can form different types of crystals irrelevant 
of the underlying substrate if the different epitaxial growth 
conditions are used. During operation of the device it 
functions as a channel forming layer on the device Surface. 
The n type SiC layer 5 will hereunder be referred to as the 
Surface channel epi-layer. 
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8 
Here, the dopant concentration of the Surface channel 

epi-layer 5 is a low concentration of about 1.0E14 cm to 
1.0E16 cm, which is lower than the dopant concentration 
of the n type Silicon carbide epi-layer 2 and p type Silicon 
carbide base regions 3a, 3b. This allows low ON resistance 
to be achieved. 

In addition, grooves 6a, 6b are formed on the Surface of 
the p type Silicon carbide base regions 3a, 3b and n' type 
Source regions 4a, 4b. 
A gate insulating film (silicon oxide film) 7 is formed on 

the top of the Surface channel epi-layer 5 and the n" type 
Source regions 4a, 4b. Also, a poly Silicon gate electrode 8 
is formed on the gate insulating film 7. The poly Silicon gate 
electrode 8 is covered by an insulating film 9. An oxide film 
is used as the insulating film 9. A source electrode 10 is 
formed there over, and the Source electrode 10 contacts with 
the n" type Source regions 4a, 4b and p type Silicon carbide 
base regions 3a, 3b. Also, a drain Silicon carbide layer 11 is 
formed on the back side 1b of the n" type silicon carbide 
Semiconductor Substrate 1. 
A production process for a power planar-type MOSFET is 

illustrated in FIGS. 2-9. 

First, as shown in FIG. 2, an n-type 4-H, 6H or 3C-SiC 
Substrate, i.e. an in type Silicon carbide Semiconductor 
Substrate, is prepared. Here, the thickness of the n" type 
Silicon carbide Semiconductor Substrate is 400 micron, and 
the main surface 1a is the (0001) Si face, (0001) C face, (11 
20) a face or (1100) prism plane. An in type silicon carbide 
epi-layer 2 is epitaxially grown to a thickness of 5-10 
micron on the main Surface 1a of the Substrate 1. In this 
embodiment, the n type Silicon carbide epi-layer 2 gives the 
same crystals as the underlying Substrate (1), for an in type 
4H, 6H or 3C-SiC layer. 

Also, as shown in FIG. 3, an insulating film 20 is situated 
on a predetermined region of the n type Silicon carbide 
epi-layer 2, and this is used as the mask for ion implantation 
of group IIIA impurities i.e., B+ (Boron ions), Al 
(Aluminum ions) or Ga+ (Gallium ions) to form the p type 
Silicon carbide base regions 3a, 3b. The ion implantation 
conditions are a temperature of 700 C. and a dose of 1E14 
cm'. 

After removal of the insulating film 20, as shown in FIG. 
4, an in type Surface channel epi-layer 5 is epitaxially grown 
on the n type Silicon carbide epi-layer 2. AS the growing 
conditions here, SiH, CHs and H are used as the Sources 
gases, and the growing temperature is 1600 C. 

Next, as shown in FIG. 5, an insulating film is situated on 
a predetermined region of the Surface channel epi-layer 5, 
and this is used as the mask for ion implantation of N+ 
(Nitrogen ions) to form n" type Source regions 4a, 4b. The 
ion implantation conditions are a temperature of 700° C. and 
a dose of 1E15 cm°. 

Also, after removal of the insulating film 21, as shown in 
FIG. 6, the photo resist method is used to place an insulating 
film 22 on a predetermined region of the Surface channel 
epi-layer 5, and this is used as a mask for etching of a portion 
of the n" type Source regions 4a, 4b and the p type Silicon 
carbide base regions 3a, 3b by RIE to form grooves 6a, 6b. 
The RIE Source gases used here are CF and O. 

After Subsequent removal of the insulating film 22, as 
shown in FIG. 7, a gate insulating film (gate oxide film) 7 is 
formed by wet oxidation on the Substrate. Here, the atmo 
sphere temperature is 1080 C. 

Then, as shown in FIG. 8, a poly silicon gate electrode 8 
is deposited on the gate insulating film 7 by LPCVD. The 
film forming temperature here is 600 C. 

 
 

Page 50



US 6,573,534 B1 

Next, as shown in FIG. 9, after removal of the undesired 
portions of the gate insulating film 7, an insulating film 9 is 
formed to cover the gate insulating film 7. More specifically, 
the film-forming temperature is 425 C. and annealing is 
performed at 1000 C. after film formation. 

Also, as shown in FIG. 1, the Source electrode 10 and 
drain electrode 11 are created by metal Sputtering at room 
temperature. Annealing is then performed at 1000 C. after 
the film formation. 

This completes the power planar-type MOSFET. 
The function (operation) of the vertical planar power 

MOSFET will now be explained. 
This MOSFET operates in normally OFF accumulation 

mode, So that when no Voltage is being applied to the 
polysilicon gate electrode, the carrier of the Surface channel 
layer 5 is totally depleted by the potential created by the 
difference in the Static potentials of the p type Silicon 
carbide base regions 3a, 3b and Surface channel layer 5, and 
the difference in the work functions of the Surface channel 
layer 5 and the polysilicon gate electrode 8. Applying a 
Voltage to the polysilicon gate electrode 8 changes the 
potential difference produced by the sum of the difference in 
the work functions of the Surface channel epi-layer 5 and the 
polysilicon gate electrode 8, and the externally applied 
Voltage. This allows control of the channel State. 

In other words, if the work function potential of the poly 
silicon gate electrode 8 is defined as the first work function 
potential, the work function potential of the p type Silicon 
carbide base regions 3a, 3b is defined as the second work 
function potential, and the work function potential of the 
surface channel layer 5 is defined as the third work function 
potential, then the first to third work function potentials may 
be adjusted So that the n-type carrier is contained in the 
surface channel epi-layer 5. That is, the first to third work 
function potentials are Set So that the n-type carrier 
(electrons) in the Surface channel epi-layer 5 is depleted 
when the poly Silicon gate potential 8 is at Zero potential 
with respect to the drain region. 

To continue explanation of the operation, a depleted 
region is formed in the Surface channel epi-layer 5 by the 
electric field generated by the p type Silicon carbide base 
regions 3a, 3b and the poly silicon gate electrode 8. When 
a positive bias is Supplied to the poly Silicon gate electrode 
8 in this State, an accumulation mode channel region is 
formed in the Surface channel epi-layer 5, extending from 
the n type Source regions 4a, 4b in the direction of the n 
type drift region 2 so that Switching is effected to the ON 
State, causing the carrier to flow between the Source elec 
trode 10 and the drain electrode 11. 

Here, the electrons flow from the n" type Source regions 
4a, 4b through the surface channel epi-layer 5 and from the 
Surface channel epi-layer 5 to the n type Silicon carbide 
epi-layer 2. Also, upon reaching the n type Silicon carbide 
epi-layer 2 (drift region), the electrons flow vertically to the 
n" type silicon carbide Semiconductor Substrate 1. 

However, the Voltage applied to the gate electrode 8 must 
be at least as high as the predetermined threshold Voltage 
V. This threshold voltage V will now be explained. 

For reference, the threshold voltage V, for an inversion 
mode MOSFET will be explained as the basis for explaining 
the threshold voltage V, for an accumulation mode power 
MOSFET according to this embodiment. 

Threshold voltages V, for inversion mode MOSFETs are 
generally represented by the following equation (1). 
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10 
where 

and Substitution gives the following equation (2). 

In general, the energy band is curved based on the effect 
of the work function difference (electron energy difference) 
(p between the metal and the Semiconductor, the fixed 
charge Q at the interface between the gate oxide film 
(SiO) and the n type layer (hereunder referred to as the 
SiO2/SiC interface), the mobile ions Q, in the oxide film and 
the Surface charge Q at the SiO2/SiC interface. 
Consequently, the threshold voltage V, is the Sum of the 
Voltage which offsets this energy band curvature and the 
Voltage 2p, which begins to form an inversion State, and it 
is represented by equations (1) and (2). Q represents the 
Spatial charge in the gate insulating film (oxide film) 7, and 
C. represents the capacity of the gate insulating film 
(oxide film) 7. 

Considering this as the basis for the accumulation-type 
vertical power MOSFET according to this embodiment, 
Since the energy band of the Surface channel layer 5 is 
curved by the degree of the work function difference V, 
at the PN junction (PN junction built-in voltage) for the p 
type base regions 3a, 3b and the Surface channel layer 5 as 
compared to an inversion mode MOSFET, and no voltage 
2(p, is necessary for an inversion State, the threshold voltage 
V, is therefore represented by the following equation (3). 

Vih-Vuit; +ms (Q,+Q.+Q+Q)/Coxide (3) 

In other words, because the energy band curves due to the 
work function difference V, at the PN junction side of the 
Surface channel layer 5, the work function difference (p, 
between the poly Silicon (metal) and Semiconductor at the 
gate insulating film 7 Side, and the degree of curvature of the 
energy band caused by the oxide film (Q.--Q+Q+Q.)/C, 
application of an offsetting Voltage will flatten the energy 
band and cause current to flow. Therefore, the threshold 
voltage V of the accumulation-type MOSFET of this 
embodiment is represented by equation (3). 

Consequently, according to this embodiment, a Voltage 
greater than the threshold Voltage V, represented by equa 
tion (3) is used as the gate application voltage. 

Incidentally, the operating principle of this device is 
similar to that of a vertical channel JFET (see B. J. Baliga, 
“Modem Power Devices”, Kreiger Press, Malabar, Fla., 
1992). 

This normally OFF accumulation mode device can even 
withstand an avalanche breakdown State. In order to obtain 
a normally OFF-type vertical power MOSFET, it is neces 
sary for it to have a sufficient barrier height so that the 
extended depletion layer in the n type layer does not 
impede the electrical conductance when no gate Voltage is 
being applied. The maximum thickness of the epitaxial 
growth layer 5 used in the normally OFF planar-type MOS 
FET design will depend on the impurity concentration, the 
SiO2 film thickness and the poly Silicon conductivity type 
used for the gate electrode. 

In this construction, to obtain a Sufficient barrier height to 
prevent conduction between the Source and drain, the Sur 
face channel epi-layer 5 thickness can be determined using 
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the equation given below (4). The conditions are represented 
by the expression; 

T = V2s, 7 g. (Np +NA)/ NdNA}. Vit + (4) 

Here, Tepi is the height of the depleted layer diffusing in 
the n type layer, N, is the donor concentrations in the n 
channel region, NA is the acceptor concentration of the p 
base region, V is the built in voltage of the pn junction, 
(p. is the difference in the work function of gate poly-Si 
(metal) and the Semiconductor, Q is the the spatial charge 
in the gate insulating film, Q is the fixed surface charge at 
the SiO2/SiC interface, Q, is the mobile ions in the oxide 
with charge, Q is the charged Surface States at the SiO2/SiC 
interface and C is the the capacity of the gate insulating 
film. 

The first expression on the right side of equation (4) is the 
degree of extension of the depleted layer due to built-in 
voltage V at the PN junction between the Surface channel 
layer 5 and the p type silicon carbide base regions 3a, 3b, 
i.e. the degree of extension of the depletion layer from the 
p type Silicon carbide base regions 3a, 3b to the Surface 
channel layer 5, and the Second expression is the degree of 
extension of the depletion layer due to the charge and (p., 
the is the difference in the work function of gate poly Silicon 
(metal) and the silicon carbide channel layer 5 which 
represent the the degree of extension of the depletion layer 
from the gate insulating film 7 to the Surface channel layer 
5. 

Consequently, if the Sum of the extension of the depletion 
layer from the p type Silicon carbide base regions 3a, 3b 
and the extension of the depletion layer from the gate 
insulating film 7 is made greater than the thickness of the 
surface channel layer 5, the vertical power MOSFET can be 
made as a normally OFF type. 

Therefore, the Surface channel epi-layer 5 must have a 
low thickness (on the Sub-micron order), or it must have a 
low concentration. That is, when considering ease of 
formation, the thickneSS is preferably greater from the 
Standpoint of uniformity, and the concentration is preferably 
higher So as to ensure impurity inclusion in the apparatus. 

Since this normally OFF type vertical power MOSFET 
can be made So that current does not flow even when no 
Voltage can be applied to the gate electrode due to a device 
failure or the like, it is possible to ensure greater Safety than 
with a normally ON type. 

Also, the two-dimensional numerical Simulations were 
carried out to achieve optimization of the element Structure 
parameters, i.e. the thickness and impurity concentration of 
the n type Surface channel epi-layer 5, and the impurity 
concentration of the p type Silicon carbide base regions 3a, 
3b and n type Silicon carbide epi-layer 2, for a device 
breakdown voltage of 1000V. 

FIG. 10 is a graph showing the relationship between 
breakdown Voltage, impurity concentration and the thick 
neSS of the n type Surface channel epi-layer 5. 
Two different doping types were considered for the gate 

poly Silicon electrode 8 in the calculations i.e., one in which 
a p-type impurity is doped and the other one in which an 
n-type impurity is doped. When a p-type impurity is doped 
as the poly Silicon gate electrode 8, the impurity concentra 
tions of the surface epitaxial layer 5 are 1E17 cm, 1E16 
cm and 1E15 cm, and when an n-type impurity is doped 
as the poly Silicon gate electrode 8, the impurity concentra 
tion of the Surface channel epi-layer 5 is 1E16 cm. It can be 
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12 
seen clearly in FIG. 10 that the breakdown voltage depends 
on the thickness of the surface channel epi-layer 5. The 
breakdown voltage thereof also depends on the conductivity 
type of the poly Silicon used for the gate electrode 8, and it 
is understood that if the surface channel epi-layer 5 has the 
Same impurity concentration, the p-type poly Silicon gate 
electrode 8 is Superior to the n-type poly Silicon gate 
electrode 8 (for example, the Surface channel epi-layer 5 
may be made thicker with the same breakdown Voltage and 
impurity concentration). In other words, the breakdown 
Voltage is Superior if it is of the opposite conductivity type 
from the Surface channel epi-layer 5. 

Furthermore, according to this invention by using the n 
type Surface channel epi-layer 5, it is possible to Separately 
control the impurity concentration of the channel region and 
the impurity concentration of the p type Silicon carbide base 
regions 3a, 3b. Consequently, by Separately controlling the 
impurity concentrations of different regions, a power MOS 
FET is obtained with high breakdown voltage, low ON 
resistance and a low threshold Voltage. In other words, 
according to the conventional planar MOSFET as shown in 
FIG. 30, it is impossible to separately control the impurity 
concentrations of the channel and the base region of Second 
conductivity type in order to obtain higher breakdown 
voltage, low ON resistance and a low threshold voltage, but 
this is possible with the device according to this present 
invention. 

FIG. 30 is a cross-sectional view of a silicon carbide 
planar-type MOSFET according to the prior art. In FIG. 30, 
on an in type silicon carbide semiconductor substrate 70 
there is laminated an in type Silicon carbide epitaxial layer 
71, and on the surface section of the n type silicon carbide 
epitaxial layer 71 there are formed a ptype Silicon carbide 
base region 72 and n' type source region 73 by double ion 
implantation. Also, on the n type epitaxial layer 71 there is 
Situated a gate electrode 75 via a gate insulating film 74, and 
the gate electrode 75 is covered with an insulating film 76. 
A Source electrode 77 is situated So as to contact the p type 
Silicon carbide base region 72 and n' type Source region 73, 
while a drain electrode 78 is situated on the back side of the 
n" type silicon carbide semiconductor Substrate 70. 

Regarding the problems of prior art, as the conventional 
MOSFET employs the base region 72 and source region 73 
formed by double ion implantation because the diffusion 
process cannot be applied in SiC. Therefore the SiC/SiO 
interface of channel region formed by oxidation retains the 
crystal damage due to ion implantation, resulting in a high 
interface State density. Also, because of the low quality of 
the ion implantation p type base region 72 which forms the 
inversion mode channel layer, apparently no improvement in 
channel mobility can be expected. In contrast, in the 
embodiment shown in FIG. 1, a pure interface can be 
obtained by forming the channel layer with a high quality 
epitaxial layer 5. 

Also, an SiC layer by ion implantation may also be used 
in place of the surface channel epi-layer 5. That is, while the 
epitaxial layer 5 was formed on the substrate in FIG. 4, 
alternatively as shown in FIG. 11, N-- may be implanted in 
a SiC substrate to forman n-type channel forming SiC layer 
25 in the Substrate Surface section. 

In addition to the construction for the embodiment 
described above, which was explained for application to an 
n-channel vertical MOSFET, the same effect may be 
achieved for p-channel vertical MOSFETs, by Switching the 
p-type and n-type in FIG. 1. 

(Second Embodiment of the Invention) 
A second embodiment will now be explained, with 

emphasis on the differences as compared with the first 
embodiment. 
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FIG. 12 is a cross-sectional view of an n-channel type 
planar-type MOSFET (vertical power MOSFET) according 
to this embodiment. 

In FIG. 12, an in type silicon carbide epi-layer 2 with a 
lower dopant concentration than the Substrate 1 is laminated 
on the main Surface of an in type Silicon carbide Semicon 
ductor Substrate 1. On predetermined regions of the Surface 
Section of this in type Silicon carbide epi-layer 2 there are 
Separately formed a p-type Silicon carbide base region 3a 
and p type Silicon carbide base region 3b having a prede 
termined thickness. Also, on a predetermined region of the 
Surface Section of the p type Silicon carbide base region 3a 
there is formed an in type Source region 4a which is 
shallower than the base region 3a, and on a predetermined 
region of the Surface Section of the p type Silicon carbide 
base region 3b there is formed an in type Source region 4b 
which is shallower than the base region 3b. 

Here, a portion of each of the base regions 3a, 3b is made 
thicker. That is, deep base regions 30a, 30b are formed. The 
impurity concentration at the thickened Sections of the base 
regions 3a, 3b (the deep base regions 30a, 30b) is higher 
than the impurity concentration at the thinner Sections. Also, 
the deep base regions 30a, 30b are formed under the source 
regions 4a, 4b. 

In addition, an in type SiC layer (Surface channel epi 
layer) 5 is provided on the surface section of the n type 
Silicon carbide epi-layer 2 and the Surface Sections of the p 
type silicon carbide base regions 3a, 3b between the n" type 
Source region 4a and n type Source region 4b. The n type 
SiC layer (surface channel epi-layer) 5 is formed by epi 
taxial growth, and it functions as the channel-forming layer 
on the device Surface during operation of the device. 

Here, the Silicon carbide constituting the Semiconductor 
Substrate 1, in type Silicon carbide epi-layer 2, base region 
3a and source regions 4a, 4b is 6H-SiC while that of the 
surface channel epi-layer 5 is 3C-SiC. 

Also, grooves 6a, 6b are formed on the Surface Sections of 
the p type Silicon carbide base regions 3a, 3b and n-type 
Source regions 4a, 4b. 
A gate insulating film (silicon oxide film) 7 is formed on 

top of the Surface channel epi-layer 5 and the n" type Source 
regions 4a, 4b. A poly Silicon gate electrode 8 is also formed 
on the gate insulating film 7, which poly Silicon gate 
electrode 8 is covered with an insulating film 9. A source 
electrode 10 is formed there over, and the Source electrode 
10 contacts with the n" type source regions 4a, 4b and p 
type Silicon carbide base regions 3a, 3b. A drain electrode 
layer 11 is also formed on the back side 1b of the n" type 
Silicon carbide Semiconductor Substrate 1. 
A production process for this power planar-type MOSFET 

will now be explained with reference to FIGS. 13 to 20. 
First, as shown in FIG. 13, an in type 6H-SiC substrate, i.e. 

an in type Silicon carbide Semiconductor Substrate is 
prepared, and an in type Silicon carbide epi-layer 2 is 
epitaxially grown to a thickness of 5-10 micron on the main 
surface 1a of the Substrate 1. In this embodiment, then type 
Silicon carbide epi-layer 2 gives the same crystals as the 
underlying substrate (1), for an n-type 6H-SiC layer. 

Also, as shown in FIG. 14, an insulating film 20 is situated 
on a predetermined region of the n type Silicon carbide 
epi-layer 2, and this is used as the mask for ion implantation 
of group IIIA impurities i.e., B+, Al-- or Ga+ to form the p 
type Silicon carbide base regions 3a, 3b. 

After removal of the insulating film 20, as shown in FIG. 
15, an in type Surface channel epi-layer 5 is epitaxially 
grown on the n type Silicon carbide epi-layer 2 using a 
LPCVD apparatus. AS the growing conditions here, SiH, 
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CHs and H2 are used as the Sources gases, and the SiH/ 
CHs flow ratio is 0.5). The growing temperature is 1300 
C. This procedure gives a 3C-SiC Surface channel epi-layer 
5. That is, a 3C-SiC surface channel epi-layer 5 is obtained 
by reducing the temperature to 1200-1300° C. compared to 
the usual 1600 C., and by forming the film with a higher 
Si/C ratio to enhances the 2-D nucleation instead of layer by 
layer growth. In other words, a 3C-SiC 111 face is formed 
on the {0001} face of the 6H-SiC. 

Next, as shown in FIG. 16, group IIIA impurities i.e., B+, 
Al-- or Ga+ are ion implanted with a mask (insulating film, 
etc.) 31 placed over the Surface channel epi-layer 5, to form 
deep base regions 30a, 30b. 

Also, as shown in FIG. 17, the above mentioned mask 31 
is used for implantation of N+ to form n" type Source regions 
4a, 4b. 

After removal of the mask 31, as shown in FIG. 18, the 
photo resist method is used to place an insulating film 22 on 
a predetermined region of the Surface channel epi-layer 5, 
and this is used as a mask for etching of portions of the n 
type Source regions 4a, 4b and the p type Silicon carbide 
base regions 3a, 3b by RIE to form grooves 6a, 6b. 

After Subsequent removal of the insulating film 22, as 
shown in FIG. 19, a gate insulating film (gate oxide film) 7 
is formed by wet oxidation on the Substrate. A poly Silicon 
gate electrode 8 is then deposited on the gate insulating film 
7 by LPCVD. 

Next, as shown in FIG. 20, after removal of the undesired 
portions of the gate insulating film 7, an insulating film 9 is 
formed to cover the poly Silicon gate electrode 8. Also, as 
shown in FIG. 12, the Source electrode 10 and drain elec 
trode 11 are created by metal Sputtering at room temperature. 
Annealing is then performed at 1000 C. after the film 
formation. 

This completes the power planar-type MOSFET. 
When the power planar-type MOSFET is off, it is in a 

pinch-off state due to depletion by the difference in the work 
functions of the poly Silicon gate electrode 8 and the Surface 
channel epi-layer 5, and the pnjunction between the p type 
Silicon carbide base regions 3a, 3b and the Surface channel 
epi-layer 5. 
On the other hand, by application of a Voltage to the poly 

silicon gate electrode 8, it is Switched ON in accumulation 
mode wherein the carrier accumulates on the Surface chan 
nel epi-layer 5. In the ON state, the electrons flow from the 
n" type Source regions 4a, 4b through the Surface channel 
epi-layer 5 and from the surface channel epi-layer 5 to the 
in type Silicon carbide epi-layer 2, and upon reaching the n 
type Silicon carbide epi-layer 2 (drift region), the electrons 
flow vertically to the n" type silicon carbide semiconductor 
substrate 1 (n" drain). 

According to this embodiment, since 3C-SiC which has 
high mobility as a Surface channel epi-layer 5 is used 
separately from the substrate side SiC, it is possible to vastly 
improve the transistor characteristics (ON resistance) of the 
FET, and particularly to greatly reduce loSS when used as a 
module, due to this reduction in ON resistance. 

In other words, when a Surface channel epi-layer 5 is 
grown on the substrate side SiC with the same crystal 
System/polymorph (for example, when a 6H-SiC epitaxial 
layer is formed on the 6H-SiC substrate and a 4H-SiC 
epitaxial layer is formed on the 4H-SiC substrate), 4H-SiC 
giving favorable characteristics is usually used, but with a 
poor quality 4H-SiC substrate the quality of the epitaxial 
layer will also be impaired. In contrast, by using a Surface 
channel epi-layer 5 with a different crystal system/ 
polymorph than the Substrate Side, it is possible to obtain a 
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SiC Semiconductor Substrate with high characteristics and 
high reliability. 

The combination of different crystal system/polymorph of 
the SiC substrates (1, 2, 3a, 3b, 4a, 4b) and the surface 
channel epi-layer 5 may be a 6H-SiC substrate and 3C-SiC 
epitaxial layer 5 or other various combinations, for 
example, a 6H-SiC substrate and 4H-SiC epitaxial layer 5, 
or a 4H-SiC substrate and 3C-SiC epitaxial layer 5. 

Also, since deep base regions 30a, 30b are formed on the 
base regions 3a, 3b to thicken a portion of the base regions 
3a, 3b, the thickness is lower at the n type silicon carbide 
epi-layer 2 under the deep base regions 30a, 30b (the 
distance is shortened between the n" type Silicon carbide 
Semiconductor Substrate 1 and the deep base regions 30a, 
30b), thus promoting breakdown. In addition, since the 
impurity concentration at the deep base regions 30a, 30b is 
higher than the impurity concentration at the thinner 
Sections, breakdown is further promoted. Furthermore, Since 
the deep base regions 30a, 30b are formed under the source 
regions 4a, 4b, it is possible to make common use of the 
mask 31 as shown in FIGS. 16 and 17. 

Thus, this embodiment has the following features. 
(a) the Silicon carbide constituting the Semiconductor 

Substrate 1, the n Silicon carbide epi-layer 2, the base 
regions 3a, 3b and the Source regions 4a, 4b is 6H, 
while the Silicon carbide of the Surface channel epi 
layer 5 is 3C. That is, the silicon carbide constituting 
the Semiconductor Substrate 1, the n Silicon carbide 
epi-layer 2, the base regions 3a, 3b and the Source 
regions 4a, 4b is hexagonal, while the Silicon carbide of 
the Surface channel epi-layer 5 is cubic. In other words, 
the Silicon carbide constituting the Semiconductor Sub 
Strate 1, the n Silicon carbide epi-layer 2, the base 
regions 3a, 3b and the Source regions 4a, 4b and the 
silicon carbide of the Surface channel epi-layer 5 have 
different crystal System/polymorph. By thus using a 
surface channel epi-layer 5 with a different crystal 
System/polymorph than the Substrate Side, it is possible 
to obtain a SiC semiconductor device with high char 
acteristics and high reliability. 

(b) Since deep base regions 30a, 30b are provided as 
thickened portions of the base regions 3a, 3b, break 
down is facilitated. 

(c) Since the impurity concentration of the deep base 
regions 30a, 30b is higher than the impurity concen 
tration of the thinner sections, breakdown is further 
facilitated. 

(d) Since the deep base regions 30a, 30b (thickened 
Sections of the base regions) are formed under the 
Source regions 4a, 4b, during production the mask 31 
may be used as both the deep base-forming mask and 
the source region forming mask as shown in FIGS. 16 
and 17, and the planar-type MOSFET of FIG. 12 may 
thus be produced without leading to increased produc 
tion costs. 

That is, as shown in FIG. 13, an in type silicon carbide 
epi-layer 2 is formed on the main Surface 1a of the Semi 
conductor Substrate 1, and as shown in FIG. 14, base regions 
3a, 3b of a predetermined depth are formed on predeter 
mined regions of the Surface Section of the n type Silicon 
carbide epi-layer 2. Also, as shown in FIG. 15, a surface 
channel epi-layer 5 is placed on the n type Silicon carbide 
epi-layer 2, as shown in FIG. 16, deep base regions 30a, 30b 
which are deeper than the base regions 3a, 3b are formed on 
predetermined regions of the base regions 3a, 3b, and as 
shown in FIG. 17, the deep base region forming mask 31 is 
used to form Source regions 4a, 4b on predetermined regions 
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of the Surface Sections of the base regions 3a, 3b, to a 
shallower depth than the base regions 3a, 3b. Then, a gate 
electrode 8 is formed on the Surface of the Surface channel 
epi-layer 5 via a gate electrode film 7, and a Source electrode 
10 is formed in contact with the base regions 3a, 3b and 
Source regions 4a, 4b. 

Thus, the deep base region-forming mask 31 is used to 
form the Source regions 4a, 4b, So that it may be used for 
both maskS. 

(Third Embodiment of the Invention) 
A third embodiment of the invention will now be 

explained, with emphasis on its differences with the Second 
embodiment. 

FIG. 21 is a cross-sectional view of an n-channel type 
planar vertical power MOSFET according to this embodi 
ment. 

In FIG. 21, the thickened sections of the base regions 3a, 
3b, i.e. the deep base regions 30c, 30d, are formed at 
locations not overlapping the Source regions 4a, 4b. This 
helps to prevent the device destruction. 
The reason for this will now be explained. 
Breakdown occurs at the deep base regions 30c, 30d, and 

a breakdown current flows between the Source electrode 10 
and drain electrode 11. At Such time, if a Source region is 
present in the path of breakdown current flow, a Voltage drop 
occurs in the Source region, the pnjunction with the p type 
base regions 3a, 3b are order biased, and therefore the npn 
transistor consisting of the n type Silicon carbide epi-layer 
2, the base region 3a (3b) and the source region 4a (4b) 
begins to operate, producing a large current and heating the 
element, which may be undesirable in terms of reliability. 
Consequently, this condition may be avoided by removing 
the Source regions 4a, 4b from the main path of breakdown 
current flow, as according to this embodiment. 

Thus, this embodiment has the following feature. 
Since the thickened sections of the base regions 3a, 3b 

(deep base regions 30c, 30d) are provided at locations not 
overlapping the Source regions 4a, 4b, it is possible to avoid 
destruction. 

(Fourth Embodiment of the Invention) 
A fourth embodiment of the invention will now be 

explained with emphasis on its differences with the first 
embodiment. 

FIG. 22 is a cross-sectional view of an n-channel-type 
planar MOSFET (vertical power MOSFET) according to 
this embodiment. 

In FIG.22, an in type SiC layer 40 extends on the surface 
of the n type Silicon carbide epi-layer 2. That is, the n type 
SiC layer 40 is situated So as to connect the Source regions 
4a, 4b on the Surface Sections of the base regions 3a, 3b, and 
then type silicon carbide epi-layer 2. This n type SiC layer 
40 is formed by epitaxial growth, and the crystals of the 
epitaxial film are 3C. Also, the n type SiC layer 40 
functions as the channel forming layer on the device Surface 
during operation of the device. The n type SiC layer 40 will 
here under be referred to as the Surface channel epi-layer. 

Thus, the Surface channel epi-layer 40 overlaps a portion 
S of each of the Source regions 4a, 4b. More accurately, the 
surface channel epi-layer 40 does not cover the entirety of 
the Source regions 4a, 4b. 
The rest of the construction is the same as FIG. 1 and 

indicated with like reference numerals, and its explanation 
will be omitted. 
A production process for this power planar-type MOSFET 

will now be explained with reference to FIGS. 23 to 27. 
First, as shown in FIG. 23, an in type 6H-SiC substrate, 

i.e. an in type Silicon carbide Semiconductor Substrate is 
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prepared, and an in type Silicon carbide epi-layer 2 is 
epitaxially grown to a thickness of 5-10 micron on the main 
surface 1a of the Substrate 1. In this embodiment, then type 
Silicon carbide epi-layer 2 gives the same crystals as the 
underlying Substrate 1, for an in type 6H-SiC layer. 

Also, as shown in FIG. 24, an insulating film 20 is situated 
on a predetermined region of the n type Silicon carbide 
epi-layer 2, and this is used as the mask for ion implantation 
of group IIIA impurities i.e., B+, Al-- or Ga+ to form the p 
type Silicon carbide base regions 3a, 3b. 

After removal of the insulating film 20, as shown in FIG. 
25, an insulating film 41 is situated on a predetermined 
region of the n type Silicon carbide epi-layer 2, and this is 
used as a mask for ion implantation of N+ to form the n+ 
type Source regions 4a, 4b. 

After removal of the insulating film 41, as shown in FIG. 
26, an in type Surface channel epi-layer 40 is epitaxially 
grown on the n type Silicon carbide epi-layer 2. AS the 
growing conditions here, SiH, CHs and H2 are used as the 
Source gases, and the Si/C ratio is 0.5. The growing 
temperature is 1200° C. This procedure gives a 3C-SiC 
Surface channel epi-layer 40. 

Next, as shown in FIG. 27, the unnecessary surface 
channel epi-layer 40 is removed. Specifically, a mask mate 
rial M of a photoresist material, SiO film, SiN film or the 
like is formed, and the unnecessary Surface channel epi-layer 
40 is removed by dry etching (for example, RIE). If the mask 
material M is an SiN film the surface channel epi-layer 40 
may be thermally oxidized to convert it to an oxide film for 
removal. When the surface channel epi-layer 40 is removed 
by dry etching, the Surfaces of the n' Source region 4a, 4b 
and p silicon carbide base regions 3a, 3b exposed by the 
etching become roughened by the dry etching, but the 
roughened Surfaces can be removed by oxidation. 

Then, as shown in FIG. 22, a gate insulating film (gate 
oxide film)7 is formed. A polysilicon gate electrode 8 is then 
deposited on the gate insulating film 7 by LPCVD. An 
insulating film 9 is then formed to cover the gate insulating 
film 7. Also, a Source electrode 10 and drain electrode 11 are 
created by metal Sputtering at room temperature. Annealing 
is then performed at 1000 C. after the film formation. 

This completes the power planar-type MOSFET. 
When the power planar-type MOSFET is OFF, it is in a 

pinch-off state due to depletion by the difference in the work 
functions of the polysilicon gate electrode 8 and the Surface 
channel epi-layer 40, and the pn junction between the p 
type Silicon carbide base regions 3a, 3b and the Surface 
channel epi-layer 40. 
On the other hand, by application of a Voltage to the 

polysilicon gate electrode 8, it is Switched ON in accumu 
lation mode wherein the carrier accumulates on the Surface 
channel epi-layer 40. In the ON state, the electrons flow 
from the n" type Source regions 4a, 4b through the Surface 
channel epi-layer 40 and from the Surface channel epi-layer 
40 to the n type Silicon carbide epi-layer 2, and upon 
reaching the n type silicon carbide epi-layer 2 (drift region), 
the electrons flow vertically to the n" type silicon carbide 
Semiconductor Substrate 1. 

Here, the contact location S between the Source regions 
4a, 4b and the surface channel epi-layer 40 constitutes the 
contact area, So that greater contact area is achieved with the 
Surface channel epi-layer 40, compared to the construction 
in FIG. 1. 

Thus, this embodiment has the following features. 
(a) Since the Surface channel epi-layer 40 has a construc 

tion which is overlapping a portion of each of the 
Source regions 4a, 4b, it is possible to widen the contact 
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area from the Source regions 4a, 4b to the Surface 
channel epi-layer 40. 

(b) AS the production method in this case, an in type 
Silicon carbide epi-layer 2 is formed on the main 
Surface of the semiconductor Substrate 1 as in FIG. 23, 
base regions 3a, 3b of predetermined depth are formed 
on predetermined regions of the Surface Section of the 
n-type Silicon carbide epi-layer 2 as in FIG. 24, and 
Source regions 4a, 4b of shallower depth than the base 
regions 3a, 3b are formed on predetermined regions of 
the Surface Sections of the base regions 3a, 3b as in 
FIG. 25. Also, the surface channel epi-layer 40 is 
epitaxially grown on the n type Silicon carbide epi 
layer 2 as in FIG. 26, and the unnecessary Surface 
channel epi-layer 40 is removed from the surface 
channel epi-layer 40 left on the portions of the source 
regions 4a, 4b as in FIG. 27. In addition, the gate 
electrode 8 is formed on the Surface of the Surface 
channel epi-layer 40 with the gate insulating film 7 
therebetween as in FIG. 22, while the Source electrode 
10 is formed in contact with the base regions 3a, 3b and 
the Source regions 4a, 4b. The Semiconductor device of 
(a) is thus produced in this manner. 

This embodiment may be applied in the following way. 
As shown in FIG. 28, a section of each of the base regions 

3a, 3b is thickened. That is, deep base regions 50a, 50b are 
formed. The impurity concentration at the thickened Sec 
tions of the base regions 3a, 3b (the deep base regions 50a, 
50b) is higher than the impurity concentration at the thinner 
sections. Also, the deep base regions 50a, 50b are formed 
under the Source regions 4a, 4b. 
The grooves 6a, 6b are also formed in the Source regions 

4a, 4b contacting the Source electrode 10 in the same manner 
as with the first and Second embodiments. This increases the 
contact region with the electrode by the degree of the 
grooves 6a, 6b. 

Alternatively, as shown in FIG. 29, deep base regions 50c, 
50d are formed as sections of greater thickness in the base 
regions 3a, 3b, and these deep base regions 50c, 50d are 
formed at locations not overlapping the Source regions 4a, 
4b. This helps to prevent its destruction. 

Also, the crystal System/polymorph of the Silicon carbide 
constituting the Semiconductor Substrate 1, the n type 
Silicon carbide epi-layer 2, the base regions 3a, 3b and the 
Source regions 4a, 4b may be the same as the crystal 
System/polymorph of the Silicon carbide of the Surface 
channel epi-layer 40. 

(Fifth Embodiment of the Invention) 
FIG. 31 is a cross-sectional view of a normally OFF 

n-channel-type planar vertical power MOSFET according to 
this embodiment of the invention. This device is Suitable for 
application to inverters or alternators for Vehicle. 
The construction of the vertical power MOSFET will now 

be explained with reference to FIG. 31. However, because 
the vertical power MOSFET of this embodiment has gen 
erally the same construction as the MOSFET shown in FIG. 
1, only the distinct aspects will be explained. The aspects of 
the vertical power MOSFET of this embodiment which are 
the same as those of the MOSFET shown in FIG. 1 are 
indicated with like reference numerals. 

In the MOSFET shown in FIG. 1, the Surface channel 
layer 5 is made entirely of an in type layer, but in the vertical 
power MOSFET of this embodiment, the channel region 
section 5a of the surface channel layer is formed of an in 
type layer while the sections 5b other than the channel 
region are formed of an in type layer. 

That is, the surface channel layer 5 is formed so as to 
connect the Source regions 4a, 4b and the n type Silicon 
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carbide epi-layer 2 on the Surface Sections of the p type 
Silicon carbide base regions 3a, 3b and the Surface Section of 
the n type Silicon carbide epi-layer 2, but the Surface 
Sections of the p type Silicon carbide base regions 3a, 3b are 
made of n type layers while the surface section of the n 
type Silicon carbide epi-layer 2 is made of an in type layer. 

Regarding the internal accumulation drift resistance 
R of the Surface channel layer 5, since the sections 5b 
other than the channel region Section 5a of the Surface 
channel layer 5 are formed of an in type layer, the internal 
resistance of those sections 5b is lower than when they are 
formed of an in type layer. Consequently, the sum of the ON 
resistance R is Smaller, allowing the ON resistance R, to 
be reduced. 

The ON resistance R., of a planar vertical power MOS 
FET is determined by the contact resistance R between 
the Source electrode and the n" type Source regions; the 
internal drift resistance R of the n" type Source regions, Solice 

the accumulation channel resistance R in the channel 
region formed in the Surface channel layer, the internal 
accumulation drift resistance R of the Surface channel 
layer; the JFET resistance R of the JFET section; the 
internal drift resistance Rn of the n type silicon carbide 
channel epi-layer; the internal resistance R, of the n" type 
Silicon carbide Semiconductor Substrate; and the contact 
resistance R between the n" type Silicon carbide Semi 
conductor Substrate and the drain electrode. The Sum of 
above Said components constitute the ON resistance. 
Specifically, it is represented by the following equation (1). 

Ron=Rs-cont-Rsource+Rehanner-Race drift-RIFET+Rarift-Rsub-Ra-cont (5) 
FIG. 32 shows a comparison of the drain current-drain 

voltage characteristics of the vertical power MOSFET of 
this embodiment shown in FIG.31 and of one Such as shown 
in FIG. 1 where the sections other than the channel region 
of the surface channel layer 5 are also formed of an in type 
layer. This illustration shows the change in the drain current 
when the gate application Voltage is varied. 
As shown in FIG. 32, when the sections 5b other than the 

channel region of the Surface channel layer 5 are made of an 
n" type layer, the drain current is greater than when the 
Sections 5b other than the channel region are made of an in 
type layer. This is because of the reduced ON resistance R. 
of the vertical power MOSFET. Thus, by making the sec 
tions 5b other than the channel region of the surface channel 
layer 5 with an in type layer, it is possible to further reduce 
the ON resistance R., of the vertical power MOSFET. 

Also, deep base layers 30a, 30b are formed which are 
thickened sections of the base regions 3a, 3b. The deep base 
layers 30a, 30b are formed on sections not overlapping the 
n" type Source region, and the thickened Sections where the 
deep base layers 30a, 30b are formed in the p type silicon 
carbide base regions 3a, 3b have a higher impurity concen 
tration than the thinner Sections on which the deep base 
layers 30a, 30b are not formed. 

With these deep base layers 30a, 30b, the thickness of the 
in type Silicon carbide epi-layer 2 under the deep base layers 
30a, 30b is reduced (the distance between the n" type silicon 
carbide Semiconductor Substrate 1 and the deep base layer 
30a, 30b is shortened) allowing increase in the field intensity 
and facilitating avalanche breakdown. 

Since the deep base layers 30a, 30b are formed on 
Sections not overlapping the n" type Source region, the 
following condition results. 

Avalanche breakdown occurs at the deep base regions 
30a, 30b, and a breakdown current therefore flows between 
the Source electrode 10 and drain electrode 11. At Such time, 
if the path of breakdown current (positive hole current) flow 
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is the p type base regions 3a, 3b sandwiched between the 
Source regions 4a, 4b and the n drift region 2, a Voltage 
drop occurs in the p type source regions 3a, 3b, the PN 
junction between the p type base regions 3a, 3b and the 
Source regions 4a, 4b are order biased, and therefore the 
parasitic NPN transistor consisting of the n type silicon 
carbide epi-layer 2, the base regions 3a, 3b and the Source 
regions 4a, 4b begins to operate, producing a large current. 
The element is thus heated, which may be undesirable in 
terms of reliability. Consequently, this problem may be 
avoided, because the deep base regions 30a, 30b are formed 
on Sections not overlapping the n" type Source region. 
A production process for the vertical power MOSFET 

shown in FIG. 31 will now be explained with reference to 
FIGS. 33 to 41. 

Step shown in FIG. 33) 
First, an n-type 4-H, 6H or 3C-SiC substrate, i.e. ann" type 

Silicon carbide Semiconductor Substrate 1, is prepared. Here, 
the thickness of the n" type Silicon carbide Semiconductor 
Substrate 1 is 400 micron, and the main Surface 1a is the 
(0001) Si face, (0001) C face, (1120) a face or (1100) prism 
face. An in type Silicon carbide epi-layer 2 is epitaxially 
grown to a thickness of 5-10 micron on the main Surface 1 a 
of the Substrate 1. In this embodiment, the n type silicon 
carbide epi-layer 2 gives the same crystals as the underlying 
substrate 1, for an n-type 2H, 4-H, 6H, 15R or 3C-SiC layer. 

Step shown in FIG. 34 
An insulating film 20 is situated on a predetermined 

region of the n type Silicon carbide epi-layer 2, and this is 
used as the mask for ion implantation of group IIIA impu 
rities i.e., B+, Al-- or Ga+ to form the p-type Silicon carbide 
base regions 3a, 3b. The ion implantation conditions are a 
temperature of 700° C. and a douse of 1E14 cm°. 

Step shown in FIG. 35 
After removal of the insulating film 20, ion implantation 

of N+ is effected from the top of the substrate 1 to form a 
Surface channel layer 5 on the Surface Section of the n type 
Silicon carbide epi-layer 2 and the Surface Sections (Surface 
layer portions) of the p type Silicon carbide base regions 3a, 
3b. The ion implantation conditions are a temperature of 
700° C. and a dose of 1E12 cmf. Thus, the surface channel 
layer 5 is compensated on the Surface Sections of the p type 
base regions 3a, 3b, being formed there as an in type layer 
with a low n-type impurity concentration, and is formed as 
an n' type layer with a high n-type impurity concentration 
on the Surface Section of the n type Silicon carbide epi-layer 
2. 

In this embodiment the surface channel is produced with 
ion implantation in Silicon carbide because when the pro 
duction is accomplished using Silicon, it becomes difficult to 
control the degree of thermal diffusion of the impurity in the 
Surface channel layer 5, thus complicating efforts to produce 
a normally OFF-type MOSFET with the same structure 
described above. Consequently, by using SiC as according to 
this embodiment, it is possible to produce a vertical power 
MOSFET with more precision than by using silicon. 

In addition, in order to obtain a normally OFF-type 
vertical power MOSFET it is necessary to set the thickness 
of the surface channel layer 5 so that it satisfies the condition 
of equation (5) mentioned above; however, because the 
V is low when Silicon is used, it becomes necessary to 
form the surface channel layer 5 with a low thickness and 
with a low impurity concentration, making it difficult to 
control the degree of Scattering of the impurity ions, and this 
greatly complicateS production. Yet, when SiC is used the 
V is about 3 times higher than with Silicon, allowing 
formation of a thick n type layer and a high impurity 
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concentration, and it therefore becomes easier to produce a 
normally OFF accumulation-type MOSFET. 

Step shown in FIG. 36 
An insulating film 21 is situated on a predetermined 

region of the Surface channel layer 5, and this is used as the 
mask for ion implantation of N+ to form the n" type source 
regions 4a, 4b. The ion implantation conditions are a tem 
perature of 700° C. and a douse of 1E15 cm°. 

Step shown in FIG. 37) 
After removal of the insulating film 21, the photoresist 

method is used to place an insulating film 22 on a prede 
termined region of the Surface channel layer 5, and this is 
used as a mask for partial etching removal of the Surface 
channel layer 5 on the p type Silicon carbide base regions 
3a, 3b by RIE. 

Step shown in FIG. 38 
Also, the insulating film 22 is used as a mask for B+ ion 

implantation to form deep base layers 30a, 30b. This creates 
thicker Sections on the base regions 3a, 3b. The deep base 
layers 30a, 30b are formed on sections not overlapping the 
n" type Source regions 4a, 4b, and the thickened Sections 
where the deep base layers 30a, 30b are formed in the p 
type Silicon carbide base regions 3a, 3b have a higher 
impurity concentration than the thinner Sections on which 
the deep base layers 30a, 30b are not formed. 

Step shown in FIG. 39 
After removal of the insulating film 22, a gate insulating 

film (gate oxide film) 7 is formed by wet oxidation on the 
substrate. Here, the atmosphere temperature is 1080 C. 

Then, a polysilicon gate electrode 8 is accumulated on the 
gate insulating film 7 by LPCVD. The film forming tem 
perature here is 600 C. 

Step shown in FIG. 40 
Next, after removal of the undesired portions of the gate 

insulating film 7, an insulating film 9 is formed to cover the 
gate insulating film 7. More Specifically, the film-forming 
temperature is 425 C. and annealing is performed at 1000 
C. after film formation. 

Step shown in FIG. 41 
Also, a Source electrode 10 and drain electrode 11 are 

created by metal Sputtering at room temperature. Annealing 
is then performed at 1000 C. after the film formation. 

According to this embodiment when power device is OFF, 
it is in a pinch-off state due to depletion by the difference in 
the work functions of the polysilicon gate electrode 8 and the 
surface channel layer 5a, 5b and the pnjunction between the 
p type Silicon carbide base regions 3a, 3b and the Surface 
channel layer 5a, 5b. On the other hand, by application of a 
voltage to the polysilicon gate electrode 8, it is Switched ON 
in accumulation mode wherein the carrier accumulates on 
the surface channel layer 5a. In the ON state, the electrons 
flow from the n+ type Source regions 4a, 4b through the n 
type Surface channel layer 5a and from the n+ type Surface 
channel layer 5b to the n type Silicon carbide epi-layer 2, 
and upon reaching the n type Silicon carbide epi-layer 2 
(drift region), the electrons flow vertically to the n" type 
Silicon carbide Semiconductor Substrate 1. 

Also, as shown in FIG. 31, the p type silicon carbide base 
regions 3a, 3b are in contact with the source electrode 10 and 
thus grounded. Consequently, the built-in voltage V, at 
the PN junction between the surface channel layer 5 and the 
p type Silicon carbide base regions 3a, 3b can be utilized to 
bring the surface channel layer 5 to a pinch-off state. For 
example, when the p type Silicon carbide base regions 3a, 
3b are not grounded and are in a floating State, the depleted 
layer cannot be extended from the p type Silicon carbide 
base regions 3a, 3b by utilizing the built-in voltage V, 
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and therefore the contact between the p type Silicon carbide 
base regions 3a, 3b and the source electrode 10 may be 
considered an effective structure for bringing the Surface 
channel layer 5 to a pinch-off State. According to this 
embodiment, the p type Silicon carbide base regions 3a, 3b 
are formed with a low impurity concentration, but the 
built-in voltage V can be utilized even more with a high 
impurity concentration. 

This completes the vertical power MOSFET shown in 
FIG. 31. 

This embodiment has the following features. 
Since by making the impurity concentration of the Section 

of the Surface channel layer situated on the Surface Section 
of the epitaxial layer to be higher than that of the epitaxial 
layer, it is possible to lower the resistance of the Sections of 
the Surface channel layer other than the channel region 
(accumulation-drift resistance of channel layer), thus low 
ering the ON resistance of the MOSFET. This allows an 
even lower ON resistance to be achieved for the MOSFET. 

(Sixth Embodiment of the Invention) 
In the previous embodiment, the surface channel layer 5 

is formed by direction implantation into the Surface Section 
of the n type Silicon carbide epi-layer 2 and the Surface 
Sections (Surface layers) of the p type Silicon carbide base 
regions 3a, 3b, but as shown in FIG. 42, an in type surface 
channel layer 5 is epitaxially grown over them, after which 
the n-type impurity concentration at the Sections other than 
the channel region of the Surface channel layer 5 may be 
Selectively raised by a photo Step and ion implantation. 
However, because this procedure increases the number of 
production steps, it is preferred for vertical power MOSFETs 
to be produced by the method of the previous embodiment. 

(Seventh Embodiment of the Invention) 
Also, as shown in FIG. 43, after formation of the n" type 

Source regions 4a, 4b, when a Surface channel layer 40 is 
epitaxially grown on the Surfaces of the n" type Source 
regions 4a, 4b or the p type Silicon carbide base regions 3a, 
3b and n type Silicon carbide epi-layer 2, the Sections other 
than the channel region may be formed as an in type layer. 
However, in this case as well, Since the number of produc 
tion Steps must be increased by epitaxial growth of the 
Surface channel layer followed by ion implantation as in the 
case shown in FIG. 42, the process according to the previous 
embodiment is more effective. 

(Eighth Embodiment) 
In the MOSFET shown in FIG. 31, an n-type impurity is 

ion implanted into the p type Silicon carbide base regions 
3a, 3b, the p-type impurity in the p type Silicon carbide base 
regions 3a, 3b is compensated by a corresponding amount of 
n-type impurity (in the case of a low activation rate, 
however, the doping amount is increased), and ion implan 
tation of the n-type impurity is continued until the desired 
carrier concentration is reached, to form a Surface channel 
layer 5a. The surface channel layer 5a therefore contains 
large amounts of neutral impurities in addition to the n-type 
impurity carrier. 

Thus, the problem of reduced carrier mobility was found 
to occur because large amounts of neutral impurities are 
included in the Surface channel layer 5 which functions as 
the channel region. 

Furthermore, a greater amount of the p-type impurity 
means a greater amount of ion implantation of the n-type 
impurity is required to compensate for the p-type impurity. 
Thus, ion-implantation defects are increased, leading to the 
problems of possible leaking and lower “blocking Voltage'. 

These problems are not limited to the planar-type MOS 
FET shown in FIG. 31, as the same can be said for all 
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Semiconductor devices which invert conductivity types to 
form channel regions by ion implantation in Semiconductors 
containing impurities of different conductivity types. 

This embodiment was carried out in light of these 
considerations, and its first object is to provide a Silicon 
carbide Semiconductor with Satisfactory carrier mobility 
even when the channel regions are formed by ion implan 
tation and which can prevent leaks from defects due to ion 
implantation, as well as proceSS for its production. 

It is a Second object to provide a Semiconductor Substrate 
Suited for fewer neutral impurities in channel regions even 
in cases where the channel regions are formed by ion 
implantation. 

This eighth embodiment is characterized in that an impu 
rity of a first conductivity type is ion implanted into the 
Surface Section of Semiconductor layers (3a, 3b) of a second 
conductivity type, with a Surface channel layer (5) formed in 
Such a manner as to connect the Source regions (4a, 4b) with 
the drain layer (2), in Such a manner that the concentration 
of the impurity of the Second conductivity type lying in the 
Surface channel layer is lower than the concentration of the 
impurity of the Second conductivity type lying in the regions 
of the semiconductor layers (3a, 3b) situated below the 
Surface channel layer. 

If the concentration of the impurity of the Second con 
ductivity type lying in the Surface channel layer is thus lower 
than the concentration of the impurity of the Second con 
ductivity type lying in the regions of the Semiconductor 
layerS Situated below the Surface channel layer, that is if the 
concentration of the impurity of the Second conductivity 
type in the Semiconductor layers at the Sections forming the 
Surface channel layer is lower than in the other Sections of 
the Semiconductor layers, then it is possible to reduce the 
neutral impurities formed by ion implantation. Since the 
amount of ion implantation is reduced, crystallization 
defects in the Surface channel layer are also reduced. This 
allows the carrier mobility to be improved even when a 
Surface channel layer is formed by ion implantation. 

It preferably has a channel layer of the Second conduc 
tivity type formed by ion implantation of an impurity of the 
Second conductivity type in the Surface layer Section of the 
Semiconductor layers, Such that the concentration of the 
impurity of the first conductivity type lying in the channel 
layer is lower than the concentration of the impurity of the 
first conductivity type lying in the regions of the Semicon 
ductor layerS Situated below the channel layer. 

Furthermore, in Silicon carbide Semiconductor devices 
wherein the impurity of the Second conductivity type is ion 
implanted into the Surface Section of the Semiconductor 
layers of the first conductivity type made of Silicon carbide 
for inversion to make a channel region in the Sections in 
which the impurity of the Second conductivity type has been 
implanted, the concentration of the impurity of the first 
conductivity type lying in the channel region may be lower 
than the concentration of the impurity of the first conduc 
tivity type lying in the Sections of the Semiconductor layers 
Situated below the channel region. 

If the concentration of the impurity of the Second con 
ductivity type in the Semiconductor layers (3a, 3b) is high, 
conversion to the first conductivity type will require offset 
ting the impurity of the Second conductivity type by intro 
duction of a high concentration of impurity of the first 
conductivity type, and when it is Subsequently attempted to 
introduce the impurity of the first conductivity type at the 
desired concentration, that desired concentration will Some 
times fall within the region of error for the concentration of 
the impurity of the first conductivity type introduced to 
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24 
offset the impurity of the Second conductivity type, and as a 
result it will be difficult to achieve the desired impurity 
concentration of the first conductivity type. In other words, 
the controllability will be reduced. For example, if the 
region where the p-type impurity concentration is 10"/cm 
is to be brought to an n-type impurity concentration of 
10"/cm, when the n-type impurity is introduced at 10"/ 
cm to offset the p-type impurity an error on the order of 
10"/cm can easily occur, so that when it is attempted to 
realize a final n-type impurity concentration on the order of 
10'/cm, the desired concentration falls within the range of 
error for the offsetting impurity concentration, making it 
difficult to achieve high control of the n-type impurity 
concentration. 

Here, if the impurity concentration of the Second conduc 
tivity type in the Surface Sections (channel layer-forming 
regions) of the Semiconductor layers (3a, 3b) is made lower 
than the sections of the semiconductor layers (3a, 3b) which 
are further inward, then upon conversion to the first con 
ductivity type region it will be possible to achieve the 
desired impurity concentration of the first conductivity type 
with a high degree of control, even when the desired 
impurity concentration of the first conductivity type is low. 
The process used to fabricate a Semiconductor device 

Such as described above is characterized by comprising an 
outward diffusion step whereby the impurity of the second 
conductivity type lying in the Surface Sections of the Semi 
conductor layers (3a, 3b) is diffused out from the semicon 
ductor layers, a step of ion implantation into the Surface 
Sections of the Semiconductor layers to form a Surface 
channel layer (5) made of a channel region, and a step of 
forming on prescribed regions of the Surface layer Sections 
of the semiconductor layers Source regions (4a, 4b) of the 
first conductivity type which contact with the Surface chan 
nel layer and are shallower than the depth of the Semicon 
ductor layers. 

Thus, after diffusion of the impurity of the second con 
ductivity type lying in the Surface layer Sections of the 
Semiconductor layers outward from the Semiconductor 
layers, ion implantation is used to form a Surface channel 
layer, which allows formation of the Surface channel layer 
after having minimized the impurity of the Second conduc 
tivity type which will be offset, and therefore the neutral 
impurities in the Surface channel layer can be reduced while 
the amount of ion implantation can also be reduced. This 
allows improvement in the carrier mobility in the Surface 
channel layer and results in fewer crystal defects in the 
Surface channel layer. 

It also comprises an outward diffusion Step whereby the 
impurity of the first conductivity type lying in the Surface 
Sections of the Semiconductor layerS is diffused out from the 
Semiconductor layers, and a step of ion implantation into the 
Surface Sections of the Semiconductor layers to form a 
channel layer of the Second conductivity type. 

It may also have an outward diffusion step whereby the 
impurity of the first conductivity type lying in the Surface 
Sections of the Semiconductor layer is diffused out from the 
Semiconductor layers, and the ion implantation for forma 
tion of the channel region is carried out after the diffusion 
Step. 

Thus, the ion implantation Step for formation of the 
channel region may be carried out after the outward diffu 
Sion Step. 
The outward diffusion step can also be accomplished by 

forming diffusion films on the Semiconductor layerS and 
diffusing the impurity into the diffusion films. Specifically, 
Silicon oxide may be used as the diffusion film material. 
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The outward diffusion step can also be accomplished by 
heat treatment in a reduced pressure atmosphere for diffu 
Sion of the impurity in the atmosphere. 

It may also have a Semiconductor layer of the first 
conductivity type, with the impurity of the first conductivity 
type in the Surface layer Sections of the Semiconductor layer 
diffused out from the Semiconductor layer So that the con 
centration of the impurity of the first conductivity type lying 
in the Surface Sections is lower than the concentration of the 
impurity of the first conductivity type lying inward from the 
Surface Sections of the Semiconductor layer. 

Thus, a Silicon carbide Semiconductor Substrate is utilized 
which has a lower concentration of the impurity of the first 
conductivity type in the Surface Sections of the Semiconduc 
tor layer than the concentration in the inner Sections, and by 
making as the channel regions the parts of the Surface layer 
Sections of the Semiconductor layer which have a low 
concentration, it is possible to achieve Satisfactory carrier 
mobility in the channel region while also reducing crystal 
defects by ion implantation. 

The concentration of the impurity of the first conductivity 
type may also decrease in a linear relationship with respect 
to the depth from the surface of the semiconductor layer. The 
“channel mobility' can thus be increased by creating a linear 
relationship between the depth from the surface of the 
Semiconductor layer and the concentration of the impurity of 
the first conductivity type. In order to create Such a 
relationship, high-temperature and prolonged heat treatment 
may be carried out after forming the outward diffusion films 
(for example, Silicon oxide or Silicon nitride) on the Surface 
of the Semiconductor layer. 

In order to convert this relationship into a relationship 
according to an error function, the outward diffusion may be 
accomplished by heat treatment at low temperature for a 
short time, and for a relationship according to a logarithmic 
function, the outward diffusion may be accomplished by 
heat treatment at high temperature for a long time. 

This embodiment will now be explained with reference to 
the drawings. 

FIG. 44 shows a cross-section of a normally off-type n 
channel type planar MOSFET (vertical power MOSFET) 
according to this embodiment. This device can be Suitably 
used for inverters or vehicle alternator rectifiers. 

The structure of the vertical power MOSFET will now be 
explained based on FIG. 44. Since the vertical MOSFET of 
this embodiment has roughly the same Structure as the 
aforementioned MOSFET of the fifth embodiment shown in 
FIG. 31, only the different parts will be discussed. The parts 
of the vertical power MOSFET of this embodiment which 
correspond to those of the MOSFET shown in FIG. 31 are 
indicated by like reference numerals. 

In the MOSFET shown in FIG. 31, the channel region is 
constructed of a Surface channel layer 5a including a large 
amount of neutral impurities, but in the vertical power 
MOSFET of this embodiment as shown in FIG. 44, the 
channel region is constructed of a Surface channel layer 5a 
with a relatively low amount of neutral impurities. 

Because of fewer neutral impurities inside the Surface 
channel layer 5a, it is possible to improve the carrier 
mobility in the surface channel layer 5a. 
The steps for producing the vertical power MOSFET with 

this construction as shown in FIG. 44 will now be explained 
with reference to FIGS. 33–40 and FIGS. 45, 46A-46C. 

Step shown in FIG. 33) 
First, an n-type 4H, 6H or 3C-SiC substrate, i.e. ann" type 

Silicon carbide Semiconductor Substrate 1 is prepared. The 
n" type silicon carbide Semiconductor Substrate 1 is doped 
with an n-type impurity to a high concentration of 1x10' 
cm. 

26 
Here, the n" type Silicon carbide Semiconductor Substrate 

1 has a thickness of 400 tim, and the main Surface 1a is the 
(0001) Si face, or (1120) a-face. An in type silicon carbide 
epi-layer 2 is formed by epitaxial growth to a thickness of 5 

5 um on the main Surface 1a of the Substrate 1. In this 

15 

25 

35 

40 

45 

50 

55 

60 

65 

example, the n type Silicon carbide epi-layer 2 is obtained 
in the form of crystals Similar to those of the underlying 
substrate 1, and becomes the n-type 4-H, 6H or 3C-SiC layer. 

Step shown in FIG. 34 
An LTO film 20 is situated on a predetermined region of 

the n type Silicon carbide epi-layer 2, and this is used as the 
mask for ion implantation of B" (or aluminum) to form the 
p type Silicon carbide base regions 3a, 3b. The ion implan 
tation conditions are a temperature of 700° C. and a dose of 
1x10'cmf, for a p-type impurity concentration of 1x10' 
cm in the p type silicon carbide base regions 3a, 3b. 
Creation of Such a high concentration allows punch through 
prevention in the p type Silicon carbide base regions 3a, 3b 
while also facilitating depletion of the Surface channel layer 
5 

Step shown in FIG. 45) 
After removal of the LTO film 20, heat treatment is 

carried out to form a silicon oxide (SiO2) film 30 on the n 
type Silicon carbide epi-layer 2 including the Sections over 
the p type Silicon carbide base regions 3a, 3b. Heat treat 
ment is continued for outward diffusion (hereunder referred 
to as outward diffusion Step). Specifically, the heat treatment 
is at 1300° C. for 0.5 hour. 

Because the silicon oxide film 30 is formed on the p type 
Silicon carbide base regions 3a, 3b creating relatively lower 
diffusion resistance, this heat treatment causes the impurities 
lying in the Surface Sections of the p type Silicon carbide 
base regions 3a, 3b to diffuse out into the silicon oxide film 
30, 

This outward diffusion step will now be explained using 
a case where Silicon oxide 32 is formed as a film on a p-type 
semiconductor Substrate 31. FIGS. 46A-46C illustrate an 
outward diffusion step where silicon oxide 32 has been 
formed as a film on a p-type Semiconductor Substrate 31. 
FIGS. 46A-46C include not only the outward diffusion step 
shown in FIG. 46C but also an additional step of ion 
implantation of an n-type impurity, described hereunder, to 
form the channel region as shown in FIG. 35, and this 
explanation will include the ion implantation Step. 
Specifically, FIG. 46A shows the state during the outward 
diffusion step, FIG. 46B shows the state after the outward 
diffusion step, and FIG. 46C shows the state of the ion 
implantation Step after the outward diffusion Step. 
As shown in FIG. 46A, prior to the outward diffusion step 

the p-type impurity 33, Such as boron, is essentially uni 
formly present from the Surface of the p-type Semiconductor 
substrate 31 to its interior. As shown by the arrows, the 
outward diffusion step causes outward diffusion of the 
p-type impurity 33 lying at the Surface Side of the p-type 
semiconductor Substrate 31 into the silicon oxide film 32. 

Also, as shown in FIG. 46B, the p-type impurity 33 is 
reduced at the Surface Side of the p-type Semiconductor 
Substrate 31 after the outward diffusion Step, causing the 
p-type impurity 33 which was lying at the Surface Side of the 
p-type semiconductor substrate 31 to become shifted into the 
silicon oxide film 32. 

Afterwards, a fluoric acid-containing aqueous Solution is 
used as the etching Solution to remove the Silicon oxide 32, 
and as shown in FIG. 46C, ion implantation of an n-type 
impurity 34 forms an n-type semiconductor layer 35 on the 
surface of the p-type semiconductor substrate 37. 

FIGS. 47A and 47B show the results of determining the 
impurity concentration in the p-type Semiconductor Sub 
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strate 36 on which the n-type semiconductor layer 37 has 
been formed, for a case where an outward diffusion Step is 
carried out. FIGS. 48A and 48B show the results of deter 
mining the impurity concentration in the p-type Semicon 
ductor substrate 36' on which the n-type semiconductor layer 
37" has been formed, for a case where no outward diffusion 
step is carried out. The vertical axes in FIGS. 47B and 48B 
indicate depth while the horizontal axes indicate the impu 
rity concentration, the depth on the Vertical axis correspond 
ing to the depth from the Surface of the p-type Semiconduc 
tor Substrates 36, 36' shown at left in the illustrations. 
As shown in FIGS. 47A and 47B, the p-type impurity 

concentration in the n-type Semiconductor layer 36 is low 
when the outward diffusion Step has been carried out, and it 
will be understood that even with addition of the n-type 
impurity the total impurity concentration, as a Sum of the 
p-type impurity concentration and the n-type impurity 
concentration, is low. 

However, when no outward diffusion step has been car 
ried out, as shown in FIGS. 48A and 48B, the p-type 
impurity concentration at the Surface Side of the n-type 
semiconductor layer 36 is not lower, and it will be under 
stood that when the n-type impurity is added the total 
impurity concentration, as a Sum of the p-type impurity 
concentration and the n-type impurity concentration, is 
greatly increased as a result. 
AS is clear from these results, by reducing the amount of 

the p-type impurity lying in the Surface Sections of the p-type 
silicon carbide base regions 3a, 3b through the outward 
diffusion Step, it is possible to reduce the amount of neutral 
impurities introduced by ion implantation of the n-type 
impurity. 

Furthermore, because of the lower ion implanted amount 
of the n-type impurity required to compensate for the p-type 
impurity, it is also possible to reduce crystal defects due to 
the ion implantation. 

Step shown in FIG. 35 
After removal of the silicon oxide film 30, the n-type 

impurity is ion implanted in the manner described above. 
Specifically, ion implantation of N is effected from the top 
of the substrate 1 to form a surface channel layer 5 on the 
Surface Sections (Surface layer portions) of the p type 
silicon carbide base regions 3a, 3b, while ann" type layer 5b 
is formed to a thickness of about 0.3 um on the Surface layer 
portion of the n type Silicon carbide epi-layer 2. The ion 
implantation conditions are a temperature of 700° C. and a 
douse of 1x10' to 1x10 cm’. 
AS mentioned above, the Surface Sections (Surface layer 

portions) of the p type silicon carbide base regions 3a, 3b 
have a reduced amount of the p-type impurity due to the 
outward diffusion Step, and therefore the Surface channel 
layer 5a is formed with few neutral impurities. It is thus 
possible to improve the carrier mobility of the surface 
channel layer 5a. 

Furthermore, because of the lower amount of the n-type 
impurity which must be ion implanted to compensate for the 
p-type impurity in the p type Silicon carbide base regions 
3a, 3b, it is possible to reduce crystal defects due to the ion 
implantation. Leak current due to crystal defects can there 
fore be prevented. 

Also, in order to obtain a normally OFF-type vertical 
power MOSFET, the thickness (film thickness) of the Sur 
face channel layer 5a is determined based on the equation 
given below. In order to obtain a normally OFF-type vertical 
power MOSFET, it is necessary for it to have a sufficient 
barrier height So that the extended depletion layer in the n 
type layer does not impede the electrical conductance when 
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no gate Voltage is being applied. The conditions are repre 
Sented by the following equation. 

T = V2s, 7 g. (Np +NA)/ NdNA}. Vit + (4) 

Here, T is the thickness of the extended depletion layer 
in the n type layer. 
The first expression on the right side of equation (4) is the 

degree of extension of the depletion layer due to built-in 
Voltage V at the PN junction between the Surface channel 
layer 5a and the p type Silicon carbide base regions 3a, 3b, 
i.e. the degree of extension of the depletion layer from the 
p type Silicon carbide base regions 3a, 3b to the Surface 
channel layer 5a, and the Second expression is the degree of 
extension of the depletion layer due to the charge and p, of 
the gate insulating film 7, that is, the degree of extension of 
the depletion layer from the gate insulating film 7 to the 
Surface channel layer 5a. Consequently, if the Sum of the 
extension of the depletion layer from the p type Silicon 
carbide base regions 3a, 3b and the extension of the deple 
tion layer from the gate insulating film 7 is made greater than 
the thickness of the surface channel layer 5a, the vertical 
power MOSFET can be made as a normally OFF type, and 
therefore the surface channel layer 5a is formed under ion 
implantation conditions which meet Such a condition. 

Since this normally OFF type vertical power MOSFET 
can be made So that current does not flow even when no 
Voltage can be applied to the gate electrode due to a device 
failure or the like, it is possible to ensure greater Safety than 
with a normally ON type. 

Also, as shown in FIG. 44, the p type Silicon carbide base 
regions 3a, 3b are in contact with the source electrode 10 and 
thus grounded. Consequently, the built-in voltage V" at 
the PN junction between the surface channel layer 5a and the 
p type Silicon carbide base regions 3a, 3b can be utilized to 
bring the Surface channel layer 5a to a pinch-off State. For 
example, when the p type Silicon carbide base regions 3a, 
3b are not grounded and are in a floating State, the depletion 
layer cannot be extended from the p type Silicon carbide 
base regions 3a, 3b by utilizing the built-in voltage V, 
and therefore the contact between the p type Silicon carbide 
base regions 3a, 3b and the source electrode 10 may be 
considered an effective structure for bringing the Surface 
channel layer 5 to a pinch-off State. According to this 
embodiment, the p type Silicon carbide base regions 3a, 3b 
are formed with a low impurity concentration, but the 
built-in voltage V can be utilized even more with a high 
impurity concentration. 

Furthermore, in this embodiment the vertical power 
MOSFET is produced with silicon carbide, because when 
the production is accomplished using Silicon it becomes 
difficult to control the degree of thermal diffusion during 
formation of the impurity layers of the p type Silicon 
carbide base regions 3a, 3b and the Surface channel layer 5a, 
etc., thus complicating efforts to produce a normally OFF 
type MOSFET with the same structure described above. 
Consequently, by using SiC as according to this 
embodiment, it is possible to produce a vertical power 
MOSFET with more precision than by using silicon. 

In addition, in order to obtain a normally OFF-type 
vertical power MOSFET it is necessary to set the thickness 
of the surface channel layer 5a so that it satisfies the 
condition of equation (4) above; however, because the V, 
is low when Silicon is used, it becomes necessary to form the 
surface channel layer 5a with a low thickness and with a low 
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impurity concentration, making it difficult to control the 
degree of diffusion of the impurity ions, and this greatly 
complicateS production. Yet, when SiC is used the V, is 
about 3 times higher than with Silicon, allowing formation of 
a thick n type layer and a high impurity concentration, and 
it therefore becomes easier to produce a normally OFF 
accumulation-type MOSFET. 

Step shown in FIG. 36 
An LTO film 21 is situated on a predetermined region of 

the Surface channel layer 5a, and this is used as the mask for 
ion implantation of N' to form the n" type Source regions 4a, 
4b. The ion implantation conditions are a temperature of 
700° C. and a douse of 1x10' to 1x14 cm°. 

Step shown in FIG. 37) 
After removal of the LTO film 21, the photoresist method 

is used to place an LTO film 22 on a predetermined region 
of the Surface channel layer 5a, and this is used as a mask 
for partial etching removal of the Surface channel layer 5a on 
the p type silicon carbide base regions 3a, 3b by RIE. 

Step shown in FIG. 38 
Also, the LTO film 22 is used as a mask for B" ion 

implantation to form deep base layers 30a, 30b. This creates 
thicker Sections on the base regions 3a, 3b. The deep base 
layers 30a, 30b are formed on sections not overlapping the 
n" type Source regions 4a, 4b, and the thickened Sections 
where the deep base layers 30a, 30b are formed in the p 
type Silicon carbide base regions 3a, 3b have a higher 
impurity concentration than the thinner Sections on which 
the deep base layers 30a, 30b are not formed. 

Step shown in FIG. 39 
After removal of the LTO film 22, a gate insulating film 

(gate oxide film) 7 is formed by wet oxidation on the 
Substrate. Here, the atmosphere temperature is 1080 C. 
A polysilicon gate electrode 8 is then accumulated on the 

gate insulating film 7 by LPCVD. The film forming tem 
perature here is 600 C. 

Step shown in FIG. 40 
Next, after removal of the undesired portions of the gate 

insulating film 7, an LTO insulating film 9 is formed to cover 
the gate insulating film 7. More specifically, the film 
forming temperature is 425 C. and annealing is performed 
at 1000 C. after film formation. 

Following this, a source electrode 10 and drain electrode 
11 are created by metal Sputtering at room temperature. 
Annealing is then performed at 1000 C. after the film 
formation, thus completing the vertical power MOSFET 
shown in FIG. 44. 
The function (operation) of the vertical power MOSFET 

will now be explained. 
This MOSFET operates in normally OFF accumulation 

mode, So that when no Voltage is being applied to the 
polysilicon gate electrode, the carrier of the Surface channel 
layer 5a is totally depleted by the potential created by the 
difference in the Static potentials of the p type Silicon 
carbide base regions 3a, 3b and Surface channel layer 5a, 
and the difference in the work functions of the Surface 
channel layer 5a and the polysilicon gate electrode 8. 
Applying a Voltage to the polysilicon gate electrode 8 
changes the potential difference produced by the Sum of the 
difference in the work functions of the Surface channel 
epi-layer 5 and the polysilicon gate electrode 8, and the 
externally applied Voltage. This allows control of the chan 
nel State. 

In other words, if the work function potential of the 
polysilicon gate electrode 8 is defined as the first work 
function potential, the work function potential of the p type 
Silicon carbide base regions 3a, 3b is defined as the Second 
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work function potential, and the work function potential of 
the surface channel layer 5a is defined as the third work 
function potential, then the difference in the first to third 
work function potentials may be utilized, Setting the first to 
third work functions and the impurity concentration and film 
thickness of the Surface channel layer 5a. So that the n-type 
carrier in the Surface channel layer 5a is depleted. 

Also, in the OFF state, a depletion region is formed in the 
surface channel layer 5a by the electric field generated by 
the p type Silicon carbide base regions 3a, 3b and the 
polysilicon gate electrode 8. When a positive bias is Supplied 
to the polysilicon gate electrode 8 in this State, a channel 
region is formed extending from the n" type Source regions 
4a, 4b in the direction of the n type drift region 2, at the 
interface between the gate insulating film (SiO) 7 and the 
Surface channel layer 5a, So that Switching is effected to the 
ON state. Here, the electrons flow from the n" type source 
regions 4a, 4b through the Surface channel layer 5a and from 
the Surface channel layer 5a to the n type Silicon carbide 
epi-layer 2. Also, upon reaching the n type Silicon carbide 
epi-layer 2 (drift region), the electrons flow vertically with 
respect to the n" type Silicon carbide Semiconductor Sub 
strate 1 (n" drain). 

Because the surface channel layer 5a is formed with a low 
amount of neutral impurities it is possible to improve the 
channel Shift, and Since the amount of ion implantation for 
formation of the surface channel layer 5a is lower, it is 
possible to reduce crystal defects due to the ion implantation 
and thus prevent leakage due to crystal defects. 

(Ninth Embodiment) 
The eighth embodiment described above was explained 

for application of an embodiment of the invention to a 
vertical power MOSFET wherein the current flows in the 
vertical direction (direction of Substrate thickness), but this 
next embodiment will be explained for application of an 
embodiment of the invention to a MOSFET wherein the 
current flows in the Substrate lateral direction (direction 
parallel to the Substrate Surface). 

FIG. 49 shows a MOSFET according to this embodiment. 
AS shown in this illustration, a channel layer 62 is formed as 
the channel region on the Surface Section of a p-type 
semiconductor substrate 61. The channel layer 62 is con 
Structed with few neutral impurities. Also, a Source contact 
n" type region 63 is formed at one end of the channel layer 
62 while a drain contact n' type region 64 is formed at the 
other end. A gate electrode layer 66 is also formed on the 
channel layer 62 via a gate oxide film 65. 

In the MOSFET constructed in this manner, the channel 
region is the channel layer 62 formed on the Surface Section 
of the p-type Semiconductor Substrate 61, and current flows 
in the lateral direction of the p-type Semiconductor Substrate 
61. 

Because the channel layer 62 is constructed with few 
neutral impurities as explained above, it is possible to 
improve the carrier mobility. 
A process for producing the MOSFET shown in FIG. 50 

will now be explained with reference to FIGS. 51-53. 
Step shown in FIG. 50 
First, a p-type Semiconductor Substrate 61 is prepared 

with a low amount of p-type impurity in the Surface Section. 
The p-type Semiconductor Substrate 61 can be produced by 
the outward diffusion step described for the aforementioned 
first embodiment, using a Semiconductor Substrate with the 
p-type impurity uniformly present throughout the interior. 
The p-type Semiconductor SubStrate 61 is Suitable for manu 
facturing the MOSFET shown in FIG. 49. 
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Step shown in FIG. 51 
An oxide film is formed on the Surface of the p-type 

Semiconductor Substrate 61, and openings are formed at 
prescribed regions of the oxide film (not shown) by a 
photolithography Step. The oxide film is used as a mask for 
ion implantation of an n-type impurity (for example, N, 
etc.) to form the channel layer 69. 

Since the channel layer 69 is formed on the surface 
Section of the p-type Semiconductor Substrate 61 with a low 
amount of the p-type impurity, the channel layer 62 is 
formed with few neutral impurities. Furthermore, because of 
the lower ion implanted amount of the n-type impurity 
required to compensate for the p-type impurity, it is also 
possible to reduce crystal defects due to the ion implanta 
tion. 

Step shown in FIG. 52) 
After removal of the silicon oxide film, a silicon oxide 

film (not shown) is again formed on the Surface of the p-type 
Semiconductor Substrate 61, and openings are formed at 
prescribed regions of the oxide film by a photolithography 
Step. The oxide film is used as a mask for ion implantation 
of an n-type impurity (for example, N, etc.) to form a 
Source contact n' type layer 63 and a drain contact n" type 
layer 64. 

After Subsequently removing the oxide film, the gate 
oxide film 65 and gate electrode 66 are formed in that order, 
and then the Source electrode layer and drain electrode layer 
are formed via an interlayer insulating film (not shown), to 
complete the MOSFET shown in FIG. 49. 

It is thus possible to apply an embodiment of the invention 
to a MOSFET wherein the current flows in the lateral 
direction. 

The eighth and ninth embodiments were explained using 
a MOSFET as an example, but the invention can also be 
applied to other forms of FETs. For example, the application 
may be for a lateral-type MESFET, or for a trench gate-type 
MOSFET with a trench formed in the Substrate and the 
channel regions formed on the Side walls of the trench. 

Since in the eighth embodiment heat treatment is carried 
out under the above-described conditions (high temperature, 
prolonged time), the concentration of the p-type impurity is 
in a linear relationship with respect to the depth from the 
substrate surface (see FIGS. 47A, 47B, 48A and 48B), but it 
may also be in a logarithmic function relationship with 
respect to the depth, or it may even be in an error function 
relationship. 

For example, in order to create a logarithmic function 
relationship the heat treatment may be carried out either at 
a high temperature or for a prolonged time, and in order to 
create an error function relationship the heat treatment may 
be carried out at a low temperature and for a shorter time 
than the heat treatment described for the eighth embodiment. 
However, since the carrier mobility can be increased by 
creating a linear relationship as described in the above 
embodiment, the heat treatment conditions given above are 
considered to be preferable. 

Also, although the silicon oxide film 30 for outward 
diffusion was formed by heat oxidation in the eighth and 
ninth embodiments, it may also be formed by other pro 
cesses (for example, deposition). 

The outward diffusion can also be achieved by forming a 
silicon nitride film or aluminum nitride film instead of the 
silicon oxide film 30. 

For example, a silicon nitride film can be formed by heat 
oxidation in a nitrogen atmosphere, by heat oxidation in an 
oxygen/nitrogen atmosphere or by heat oxidation after dop 
ing with nitrogen. A Silicon nitride film is an insulating film 
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with a high dielectric constant and a high band gap, and is 
therefore effective when used for passivation. 

Outward diffusion can still be accomplished even if no 
film is formed for outward diffusion. For example, it can be 
achieved by heat treatment in a vacuum at high temperature. 
That is, diffusion of the impurity is not achieved because of 
a large diffusion resistance, but Since diffusion of the impu 
rity will occur under conditions which give a low diffusion 
resistance, it is not always necessary to form a film for 
outward diffusion. 

Furthermore, in the embodiment described above the ion 
implantation of the n-type impurity is effected after removal 
of the silicon oxide film 30, but the silicon oxide film 30 can 
also be used as the mask during ion implantation. This 
allows the number of production steps to be reduced. The 
Same applies for cases where a Silicon nitride film or the like 
is used instead of the silicon oxide film 30. 

(Tenth Embodiment) 
In the vertical power MOSFET shown in FIG. 31, the 

deep base layers 30a, 30b are formed deep by ion implan 
tation from the surface of the n type silicon carbide 
epi-layer 2. 
The nature of silicon carbide, however, is Such that the 

projection range of impurities introduced by ion implanta 
tion is shorter than with silicon, and its Smaller diffusion 
coefficient almost totally prevents movement of introduced 
impurity atoms even when heat treatment is carried out; 
thus, formation of the deep base layers 30a, 30b has been 
difficult as it requires a large ion implantation energy. 

This embodiment was provided in light of such 
circumstances, and its object is to provide a process for 
fabricating a Silicon carbide Semiconductor device in which 
deep base layers with partially deepened base regions can be 
formed with a low ion implantation energy. 

In order to achieve the aforementioned object, this 
embodiment has trenches (70, 80) formed through the 
Source regions (4a, 4b) and reaching to the Semiconductor 
layer (2), and ion implantation is carried out in prescribed 
regions of the Semiconductor layer including the Source 
regions and the trenches, to form base regions (3a, 3b, 30a, 
30b) of a second conductivity type. 
By formation of these trenches it is thus possible to 

accomplish ion implantation to a partial high depth in the 
Sections of the trenches, and the deepened Sections can Serve 
as the deep base layers (30a, 30b). Consequently, there is no 
need to perform ion implantation at high energy in order to 
form the deep base layers. The deep base layers can there 
fore be formed by low-energy ion implantation. 
The tenth embodiment comprises a Step of laminating in 

order a first and second mask material (71, 72) on the 
Semiconductor layer (2), a step of forming a first opening 
(72a) in the Second mask material (72), a step of etching the 
first mask material (71) through the first opening to form a 
Second opening (71a) which is larger than the first opening, 
a step of using the Second mask material for ion implantation 
through the first opening to form Source regions (4a, 4b) of 
a first conductivity type, a step of accumulating a third mask 
material (74) on the Second mask material which contains 
the first opening, a step of anisotropic etching back the third 
mask material until the Second mask material is exposed, 
leaving the third mask material within the first opening, a 
Step of etching using the Second mask material and third 
mask material as masks to form a trench (70) passing 
through the Source regions and reaching to the Semiconduc 
tor layer, a Step of removing the third mask material and the 
Second mask material, and a step of using the first mask 
material as a mask for ion implantation through the Second 
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opening to form base regions (3a, 3b) of a second conduc 
tivity type in prescribed regions of the Semiconductor layer 
which include the Source regions and the trenches. 

In this manner, the trench is formed and ion implantation 
is carried out to form the base regions. Also, Since etching 
back of the third mask material makes it possible to reduce 
the area of the first opening by equal spacing from the edge 
of each first opening, the trench can be formed at the center 
of the source region. The deep base regions (30a, 30b) are 
formed on the floors of the trenches, thus allowing the deep 
base layers to be formed precisely at the centers of the 
Source regions. 

Furthermore, by thus forming the first opening 72a) in the 
Second mask material (72), etching the first mask material 
(71) through the first opening to form a second opening 
(71a) which is larger than the first opening, and performing 
ion implantation through these first and Second openings to 
form the base regions and Source regions, a consistent 
spacing is achieved between the respective edges of the first 
and Second openings, thus allowing Self-aligned formation 
of the base regions and Source regions. 

Isotropic etching using a gas containing CF will allow 
formation of the Side walls in a roughly tapered manner to 
form trenches whose bottoms are generally parallel to the 
Surface of the Semiconductor layer. 

By thus forming the trenches in Such a manner So that 
their side walls are roughly tapered, it is possible to increase 
the shortest distance from the corner of the trench to the 
Semiconductor layer, i.e. the thickness of the base region 
between them, and thus lower the internal resistance of the 
base region to prevent operation of a parasitic transistor. 

This embodiment will now be explained with reference to 
the drawings. 

FIG. 53 shows a vertical power MOSFET according to 
this embodiment. The vertical power MOSFET illustrated in 
FIG. 53 has almost the same construction as the vertical 
power MOSFET shown in FIG. 31, and therefore only the 
differing parts will be explained, indicating the correspond 
ing parts with like reference numerals. As shown in FIG. 53, 
the Surface of the n type Silicon carbide epi-layer 2 on 
which the p type silicon carbide base regions 3a, 3b and the 
n" type Source regions 4a, 4b are formed constitutes a trench 
70 at the center of each of the p type silicon carbide base 
regions 3a, 3b. The trench consists of the bottom 70a which 
is horizontal with respect to the Substrate Surface and Side 
walls 70b which are roughly tapered with respect to the 
Substrate Surface, thus forming a “bathtub-like' shape. 

By thus constructing a trench with tapered side walls and 
a deep base layer which are parallel, it is possible to increase 
the shortest distance from the corner of the trench to the 
Semiconductor layer, i.e. the thickness of the base region 
between them, and thus lower the internal resistance of the 
base region to prevent operation of a parasitic transistor. 

The trench 70 passes through the n" type source regions 
4a, 4b, reaching to the p type Silicon carbide base regions 
3a, 3b. Under the trench 70, the p type silicon carbide base 
regions 3a, 3b are partially deepened, and those Sections 
constitute the deep base layers 30a, 30b. The deep base 
layers 30a, 30b, which are the partially deepened sections of 
the p type Silicon carbide base regions 3a, 3b, constitute the 
bottom 70a which is horizontal with respect to the substrate 
surface and the side wall 70b which is roughly tapered with 
respect to the Substrate Surface, and is generally parallel to 
the trench 70. The deep base layers 30a, 30b are formed so 
that they essentially do not overlap with the n" type Source 
regions 4a, 4b. 

Here, if the side wall 70b of the trench 70 is made 
perpendicular to the Substrate Surface, this results in a much 
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Smaller shortest distance from the corner of the trench 70 to 
the n type Silicon carbide epi-layer 2, that is, a much Smaller 
width of the p type silicon carbide base regions 3a, 3b near 
the corner of the trench 70, so that the resistance value at 
these Sections is increased. However, the internal resistance 
of the p type Silicon carbide base regions 3a, 3b is prefer 
ably reduced in order to minimize operation of a parasitic 
transistor formed by the n type Silicon carbide epi-layer 2, 
the p type silicon carbide base regions 3a, 3b and the n' 
type Source regions 4a, 4b. For this reason, the Side walls 
70b of the trench 70 and the deep base layers 30a, 30b are 
tapered in order to maximize the Shortest distance from the 
corner of the trench 70 to the n type silicon carbide 
epi-layer 2. 
The surface channel layer 5 is situated above the Surfaces 

of the n" type Source regions 4a, 4b. This is done by forming 
the surface channel layer 5 after formation of the n" type 
base regions 4a, 4b. 
The vertical power MOSFET of this embodiment differs 

from the one shown in FIG. 31 in the aspects described 
above. 
The steps for production of the vertical power MOSFET 

shown in FIG. 53 will now be explained with reference to 
FIGS. 54-62. These illustrations show only the parts which 
differ from the production steps shown in FIGS. 13–27, 
omitting explanation of the corresponding parts. 

First, as shown in FIG. 13, an in type silicon carbide 
epi-layer 2 is formed as a film on an in type Silicon carbide 
Semiconductor Substrate 1. The following Steps are then 
carried out in order. 

Step shown in FIG. 54) 
A polysilicon film 71 is formed to the desired thickness on 

the n type Silicon carbide epi-layer 2, and a silicon oxide 
film (SiO film) 72 is further formed thereon to the desired 
thickness. After accumulation of a photoresist 73, prear 
ranged regions are opened in the photoresist to form the n' 
type Source regions 4a, 4b. 

Step shown in FIG. 55 
CF+H gas is used to form openings 72a at prescribed 

regions in the silicon oxide film 72 by RIE (reactive ion 
etching) where the n" type Source regions 4a, 4b are to be 
formed. Because CF+H gas is used for the etching here, 
only the silicon oxide film is selectively etched, while the 
polysilicon film 71 remains without being etched. 

Step shown in FIG. 56) 
Next, a portion of the polysilicon film 71 is removed by 

dry etching using CF, gas, to form openings 71a at pre 
Scribed regions where the p type Silicon carbide base 
regions 3a, 3b are to be formed. Specifically, these regions 
are opened by etching of the polysilicon film 71 in the lateral 
direction. The degree of dry etching is controlled by Selec 
tion of the etching material, control of the etching time, etc. 
Because the degree of etching occurs equally in all lateral 
directions of the dry etching, the spacing from the edge of 
the opening 72a to the edge of the opening 71a is equivalent 
in all directions. 

Step shown in FIG. 57 
After removal of the photoresist 73, a silicon oxide film 

72 is used as a mask for ion implantation to form the n 
Source regions 4a, 4b. 

Step shown in FIG. 58) 
ATEOS oxide film 74 is formed by deposition on the total 

surface (wafer surface) of the silicon oxide film 72 including 
the openings 72a. This fills even the openings 72a with the 
TEOS oxide film 74. The part of the TEOS oxide film 74 
which has plugged the opening 72 is formed to the same 
thickness on the silicon oxide film 72 only at the center 

 
 

Page 63



US 6,573,534 B1 
35 

portion of the opening 72, but is formed thicker than the 
other center Sections near the edges of the opening 72. The 
thickness of the TEOS oxide film 74 plugging the opening 
72 at a certain distance from the edges of the opening 72 is 
roughly equivalent at all locations. 

Step shown in FIG. 59 
The TEOS oxide film 74 is etched until the TEOS oxide 

film 74 is eliminated from the silicon oxide film 72. Thus, 
since the TEOS oxide film 74 remains at the thickly formed 
Sections (other than the center Section) in the plugged 
openings 72a, forming an opening at the center, the opening 
area of each opening 72a is reduced. The thickness of the 
remaining TEOS oxide film 74 from the edge of the opening 
72 is roughly equal at all locations. 

Step shown in FIG. 60) 
The Silicon oxide film 72 and the TEOS oxide film 74 are 

used as masks for isotropic dry etching by gas containing 
CF. This forms a trench 70 in the n type silicon carbide 
epi-layer 2 passing through the n" type Source regions 4a, 
4b, having a bottom 70a which is roughly parallel to the 
substrate surface, and side walls 70b which are tapered with 
respect to the substrate surface. The trench 70 is formed at 
roughly the center of the opening 72 and opening 71. 

Step shown in FIG. 61 
The Silicon oxide film 72 and TEOS oxide film 74 are 

removed to expose the polysilicon film 71. 
Step shown in FIG. 62 
The polysilicon film 71 is used as a mask for ion implan 

tation of a p-type impurity (for example, boron or 
aluminum). The ion implantation depth is constant here, but 
because of the trench 70 formed in the n type silicon 
carbide epi-layer 2, the p-type impurity is ion implanted only 
to a depth corresponding to the degree to which the trench 
70 is formed. Specifically, since the p-type impurity is 
implanted only to the prescribed depth from the Surface of 
the trench 70, the p-type impurity is implanted to a partial 
depth by the amount of the section where the trench 70 is 
formed, So that the p-type impurity is implanted in a roughly 
parallel manner to the trench 70. Thus, p type silicon 
carbide base regions 3a, 3b are formed, of which the 
partially deepened Sections become the deep base layers 
30a, 30b. 

Since the distance from the edge of the opening 71a to the 
edge of the opening 72a is roughly equal at all locations, 
Self-aligned formation is achieved between the n" type 
Source regions 4a, 4b formed using the Silicon oxide film 72 
as the mask and the p type Silicon carbide base regions 3a, 
3b formed using the polysilicon film 71 as the mask. 

The polysilicon film 71 is then removed, and a surface 
channel layer 5 is formed by a step Such as epitaxial growth 
to complete the vertical power MOSFET shown in FIG. 53. 

The vertical power MOSFET completed in this manner 
has the n" type Source region and the p type silicon carbide 
base regions 3a, 3b formed in a Self-aligned manner, thus 
resulting in low variation in the element characteristics. 

(Eleventh embodiment) 
This embodiment will be explained as a case of producing 

a vertical power MOSFET by a process different from the 
tenth embodiment. The structure of the vertical power 
MOSFET is identical to that shown in FIG. 53 and therefore 
the explanation of its structure will be omitted. 

The proceSS may comprise a step of laminating in order 
first, second and third mask materials (82, 83, 84) on the 
Semiconductor layer (2), a step of forming a first opening 
(88) through the first to third mask materials, a step of using 
the first to third mask materials for ion implantation through 
the first opening to form Source regions (4a, 4b) of a first 
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conductivity type, a Step of accumulating a fourth mask 
material (86) on the third mask material which contains the 
first opening, a step of anisotropic etching back the fourth 
mask material until the third mask material is exposed, 
leaving the third mask material within the first opening, a 
Step of etching using the third mask material and fourth 
mask material as masks to form a trench (80) passing 
through the Source regions and reaching to the Semiconduc 
tor layer, a Step of removing the third mask material and the 
Second mask material, a step of using the Second mask 
material as a mask to form a second opening (89) in the first 
mask material which is larger than the first opening, a step 
of removing the Second mask material, and a step of using 
the first mask material as a mask for ion implantation 
through the Second opening to form base regions (3a, 3b) of 
a Second conductivity type in prescribed regions of the 
Semiconductor layer which include the Source regions and 
the trench. By thus forming the trench with the fourth mask 
material in a manner which reduces the area of the first 
opening, it is possible to form deep base layers at precisely 
the centers of the Source regions. Also, Since a predeter 
mined spacing is achieved between the respective edges of 
the first and Second openings, it is possible to achieve 
Self-aligned formation of the base regions and Source 
regions. 

Specifically, the first mask material is made of 
polysilicon, the Second mask material is made of a Silicon 
nitride film, the third mask material is made of an oxide film 
and the fourth mask material is made of an oxide film. 

Also, the Step of forming the base regions may be 
followed by a step of forming a surface channel layer (5) 
Serving as the channel region on the base regions to connect 
the Source regions and the Semiconductor layer, as Well as a 
gate electrode-forming Step to form a gate electrode on the 
Surface channel layer. 

This allows application for an accumulation-type Silicon 
carbide Semiconductor device wherein a Surface channel 
layer is formed. 
The steps for production of a vertical MOSFET according 

to this embodiment will now be explained based on FIGS. 
63-71. These illustrations show only the parts which differ 
from the production StepS described above, omitting expla 
nation of the corresponding parts. 

Step shown in FIG. 63 
A silicon oxide film 81, a polysilicon film 82, a silicon 

nitride (SiN) film 83 and a silicon oxide film 84 are formed 
to prescribed thicknesses in that order on an in type Silicon 
carbide epi-layer 2. Silicon oxide (SiO2) is also formed as a 
film to a prescribed thickness. After accumulating a photo 
resist 65, prearranged regions are opened in the photoresist 
where the n" type Source regions 4a, 4b are to be formed. 

Step shown in FIG. 64 
RIE (reactive ion etching) is used to form openings 88 at 

prearranged regions of the Silicon oxide film 84, Silicon 
nitride film 83 and polysilicon film 82 where the n" type 
Source regions 4a, 4b are to be formed. 

Step shown in FIG. 65 
After removing the photoresist, the silicon oxide film 84, 

silicon nitride film 83, polysilicon film 82 and silicon oxide 
film 81 are used as masks for ion implantation to form n" 
type Source regions 4a, 4b. 

Step shown in FIG. 66 
ATEOS oxide film 86 is formed by deposition on the total 

surface of the silicon oxide film 84 including the opening 88. 
This fills even the opening 88 with the TEOS oxide film 86. 
The part of the TEOS oxide film 86 which has plugged the 
opening 88 is formed to the same thickness on the Silicon 
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oxide film 84 only at the center portion of the opening 88, 
but is formed thicker than the other center Sections near the 
edges of the opening 88. The thickness of the TEOS oxide 
film 86 plugging the opening 88 at a location with a certain 
distance from the edges of the opening 88 is roughly 
equivalent at all locations. 

By increasing the height of the silicon oxide film 84, it is 
possible to gain thickness for the TEOS oxide film 86 from 
the edges of the opening 88. 

Step shown in FIG. 67 
The TEOS oxide film 86 is etched until the TEOS oxide 

film 86 is eliminated from the silicon oxide film 84. Thus, 
the TEOS oxide film 86 remains at the thickly formed 
Sections (other than the center Section) in the plugged 
opening 88, and the center Section is opened. The opening 
area of the opening 88 is thus reduced. The thickness of the 
remaining TEOS oxide film 86 from the edges of the 
opening 88 is roughly equal at all locations. 

Step shown in FIG. 68 
The Silicon oxide film 84 and the TEOS oxide film 86 are 

used as masks for isotropic dry etching by gas containing 
CF. This forms a trench 80 in the n type silicon carbide 
epi-layer 2 passing through the n" type Source regions 4a, 
4b, having a bottom 80a which is roughly parallel to the 
substrate surface, and side walls 80b which are tapered with 
respect to the substrate surface. The trench 80 is formed at 
roughly the center of the opening 88 and opening 89. 

Step shown in FIG. 69 
The Silicon oxide film 84 and TEOS oxide film 80 are 

removed to expose the silicon nitride 83. 
Step shown in FIG. 70 
The silicon nitride film 83 is used as a mask for LOCOS 

(Local Oxidation of Silicon) oxidation to partially oxidize 
the polysilicon film 82. This converts the section 82a near 
the opening 88 to silicon oxide. The polysilicon film 82 is 
oxidized by the same distance in all directions from the 
edges of the opening 88. 

Fluoric acid or the like is then used for etching removal 
of the oxidized sections 82a of the polysilicon film 82 and 
etching silicon nitride 83. This forms an opening 89 in the 
polysilicon film 82, which is enlarged by the prescribed 
amount in all directions with respect to the opening 88 for 
formation of the n" type Source regions 4a, 4b. 

Step shown in FIG. 71 
The polysilicon film 84 is used as a mask for ion implan 

tation of a p-type impurity (for example, boron or 
aluminum). The ion implantation depth is constant here, but 
because of the trench 80 formed in the n type silicon 
carbide epi-layer 2, the p-type impurity is ion implanted only 
to a depth corresponding to the degree to which the trench 
80 is formed. Specifically, since the p-type impurity is 
implanted only to the prescribed depth from the Surface of 
the trench 80, the p-type impurity is implanted to a partial 
depth by the amount of the section where the trench 80 is 
formed, So that the p-type impurity is implanted in a roughly 
parallel manner to the trench 80. Thus, p type silicon 
carbide base regions 3a, 3b are formed, of which the 
partially deepened Sections become the deep base layers 
30a, 30b. 

Since the distance from the edge of the opening 89 to the 
edge of the opening 88 is roughly equal at all locations, 
Self-aligned formation is achieved between the n" type 
Source regions 4a, 4b formed using the Silicon oxide film 82 
as the mask and the p type Silicon carbide base regions 3a, 
3b formed using the polysilicon film 81 as the mask. 

The polysilicon film 81 is then removed, and a surface 
channel layer 5 is formed by a step Such as epitaxial growth 
to complete the vertical power MOSFET according to this 
embodiment. 

1O 
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The vertical power MOSFET completed in this manner 

has the n" type Source regions 4a, 4b and the p type Silicon 
carbide base regions 3a, 3b formed in a Self-aligned manner, 
thus resulting in low variation in the element characteristics. 

(Twelfth embodiment) 
According to this embodiment, a trench 90 is first formed 

in a prescribed region of the Semiconductor layer (2), ion 
implantation is carried out in and around the trench to form 
base regions (3a, 3b, 30a, 30b) of a second conductivity 
type, while Source regions (4a, 4b) of the first conductivity 
type which is of lower resistance than the Semiconductor 
layer are formed in the Surface Section of the Semiconductor 
layer in contact with the trench. 

Thus, the same effect is obtained as with the eleventh 
embodiment even when the trench is formed before forma 
tion of the Source regions and the base regions are formed 
afterward. 

In this case, if the trench is formed together with an 
alignment key (96) formed by indenting the periphery of the 
cell region in which the gate electrode is formed, it is 
possible to eliminate the Step required only for formation of 
the trench, and thus simplify the process. 

This embodiment will be explained as a case of producing 
a vertical power MOSFET by a different process than the 
tenth embodiment. The structure of the vertical power 
MOSFET is virtually identical to that shown in FIG. 53 and 
therefore only the differing parts of the cross-sectional 
structure of the vertical power MOSFET of this embodiment 
shown in FIG. 72 will be explained. 
As shown in FIG.72, the vertical power MOSFET of this 

embodiment has the upper positions (Surfaces) of the n" type 
Source regions 4a, 4b at the same level as the upper position 
of then type epi-layer 5. This is because the n" type source 
regions 4a, 4b were formed after the n type epi-layer 5. 
Thus, the p type Silicon carbide base regions 3a, 3b are 
thicker under the n" type Source regions 4a, 4b, impeding 
punch through by the extended depletion layer which 
extends into the p silicon carbide base regions 3a, 3b, So 
that blocking Voltage can be improved. In this embodiment, 
the deep base layers 30a, 30b are formed on the base of the 
trench 90. 
The steps for production of a vertical MOSFET according 

to this embodiment will now be explained based on FIGS. 
73-78. These illustrations show only the parts which differ 
from the production StepS described above, omitting expla 
nation of the corresponding parts. 

Steps shown in FIGS. 73A and 73B 
FIGS. 73A and 73B are top views of the device. As shown 

in FIGS. 73A and 73B, formation of an in type silicon 
carbide epi-layer 2 on an in type Silicon carbide Semicon 
ductor substrate 1 is followed by formation of an oxide film 
91 as a mask on the n type Silicon carbide epi-layer 2. Also, 
the vertical power MOSFET has a structure wherein several 
hexagonally shaped MOSFET cells are assembled, and 
therefore each of the sections of the oxide film 91 corre 
sponding to the trench in FIG. 72 is a hexagonal opening, as 
shown in FIG. 73A. Here, an alignment key is constructed 
by Simultaneously forming cross-shaped openings 95 at 
positions (at left and right in the illustration) separated from 
the cells in the oxide film 91. 

Step shown in FIG. 74) 
The oxide film 91 is used as a mask for etching. This 

simultaneously forms trenches 90 in the cell regions and a 
trench 96 as the alignment key. Thus, it is possible to 
simultaneously form the trenches 90 for formation of the 
deep base layers 30a, 30b during construction of the align 
ment key, and thus the step required to form the trenches 90 
can be eliminated, for a more Simplified process. 
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This illustration shows anisotropic etching of the trenches 
90, 90, but isotropic dry etching with a gas containing CF 
may also be used in the Same manner as the tenth and 
eleventh embodiments to form the bottoms of the trenches 
roughly parallel to the Substrate Surface, and to form the 
Sides in a tapered manner with respect to the Substrate 
Surface. 

The alignment key portion will be omitted in the follow 
ing explanation. 

Step shown in FIG. 75 
After removal of the oxide film 91, an oxide film 92 is 

again formed as a mask material Over the n type Silicon 
carbide epi-layer 2. The opening is extended in the oxide 
film 92 to the outer perimeter and Surrounding area of the 
trench 90. 

Step shown in FIG. 76 
The oxide film 92 is used as a mask for ion implantation 

of a p-type impurity (for example, boron or aluminum). The 
ion implantation depth is constant here, but because of the 
trench 90 formed in the n type silicon carbide epi-layer 2, 
the p-type impurity is ion implanted only to a depth corre 
sponding to degree to which the trench 90 is formed. 
Specifically, Since the p-type impurity is implanted only to 
the prescribed depth from the surface of the trench 90, the 
p-type impurity is implanted to a partial depth by the amount 
of the section where the trench 90 is formed. Thus, p type 
silicon carbide base regions 3a, 3b are formed, of which the 
partially deepened Sections become the deep base layers 
30a, 30b. 

Step shown in FIG. 77 
A Surface channel layer 5 is epitaxially grown on the p 

type Silicon carbide base regions 3a, 3b and the n type 
Silicon carbide epi-layer 2. 

Step shown in FIG. 78 
Asilicon oxide film 93 is formed as a mask on the Surface 

channel layer 5 while openings are made in the regions 
where the n" type Source regions 4a, 4b are to be formed in 
the silicon oxide film 93. The Silicon oxide film 93 is also 
used as a mask for ion implantation of an n-type impurity to 
form the n" type Source regions 4a, 4b. 

Step shown in FIG. 79 
After etching removal of the silicon oxide film 93, the 

portions of the Surface channel layer plugging the trench 90 
are removed. 
The power MOSFET shown in FIG.72 is then completed 

by the steps described above. 
Thus, it is possible to simultaneously form the trenches 90 

for formation of the deep base layers 30a, 30b during 
construction of the alignment key 96. 

In the tenth and eleventh embodiments, multiple film 
laminations were used as masks for Self-aligned formation 
of the n" type Source regions 4a, 4b and the p type Silicon 
carbide base regions 3a, 3b, but if trenches 70, 80 are first 
formed in the n type Silicon carbide epi-layer 2 during 
formation of the p type silicon carbide base regions 3a, 3b 
and ion implantation is effected in the Sections where the 
trenches 70, 80 are formed, then it is possible to form the 
deep base layers 30a, 30b with very low energy even when 
other methods are employed. 

The deep base layers 30a, 30b can also be formed by 
Separate Steps than those for the other Sections of the p type 
Silicon carbide base regions 3a, 3b. The deep base layers 
30a, 30b can also be formed to a higher density than the 
other Sections of the p type Silicon carbide base regions 3a, 
3b. 

Crystal forms of silicon carbide are conventionally 
expressed with bars over the relevant numerals, but for the 
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embodiments throughout this specification, the symbol “-” 
will be attached after the relevant numeral instead of a bar 
over it, due to limitations of the means of expression. 

(Thirteenth Embodiment of the Invention) 
FIG. 80 is a cross-sectional view of an in channel type, 

trench gate type power MOSFET (vertical power MOSFET) 
according to one embodiment of the present invention. 
An in type single crystal Silicon carbide Semiconductor 

Substrate 101 as a low-resistance Semiconductor layer is 
formed of Silicon carbide of a hexagonal System. An in type 
Silicon carbide Semiconductor layer 102 as a high-resistance 
Semiconductor layer and a p type Silicon carbide Semicon 
ductor layer 103 are successively laminated on the n" type 
silicon carbide semiconductor Substrate 101. 

Thus, a semiconductor substrate 104 of single crystal 
Silicon carbide comprises an n" type Silicon carbide Semi 
conductor Substrate 101, an in type Silicon carbide Semi 
conductor layer 102 and a p type Silicon carbide Semicon 
ductor layer 103, and the upper Surface thereof has a carbon 
face with a substantially (0.001) face orientation. 
An n" type Source region 106 is provided in a predeter 

mined region in the Surface layer portion of the p type Silicon 
carbide semiconductor layer 103. Further, a trench 109 is 
provided in a predetermined position of the n" type Source 
region 106. This trench 109 extends through the n" type 
Source region 106 and the p type Silicon carbide Semicon 
ductor layer 103 into the n type silicon carbide semicon 
ductor layer 102. The trench 109 has a side face 109a 
perpendicular to the Surface of the Semiconductor Substrate 
104 and a bottom face 109b parallel to the surface of the 
semiconductor Substrate 104. 
A thin n type Silicon carbide Semiconductor layer 111a is 

extendedly provided on the Surface of the n" type Source 
region 106, the p type Silicon carbide Semiconductor layer 
103, and the n type silicon carbide semiconductor layer 102 
in the side face 109a of the trench 109. The thickness of the 
thinn type Silicon carbide Semiconductor layer 111a is about 
1000 to 5000 A. The crystalline form of the thin n type 
Silicon carbide Semiconductor layer 111a is the same as that 
of the p type silicon carbide semiconductor layer 103 and is, 
for example, 6H-SiC. It may be 4H-SiC or 3C-SiC. The 
impurity concentration of the thin n type Silicon carbide 
semiconductor layer 107 is lower than that of the n" type 
silicon carbide semiconductor substrate 101 and the n" type 
Source region 106. 

Further, in the trench 109, a gate insulating layer 112 is 
provided on the Surface of the thin n type Silicon carbide 
semiconductor layer 111a and on the bottom face 109b of the 
trench 109. Gate electrode layers 113a, 113b are filled inside 
the gate insulating layer 112 within the trench 109. The gate 
electrode layers 113a, 113b are covered with an insulating 
layer 114. A source electrode layer 115 is provided on the 
surface of the n" type source region 106 and on the surface 
of the low-resistance p type silicon carbide region 103. A 
drain electrode layer 116 is provided on the surface (back 
side of the semiconductor Substrate 104) of the n" type 
silicon carbide semiconductor Substrate 101. 

In the operation of the trench gate type power MOSFET, 
the application of a positive Voltage to the gate electrode 
layerS 113a, 113b induces an accumulation type channel in 
the thin n type Silicon carbide Semiconductor layer 111a, 
permitting a carrier to flow between the Source electrode 
layer 115 and the drain electrode layer 116. That is, the thin 
in type Silicon carbide Semiconductor layer 111a Serves as a 
channel forming region. 

In this case, when the impurity concentration of the p type 
silicon carbide semiconductor layer 103 is regulated inde 
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pendently of the impurity concentration of the thin n type 
silicon carbide semiconductor layer 111a, a MOSFET hav 
ing a high blocking Voltage, a low current loSS, and a low 
threshold value can be provided. In particular, when the 
impurity concentration of the thin n type Silicon carbide 
Semiconductor layer 111a, wherein the channel is formed, is 
low, the influence of impurity Scattering at the time of flow 
of the carrier is reduced, increasing the channel mobility. 
Since the blocking Voltage acroSS the Source and the drain is 
governed mainly by the impurity concentration and thick 
ness of the n type silicon carbide semiconductor layer 102 
and the p type silicon carbide semiconductor layer 103, the 
impurity concentration of the p type Silicon carbide Semi 
conductor layer 103 can be increased to shorten the distance 
L between the high-resistance Semiconductor layer and the 
Semiconductor region, thus enabling the channel length to be 
Shortened while maintaining the high blocking Voltage. This 
in turn results in markedly lowered channel resistance and 
lowered ON resistance acroSS the Source and the drain. 

In the case of the accumulation mode wherein the channel 
is induced as the MOSFET operation mode, as compared 
with an inversion mode MOSFET wherein the conductive 
type is inverted to induce the channel, the MOSFET can be 
operated at a lower gate Voltage and, at the same time, the 
channel mobility can be increased, realizing low threshold 
Voltage while enjoying low current loSS. When the Voltage is 
not applied, the regulation of the Source/drain current is 
conducted by widening the depletion layer of the pnjunction 
formed by the p type Silicon carbide Semiconductor layer 
103 (body layer) and the thin n type silicon carbide semi 
conductor layer 111a (channel forming layer). The normally 
OFF properties can be achieved by completely depleting the 
thin n type Silicon carbide Semiconductor layer 111a. 
Further, since the p type Silicon carbide Semiconductor layer 
103 (body layer) and the n type silicon carbide semicon 
ductor layer 102 (drift layer) form a pnjunction, the block 
ing Voltage of the device can be designed So as to be 
determined by the avalanche breakdown of the pn junction 
between the p type silicon carbide semiconductor layer 103 
fixed to the Source electrode and the n type Silicon carbide 
Semiconductor layer 102, enabling the breakdown Voltage to 
be increased. Further, the leakage current between the Source 
and the drain can be decreased even under high temperature 
conditions by lowering the impurity concentration of the 
thin n type Silicon carbide Semiconductor layer 111a, 
wherein the channel is formed, and, further, reducing the 
thickness thereof to about 1000 to 5000 A. 

Next, a process for producing a trench gate type MOSFET 
will be described with reference to FIGS. 46 to 52. 

At the outset, as shown in FIG. 81, an in type single 
crystal SiC substrate 101 is provided as a low-resistance 
Semiconductor layer. The n" type single crystal SiC Substrate 
101 is of hexagonal System and has a Surface having a 
carbon face with a substantially (0.001) face orientation. An 
in type Silicon carbide Semiconductor layer 102 as a high 
resistance Semiconductor layer and a p type epitaxial layer 
103 are laminated on the surface of the n" type single crystal 
SiC substrate 101. The n type silicon carbide semiconduc 
tor layer 102 has a carrier density of about 1x10' cm and 
a thickness of about 10 tum. On the other hand, the p type 
silicon carbide semiconductor layer 103 has a carrier density 
of about 1x107 cm and a thickness of about 2 um. 

Thus, a semiconductor substrate 104 consisting of an in 
type single crystal SiC substrate 101, an in type silicon 
carbide Semiconductor layer 102, and a p type Silicon 
carbide semiconductor layer 103 is formed. 

Subsequently, as shown in FIG. 82, an in Source region 
106 is formed in a predetermined region in the surface layer 
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portion of the p type Silicon carbide Semiconductor layer 
103, for example, by ion implantation using a mask 105 on 
the p type silicon carbide semiconductor layer 103. The n' 
Source region 106 has a Surface carrier density of about 
1x10' cm and a junction depth of about 0.5 um. 

In this case, since the n' Source region 106 is formed by 
ion implantation, it can be formed in any site of the p type 
Silicon carbide Semiconductor layer 103, enabling the per 
centage area of each Surface of the p type Silicon carbide 
semiconductor layer 103 (that is, body layer) and the source 
region 106 to be freely designed. 

Thereafter, as shown in FIG. 83, a trench 109, which 
extends from the Surface of the semiconductor Substrate 104, 
through the n" type Source region 106 and the p type Silicon 
carbide semiconductor layer 103 into the n type silicon 
carbide semiconductor layer 102, is formed by dry etching 
using mask materials 107, 108. The trench 109 has a width 
of, for example, 2 um and a depth of, for example, 2 um. 
Further, the inner wall of the trench 109 has a side face 109a 
and a bottom face 109b. 

Thereafter, as shown in FIG. 84, for example, thermal 
oxidation at 1100° C. for, for example, about 5 hr is 
performed using a mask material 107 as a non-oxidizable 
mask, thereby forming an oxide layer 110, formed by 
thermal oxidation, on the inner wall of the trench 109. In this 
case, an about 100 nm-thick oxide layer 110a is formed on 
the side face 109a of the trench 109, while an about 500 
nm-thick oxide layer 110b is formed on the bottom face 
109b of the trench 109. Further, the oxide layer 110 and the 
mask material 107 are removed by etching. 

Subsequently, as shown in FIG. 85, an epitaxial layer (thin 
in type silicon carbide Semiconductor layer) 111 is formed on 
the inner wall of the trench 109 and the surface of the n" type 
Source region 106 and the p type silicon carbide Semicon 
ductor layer 103 by epitaxial growth utilizing CVD. The 
epitaxial growth may be, for example, homoepitaxial growth 
wherein a thin layer 111 of 6H-SiC is grown on 6H-SiC. The 
epitaxial growth results in the formation of an epitaxial layer 
(a thin n type Silicon carbide Semiconductor layer) 11a 
having a thickness of, for example, about 100 nm on the Side 
face 9a of the trench 109 and an epitaxial layer 111b having 
a thickness of, for example, about 10 nm on the bottom face 
9b of the trench 109, and an epitaxial layer 111c having a 
thickness of about 10 nm on the Surface of the Substrate. 
The epitaxial layer 111 is controlled to any desired 

impurity concentration. More specifically, in the vapor 
growth of silicon carbide by CVD while introducing a SiH, 
gas and CHs as starting gases, the regulation of the flow rate 
of the N gas (or trimethylaluminum gas) permits the 
impurity concentration of the epitaxial layer 111 to be 
adjusted in the range of from 10' to 10''/cm. In this case, 
the impurity concentration can be lowered. 

In this connection, an experiment has revealed that epi 
taxial layerS 111 having different thicknesses are formed. 
This is shown in FIG. 89. FIG. 90 is a sketch of an FE-SEM 
image in a region including the Side face and bottom face in 
the trench. A difference in the epitaxial growth rates of 
Silicon carbide enables homoepitaxial growth to be per 
formed on the side face of the trench so that the thickness of 
the homoepitaxial layer on the side face of the trench is 10 
times or more larger than that of the epitaxial layer on the 
Surface of the Substrate and on the bottom face of the trench. 
Therefore, a device can be produced, in a high yield, which, 
although the epitaxial layer 111 Serves as a channel forming 
region, can lower the Voltage drop of the channel and has 
low loss. 
AS described above, the formation and removal of an 

oxide layer 110 (the formation and removal of a relatively 
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thin oxide layer 110 by local anisotropic thermal oxidation) 
offers a trench, free from ion damage, on the inner wall of 
the trench 109. Therefore, the epitaxial layer 111a formed on 
the side face of the trench has a high quality, and the MOS 
interface formed in the epitaxial layer 111 is good, enabling 
the production of a device having excellent Switching prop 
erties. 

Then, as shown in FIG. 86 for example, anisotropic 
thermal oxidation at 1100° C. for, for example, about 5 hr is 
performed to form a gate oxide layer 112 on the Surface of 
the epitaxial layer 111. In this case, an about 100 nm-thick 
thin gate oxide layer 112a is formed on the Surface of the 
epitaxial layer 111a located on the side face 109a of the 
trench 109. On the other hand, the epitaxial layer 111b in the 
bottom face 109 b of the trench 109 is oxidized and con 
verted to an oxide film, thereby forming an about 500 
nm-thick thick gate oxide layer 112b. Further, the epitaxial 
layer 111c on the n' Source region 106 and on the p type 
silicon carbide semiconductor layer 103 is converted to an 
oxide layer, thereby forming an about 500 nm-thick thick 
gate oxide layer 112c. 

In this case, an experiment has revealed that oxide layers 
112 having different thickness are formed. Specifically, as 
shown in FIG. 89, the thickness of the oxide layer formed by 
thermal oxidation was measured using a Silicon carbide 
having a carbon face with a (0001) face orientation and a 
Slanted face with a Slant angle 0. AS a result, the layer 
thickness in the face of 0=90{(112 bar 0)face} is smaller 
than that in the carbon face with (0001) face orientation. 
This anisotropic oxidation can minimize the removal of the 
necessary epitaxial layer 111 on the Surface of the Substrate 
and the bottom face of the trench. Therefore, the epitaxial 
layer 111 can be formed on only the Side face by Single 
thermal oxidation in a simple manner at a high yield, 
enabling a device to be produced at a low cost and a high 
yield. 

Subsequently, as shown in FIG. 87, the interior of the 
trench 109 is filled successively with a first polysilicon layer 
113a and a Second polysilicon layer 113b as a gate electrode 
layer. Thus, the first and Second polysilicon layerS 113a, 
113b are disposed inside the gate oxide layer 112 within the 
trench 109. In this case, the first and second polysilicon 
layers 113a, 113b may be formed on the gate oxide layer 
112c on the n' Source region 106. 

Thereafter, as shown in FIG. 80, a layer-insulation layer 
114 is formed, by CVD, on the gate oxide layer 112c, 
including the Surface of the first and Second polysilicon 
layers 113a, 113b. The gate oxide layer 112c and the 
layer-insulation layer 114 which are located on the Surface 
of the n" type source region 106 and the p type silicon 
carbide semiconductor layer 103, are removed in a prede 
termined position where a Source contact is to be provided. 
Thereafter, a source electrode layer 115 is formed as a first 
electrode on the n" type Source region 106, the p type Silicon 
carbide semiconductor layer 103, and the layer-insulation 
layer 114, and, further, a drain electrode layer 116 is formed 
as a Second electrode on the back Surface of the Semicon 
ductor substrate 104 (bottom surface of the n" type single 
crystal SiC substrate 101), thereby completing a power 
MOSFET 

Thus, according to the present embodiment, the impurity 
concentration of the epitaxial layer 111a, wherein a channel 
is formed using a semiconductor Substrate 104 of silicon 
carbide, can be desirably designed independently of the 
concentration of an impurity in the n type Silicon carbide 
Semiconductor layer 102 and the p type Silicon carbide 
semiconductor layer 103. As a result, it is possible to provide 
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a high blocking voltage and low loss power MOSFET which 
has a lowered drop Voltage in the channel portion by Virtue 
of Suppressed impurity Scattering in the channel mobility 
and a low threshold Voltage. 

Since the epitaxial layer 111a is formed within the trench 
109, a semiconductor layer free from ion damage can be 
provided in the epitaxial layer 111a. Thus, reduced ion 
damage and irregularities on the channel formed face can 
provide a Silicon carbide Semiconductor device having 
improved MOS interface properties and excellent Switching 
properties. 

Since the Silicon carbide constituting the Semiconductor 
substrate 104 is of hexagonal system with the surface thereof 
having a carbon face with a substantially (0001) face 
orientation, the chemical reactivity of the Surface is higher 
than that of the other faces, enabling the process temperature 
to be lowered and, at the same time, the process time to be 
Shortened. Thus, an inexpensive device can be provided. 

Since the epitaxial layer 111a for forming a channel has 
been formed by epitaxial growth, a high-quality epitaxial 
layer 111a can be uniformly formed on the side face of the 
trench 109. The epitaxial layer 111a formed by this method 
has a feature in that the mobility is not influenced by the 
impurities of the other layers and, hence, is high. Therefore, 
the Voltage drop of the channel formed in the epitaxial layer 
111a can be lowered, enabling a low-loss device to be 
produced. Further, anisotropic epitaxial growth in a low 
impurity concentration results in the formation of a channel 
having high mobility, reducing the drop Voltage in the 
channel portion. Thus, a high blocking Voltage and low loSS 
power MOSFET of silicon carbide can be produced, so as to 
further reduce the loSS, in a high yield. 

Further, the formation of the trench 109 by dry etching 
enables the trench 109 to be finely, deeply and substantially 
perpendicularly formed, and increasing the Surface area of 
the epitaxial layer 111a formed on the side face 109a of the 
trench 109 can increase the total channel width per unit area 
and lower the Voltage drop of the channel portion. Thus, a 
device having a further reduced loSS can be produced. 

Since the gate electrode layer is a polysilicon film, the 
gate electrode layer can be formed on the inner wall of the 
trench in a high yield. Thus, a high blocking Voltage and low 
loSS device can be produced at a high yield. 

Although only Silicon carbide of hexagonal System has 
been described in this example, other crystal Systems (for 
example, a cubic system) also can offer the same effect. 

Further, although only the Substrate having a p/n/n" 
Structure has been described in this example, it is needleSS 
to say that the same effect can be attained by a structure 
wherein the n type in the Semiconductor type has been 
replaced with the p type. 

Further, as shown in FIG. 50, after the formation of an 
epitaxial layer 111, an oxide layer is formed by thermal 
oxidation to leave the epitaxial layer 111 on only the side 
face of the trench 109 and to dispose the oxide layer, on the 
inner wall of the trench 109, with the thickness thereof on 
the side face 109a of the trench 109 being smaller than that 
on the bottom face 109b. Alternatively, the thermal oxida 
tion may be conducted in two steps, that is, a Step of forming 
a first oxide layer which comprises, after the formation of 
the epitaxial layer 111, forming an oxide layer, leaving the 
epitaxial layer 111 on only the side face of the trench 109 and 
removing the oxide layer, and a step of forming a Second 
oxide layer which comprises, after the formation of the first 
oxide layer forming an oxide layer on the inner wall of the 
trench 109 with the thickness thereof on the Side face 109a 
being smaller than that on the bottom face 109b. In the step 
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of forming the first oxide layer, the unnecessary Second 
Semiconductor on the Surface of the Substrate can be 
removed by Single oxidation. Further, in the Step of forming 
the Second oxide layer, the oxide layer on the Side face can 
be selectively formed thin by anisotropic thermal oxidation, 
with the thickness of the field oxide layer on the surface of 
the Substrate and on the bottom face of the trench being 
large. Thus, a thin oxide layer can be formed only at a site 
where the channel is created. 

The n' Source region 106 may be formed on the surface 
of the p type silicon carbide semiconductor layer 103, 
without relying on ion implantation, by introducing, in the 
course of growth in the formation of the p type Silicon 
carbide Semiconductor layer 103, a gas containing an impu 
rity. This enables the formation of a thick Source region, and 
the low-resistance Source region can be formed by epitaxial 
growth to lower the drop Voltage in the Source region. Thus, 
a device having a further lowered loSS can be produced. 
The formation of the source electrode layer 15 on at least 

the surface of the n' Source region 6 Suffices for the object 
of the present invention. 

The epitaxial layer 111 shown in FIG. 86 has been formed 
by epitaxial growth of 6H-SiC on 6H-SiC. Alternatively, 
4H-SiC or 3C-SiC may be epitaxially grown on 6H-SiC. 

In the present invention, the carbon face with (0001) face 
orientation includes a carbon face with (0001) face orien 
tation which is a crystallographically Symmetrical face. 

(Fourteenth Embodiment of the Invention) 
FIG. 90 shows a cross-sectional view of a power MOS 

FET of silicon carbide according to the ninth embodiment of 
the present invention. According to this embodiment, the 
trench 109 is filled with the gate electrode layer 113 in a 
Single Step. Further, a low-resistance p type Silicon carbide 
region 117 for improving the contact with the Source elec 
trode layer 115 is formed in a different predetermined region 
in the Surface layer portion of the p type Silicon carbide 
Semiconductor layer 103, for example, by ion implantation 
of aluminum. 

Besides the above constructions, for example, the material 
for the n" type source region 106 may be different from that 
for the source electrode layer 115 formed in the low 
resistance p type Silicon carbide region 117. Further, as 
shown in FIG. 81, the low-resistance p type silicon carbide 
region 117 may be omitted. In this case, the Source electrode 
layer 115 may be formed so as to come into contact with the 
n" type Source region 106 and the p type Silicon carbide 
semiconductor layer 103. The formation of the source elec 
trode layer 115 on at least the Surface of the n" type source 
region 106 Suffices for the object of the present invention. 

Further, although the application to an in channel Vertical 
MOSFET has been described above, the replacement of p 
type and n type with each other in FIG. 81, that is, p channel 
type vertical MOSFET, also can offer the same effect. 

(Fifteenth Embodiment of the Invention) 
In FIG. 80, the angle of the side face 109a in the trench 

109 to the surface of the substrate is 90. However, as shown 
in FIG.91, the angle of the side face 109a in the trench 109 
to the surface of the Substrate may not be necessarily 90. 
Further, the trench 109 may be in a V form having no bottom 
face. 
A better effect can be attained when the angle of the side 

face of the trench 109 to the Surface of the Substrate 104 is 
designed So as to provide high channel mobility. 

(Sixteenth Embodiment of the Invention) 
As shown in FIG. 92, the upper portion of the gate 

electrode layer 113 may be formed so as to extend on the n 
type Source region 106. This construction can reduce the 
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connection resistance between the n" type Source region 106 
and the channel induced in the thin n type Silicon carbide 
Semiconductor layer 111a. 

(Seventeenth Embodiment of the Invention) 
As shown in FIG. 93, the construction of the device may 

be Such that the thickness of the gate insulating layer 112 is 
Substantially identical in the central portion and the lower 
end of the thin n type Silicon carbide Semiconductor layer 
111a wherein the channel is formed, and the gate electrode 
layer 113 extends toward a position lower than the lower end 
of the thin n type Silicon carbide Semiconductor resistance 
between the channel induced in the thin n type Silicon 
carbide Semiconductor layer 11a and the drain region. 

(Eighteenth Embodiment of the Invention) 
The construction of the device may be as shown in FIG. 

94. Specifically, as shown in FIG. 92, the upper part of the 
gate electrode layer 113 is formed so as to extend on the n' 
type source region 106, and, as shown in FIG. 94, the gate 
electrode layer 113 extends toward a position lower than the 
lower end of the thin n type Silicon carbide Semiconductor 
layer 111a. 

Further, the thin n type Silicon carbide Semiconductor 
layer 111a and the p type Silicon carbide Semiconductor 
layer 103 are different from each other in crystal form. For 
example, the p type Silicon carbide Semiconductor layer 103 
may be formed of 6H-SiC with the thin n type silicon 
carbide semiconductor layer 111a being formed of 4H-SiC 
to increase the mobility of the carrier flow direction, thereby 
offering a MOSFET having a low current loss. 

Further, in the above embodiments, the application to an 
n channel vertical MOSFET has been described. The 
replacement of p type and n type with each other in each 
embodiment that is, p channel vertical MOSFET, offers the 
Same effect. 

Modifications and variations, other than those described 
above fall within the Scope of the present invention, unless 
they deviate from the Subject matter of the present invention. 
What is claimed is: 
1. A Semiconductor device comprising: 
a semiconductor Substrate (1) of a first conductivity type 

comprising Single crystal Silicon carbide, 
a Silicon carbide epitaxial layer (2) of the first conduc 

tivity type which is formed on the main side of the 
Semiconductor Substrate, 

a first Semiconductor region (3a, 3b) formed on said 
Silicon carbide epitaxial layer and comprising Silicon 
carbide of a Second conductivity type, 

a second Semiconductor region (4a, 4b) formed on said 
first Semiconductor region, comprising Silicon carbide 
of the first conductivity type and Separated from the 
Silicon carbide epitaxy layer of the first conductivity 
type by Said first Semiconductor, 

a third semiconductor region (5a, 5b) formed on said 
Semiconductor region, connected to Said Silicon region, 
comprising Silicon carbide of the first conductivity 
type, Said third Semiconductor region comprising a first 
Section (5a) on Said first Semiconductor region and a 
second section (5b) other than the first section on said 
epitaxial layer, said first Section (5a) being of higher 
resistance than said Semiconductor Substrate (1), Said 
Second Section (5b) being of lower resistance than said 
first section (5a), and 

a gate electrode formed on Said third Semiconductor 
region with an insulating layer therebetween, wherein 
Said third Semiconductor layer is depleted when no 
Voltage is being applied to Said gate electrode So that 
said semiconductor device has a normally-OFF char 
acteristic. 
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2. A Semiconductor device according to claim 1, wherein 
the normally-off characteristic of Said third Semiconductor 
layer is achieved by mutually connecting a depletion layer 
which extends from the gate electrode into the said third 
Semiconductor channel layer, and a depletion layer which 
extends from Said Second Semiconductor region into the Said 
third Semiconductor channel layer. 

3. A Semiconductor device according to claim 1, wherein 
Said gate electrode is a polysilicon gate electrode, and a 
polysilicon gate electrode has a conductivity type opposite 
to that of Said third Semiconductor region. 

4. A Semiconductor device according to claim 1, wherein 
Said first Semiconductor region is a Silicon carbide of the 

Second conductivity type and having a higher resistance 
than Said Silicon carbide epitaxy layer or Semiconductor 
Substrate, 

Said first Semiconductor region is a base region formed to 
a predetermined depth on a predetermined region of 
Said Silicon carbide epitaxial layer, 

Said Second Semiconductor region is a Source region 
formed on a predetermined region of the Surface layer 
of Said base region and having a shallower depth than 
Said base region, 

Said third Semiconductor region is a Surface channel layer 
made of Silicon carbide of the first conductivity type, 
having higher resistance than Said Semiconductor Sub 
Strate and Situated on the Surface of Said base region So 
as to connect Said Source region and Said first Semi 
conductor region, Said Surface channel layer being 
depleted when no voltage is applied to Said gate 
electrode, to exhibit a normally OFF characteristic, and 

Said Semiconductor device further comprises a gate insu 
lating film formed on Said Surface channel layer, a gate 
electrode formed on Said gate insulating film, a Source 
electrode formed So as to contact said base region and 
Said Source region, and a drain electrode formed on the 
back Side of Said Semiconductor Substrate. 

5. A Semiconductor device according to claim 4, wherein 
the Section of Said Surface channel layer which is situated on 
the Surface of Said Silicon carbide epitaxial layer has lower 
resistance than Said Silicon carbide epitaxial layer. 

6. A Silicon carbide Semiconductor device according to 
claim 1, wherein the main Surface of Said Silicon carbide 
semiconductor substrate is (0001) Si face or the (1120) a 
face for low interface State density at the Silicon carbide/ 
insulator interface. 

7. A Silicon carbide Semiconductor device according to 
claim 4, wherein the dopant concentration of Said Surface 
channel layer is no greater than the dopant concentrations of 
Said Silicon carbide epitaxial layer and Said base region. 

8. A Silicon carbide Semiconductor device according to 
claim 4, wherein Said gate electrode has a first work function 
potential, Said base region has a Second work function 
potential, Said Surface channel layer has a third work func 
tion potential, and the first, Second and third work function 
potentials are Set So that the carrier of the first conductivity 
type is depleted in Said Surface channel layer. 

9. A Silicon carbide Semiconductor device according to 
claim 8, wherein said first, Second and third work function 
potentials are Set So that the carrier of the first conductivity 
type is depleted in Said Surface channel layer when Said gate 
electrode is at Zero potential with respect to the drain region. 

10. A Silicon carbide Semiconductor device according to 
claim 4, wherein Said Surface channel layer is formed by 
epitaxial growth or ion implantation. 

11. A Silicon carbide Semiconductor device according to 
claim 4, wherein Said Surface channel layer is formed by 
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epitaxial growth, and the crystal System/polymorph of the 
Silicon carbide constituting Said Semiconductor Substrate, 
Silicon carbide epitaxial layer, base region and Source region 
is different from that of the silicon carbide of Said Surface 
channel layer. 

12. A Silicon carbide Semiconductor device according to 
claim 11, wherein the Silicon carbide constituting Said Semi 
conductor Substrate, Silicon carbide epitaxial layer, base 
region and Source region is of hexagonal System, while the 
Silicon carbide of Said Surface channel layer is of cubic 
System. 

13. A Silicon carbide Semiconductor device according to 
claim 4, wherein Said Surface channel layer is formed by 
epitaxial growth, and the Silicon carbide constituting Said 
Semiconductor Substrate, Silicon carbide epitaxial layer, base 
region and Source region is 6H-SiC while the Silicon carbide 
of said surface channel layer is 3C-SiC. 

14. A Silicon carbide Semiconductor device according to 
claim 4, wherein Said Surface channel layer is formed by 
epitaxial growth, and the Silicon carbide constituting Said 
Semiconductor Substrate, Silicon carbide epitaxial layer, base 
region and Source region is 6H while the Silicon carbide of 
Said Surface channel layer is 3C. 

15. A Silicon carbide Semiconductor device according to 
claim 4, wherein a portion of Said base region is made 
thicker. 

16. A Silicon carbide Semiconductor device according to 
claim 15, wherein the impurity concentration of the thick 
ened Section of Said base region is made higher than the 
impurity concentration of the thinner Sections. 

17. A Silicon carbide Semiconductor device according to 
claim 15, wherein the thickened Section of Said base region 
is formed under Said Source region. 

18. A silicon carbide Semiconductor device according to 
claim 15, wherein the thickened Section of Said base region 
is formed at a location not overlapping Said Source region. 

19. A Silicon carbide Semiconductor device according to 
claim 4, wherein Said Surface channel layer is overlapping a 
portion of Said Source region. 

20. A Silicon carbide Semiconductor device according to 
claim 1, wherein Said third Semiconductor region has a 
concentration distribution of Said Second conductivity-type 
impurity which is lower at the top surface of said third 
Semiconductor region close to Said gate electrode than inside 
of Said third Semiconductor region. 

21. A Silicon carbide Semiconductor device according to 
claim 20, wherein Said concentration of Said Second 
conductivity-type impurity in Said third Semiconductor 
region gradually decreases in the depth direction toward Said 
top Surface. 

22. A Silicon carbide Semiconductor device according to 
claim 21, wherein Said Second conductivity-type impurity is 
boron. 

23. A Silicon carbide Semiconductor device according to 
claim 22, wherein Said third Semiconductor region is a 
Surface channel layer where a first conductivity-type impu 
rity is ion implanted. 

24. A Silicon carbide Semiconductor device according to 
claim 4, wherein Said base region has a receSS in a portion 
of the top Surface thereof and has a portion deeper than the 
other portion thereof which portion resides below Said receSS 
and extends closer to Said Semiconductor Substrate. 

25. A Silicon carbide Semiconductor device according to 
claim 24, wherein Said receSS is formed in contact with Said 
Source region and penetrating Said Source region. 

26. A Silicon carbide Semiconductor device according to 
claim 24, wherein Said receSS has a tapered Side and Said 
deeper portions has a tapered side corresponding thereto. 
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27. A Semiconductor device comprising: 
a Semiconductor Substrate made of Silicon carbide of a 

first conductivity type, 
a Silicon carbide epitaxial layer of the first conductivity 

type which is formed on the main Side of the Semicon 
ductor Substrate, 

a first Semiconductor region formed on Said Silicon car 
bide Substrate and made of Silicon carbide of a Second 
conductivity type, 

a Second Semiconductor region formed on Said first Semi 
conductor region and made of Silicon carbide of the 
first conductivity type, 

a third Semiconductor region formed on Said first Semi 
conductor region, connecting Said Silicon carbide epi 
taxy layer and Said Second Semiconductor region, made 
of silicon carbide of the first conductivity type said 
third Semiconductor region comprising a fist Section 
(5a) on said first Semiconductor region and Second 
section (5b) other than the first section on said epitaxial 
layer, said first Section (5a) having a lower concentra 
tion than said Semiconductor Substrate (1), said second 
section (5b) being of lower resistance than said first 
Section (5a), and 

a gate electrode formed on Said third Semiconductor 
region via an insulating layer, wherein the thickness of 
Said third Semiconductor layer is a thickness (order of 
Sub microns) Such that total depletion occurs when no 
Voltage is being applied to Said gate electrode. 

28. A Semiconductor device comprising: 
a Semiconductor Substrate made of Silicon carbide of a 

first conductivity type, 
a Silicon carbide epitaxial layer of the first conductivity 

type which is formed on the main Side of the Semicon 
ductor substrate, 

a first Semiconductor region formed on Said Silicon car 
bide Substrate and made of Silicon carbide of a Second 
conductivity type, 

a Second Semiconductor region formed on Said first Semi 
conductor region and made of Silicon carbide of the 
first conductivity type, 

a third Semiconductor region formed on Said first Semi 
conductor region, connecting Said Silicon carbide epi 
taxy layer and Said Second Semiconductor region, made 
of silicon carbide of the first conductivity type, the third 
Semiconductor region comprises a first Section (5a) on 
Said first Semiconductor region and a Second Section 
(5b) other than the first section on said epitaxial layer, 
Said first Section (5a) having a lower concentration than 
Said semiconductor Substrate (1), said Second Section 
(5b) being of lower resistance than said first section 
(5a), and 

a gate electrode formed on Said third Semiconductor 
region via an insulating layer, wherein the impurity 
concentration of the Section of the Surface channel layer 
Situated on the Surface Section of the epitaxial layer is 
higher than that of the remaining Section of the Surface 
channel epilayer and Silicon carbide epitaxial layer, 
thus lowering the ON resistance of the MOSFET 

29. A Semiconductor device comprising: 
a Semiconductor Substrate of a first conductivity type 

comprising Single crystal Silicon carbide, 
a Silicon carbide epitaxial layer of the first conductivity 

type which is formed on the main Side of the Semicon 
ductor Substrate, 

a first Semiconductor region formed on Said Silicon car 
bide epitaxial layer and comprising Silicon carbide of a 
Second conductivity type, 
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a Second Semiconductor region formed on Said first Semi 

conductor region, comprising Silicon carbide of the first 
conductivity type and Separated from the Silicon car 
bide epitaxy layer of the first conductivity type by said 
first Semiconductor, 

a third Semiconductor region formed on Said Semiconduc 
tor region, connected to Said Silicon region, comprising 
Silicon carbide of the first conductivity type, and of 
higher resistance than Said Semiconductor Substrate, 

the third Semiconductor region comprising a first Section 
(5a) on said first Semiconductor region and Second 
section (5b) other than the first section on said epitaxial 
layer, said first Section (5a) being of higher resistance 
than Said Semiconductor Substrate, Said Second Section 
(5b) being of lower resistance than said first section 
(5a), and 

a gate electrode formed on Said third Semiconductor 
region with an insulating layer therebetween, wherein 
Said third Semiconductor layer is depleted when no 
Voltage is being applied to Said gate electrode So that 
said semiconductor device has a normally-OFF 
characteristic, and wherein Said third Semiconductor 
region has a impurity concentration of about 1x10' 
cm, said third semiconductor region has a thickness 
of greater than Zero and thinner than 0.7 um; and Said 
gate electrode comprises a doped polysilicon. 

30. A Semiconductor device comprising: 
a Semiconductor Substrate of a first conductivity type 

comprising Singe crystal Silicon carbide 
a Silicon carbide epitaxial layer of the first conductivity 

type which is formed on the main Side of the Semicon 
ductor Substrate, 

a first Semiconductor region formed on Said Silicon car 
bide epitaxial layer and comprising Silicon carbide of a 
Second conductivity type, 

a Second Semiconductor region formed on Said first Semi 
conductor region, comprising Silicon carbide of the first 
conductivity type and Separated from the Silicon car 
bide epitaxy layer of the first conductivity type by said 
first Semiconductor, 

a third Semiconductor region formed on Said Semiconduc 
tor region, connected to Said Silicon region, comprising 
Silicon carbide of the first conductivity type, and of 
higher resistance than Said Semiconductor Substrate, 

the third Semiconductor region comprising a first Section 
(5a) on said first Semiconductor region and a second 
section (5b) other than the first section on said epitaxial 
layer, said first Section (5a) being of higher resistance 
than Said Semiconductor Substrate, Said Second Section 
(5b) being of lower resistance than said first section 
(5a), and 

a gate electrode formed on Said third Semiconductor 
region with an insulating layer therebetween, wherein 
Said third Semiconductor layer is depleted when no 
Voltage is being applied to Said gate electrode So that 
said semiconductor device has normally-OFF 
characteristic, and wherein Said third Semiconductor 
region has an impurity concentration of about 1x10' 
cm, said third semiconductor region has a thickness 
of greater than Zero and thinner than 0.5um; and Said 
gate electrode comprises a doped polysilicon. 

31. A Semiconductor device comprising: 
a Semiconductor Substrate of a first conductivity type 

comprising Single crystal Silicon carbide 
a Silicon carbide epitaxial layer of the first conductivity 

type which is formed on the main Side of the Semicon 
ductor Substrate, 
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a first Semiconductor region formed on Said Silicon car 
bide epitaxial layer and comprising Silicon carbide of a 
Second conductivity type, 

a Second Semiconductor region formed on Said first Semi 
conductor region, comprising Silicon carbide of the first 
conductivity type and Separated from the Silicon car 
bide epitaxy layer of the first conductivity type by said 
first Semiconductor, 

a third Semiconductor region formed on Said Semiconduc 
tor region, connected to Said Silicon region, comprising 
Silicon carbide of the first conductivity type, and of 
higher resistance than Said Semiconductor Substrate, 

the third Semiconductor region comprising a first Section 
(5a) on said first Semiconductor region and a second 
section (5b) other than the first section on said epitaxial 
layer, said first Section (5a) being of higher resistance 
than Said Semiconductor Substrate, Said Second Section 

52 
(5b) being of lower resistance than said first section 
(5a), and 

a gate electrode formed on Said third Semiconductor 
region with an insulating layer therebetween, wherein 
Said third Semiconductor layer is depleted when no 
Voltage is being applied to Said gate electrode So that 
said semiconductor device has a normally-OFF 
characteristic, and wherein Said third Semiconductor 
region has an impurity concentration of about 1x10'’ 
cm; said third semiconductor region has a thickness 
of greater than Zero and thinner than 0.2 um; and Said 
gate electrode comprises a doped polysilicon. 

32. A semiconductor device according to claim 29, 30, or 
15 31, wherein Said doped polysilicon is p-type polysilicon. 
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