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(57) ABSTRACT 

A Semiconductor device includes a Semiconductor Substrate 
and a Semiconductor layer. The Semiconductor Substrate has 
a main surface that is an Si{100 surface. The substrate has 
a trench in the main Surface. The Semiconductor layer is 
located on Surfaces defining the trench to have common 
crystallographic planes with the Semiconductor Substrate. 
The trench is defined by a bottom surface, two longsidewall 
Surfaces that face each other, and two short Sidewall Surfaces 
that face each other. The bottom Surface and the long 
sidewall surfaces are Si{100 surfaces. 
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FIG. 20A 
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SEMCONDUCTOR DEVICE HAVING 
EPITAXIALLY-FILLED TRENCH AND METHOD 
FOR MANUFACTURING SEMCONDUCTOR 

DEVICE HAVING EPITAXIALLY-FILLED TRENCH 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. This application is based on and incorporates 
herein by reference Japanese Patent Application No. 2002 
148090 filed on May 22, 2002 and No. 2003-133255 filed on 
May 12, 2003. 

BACKGROUND OF THE INVENTION 

0002 The present invention relates to a semiconductor 
device formed by filling a trench with an epitaxially grown 
film and to a method for manufacturing the device. 
0.003 Such a semiconductor device is manufactured, for 
example, by: forming a trench defined by four Sidewall 
Surfaces, each of which is an Si 110 Surface, or a Surface 
of silicon on which a 110 plane is exposed, and a bottom 
Surface, which is an Si(100) Surface, or a Surface of Silicon 
on which a (100) plane is exposed, in an Si(100) surface of 
a Silicon Substrate; and depositing an epitaxially grown film 
to fill the trench. Specifically, the four sidewall surfaces 
defining the trench may be an Si(011) surface, an Si(0-1-1) 
surface, an Si(01-1) surface, and an Si(0-11) surface. The 
four Surfaces of the Sidewall Surfaces are crystallographi 
cally equivalent to one another, but crystallographically 
differ from the bottom Surface. 

0004 Alternatively, such a semiconductor device may 
also be manufactured by: forming a trench having four 
sidewall Surfaces, each of which is an Si 111 Surface, or a 
Surface of silicon on which a 111 plane is exposed, and a 
bottom surface, which is an Si{110 surface, or a surface of 
silicon on which a 110 plane is exposed, in an Si{110} 
Surface of a Silicon Substrate with an anisotropic wet etching 
using potassium hydroxide (KOH) acqueous Solution; and 
depositing an epitaxially grown film to fill the trench, as 
disclosed in JP-A-2001-168327. 

0005) When a trench is formed with the anisotropic wet 
etching, the etch rate difference between the planes. There 
fore, the plane orientations of the Surfaces defining a trench 
are limited by the plane orientation of the Surface of a 
Substrate. As a result, each of the four Sidewall Surfaces and 
the bottom Surface of the trench automatically become an 
Si{111 surface and an Si{110 surface, respectively. 
0006 The above technique for forming a trench can be 
applied to what is called a three-dimensional (3-D) structure 
MOSFET, which is disclosed in JP-A-2001-274398, and to 
a Super junction MOSFET, which is disclosed in JP-A-2001 
127289. In the 3-D structure MOSFET, a channel region has 
been formed such that a current mainly flows parallel to the 
Surface of a Substrate in the channel region, that is, the 
channel width direction, in which the width of the channel 
region is defined, is orthogonal to the Surface of the Sub 
strate. The Super junction MOSFET includes a p/n column 
layer. 

0007 Some 3-D structure MOSFETs and some super 
junction MOSFETs include a trench gate, which is a gate 
electrode formed on a Sidewall Surface of a trench with a 
gate oxide film therebetween. When a trench for a trench 

Mar. 3, 2005 

gate is formed, a trench defined by four Sidewall Surfaces, 
each of which is an Si{110 surface, and a bottom surface, 
which is an Si(100) surface, can be formed as well as the 
aforementioned trench filled with an epitaxially grown film 
if a silicon Substrate having an Si(100) Surface is used. 
0008 When a silicon Substrate having an Si{110 surface 
is used, a trench for a trench gate can be formed using an 
anisotropic wet etching as well as the aforementioned trench 
filled with an epitaxially grown film, as disclosed in JP-A- 
2001-168327. In that case as well, the trench comes to have 
four sidewall Surfaces, each of which is an Si{111}Surface, 
and a bottom surface, which is an Si{110 surface 
0009. A bar (-) should have been put above the corre 
sponding numeral in order to show a crystallographic plane 
orientation. However, a bar is put before the corresponding 
numeral due to the restriction of notation in this specifica 
tion. Braces {} means every crystallographically equivalent 
plane as in the ordinary notation System. For example, a 
{100 plane is any one of a (-100) plane, a (010) plane, a 
(001) plane, a (-100) plane, a (0-10) plane, and a (00-1) 
plane. 
0010. In the semiconductor devices proposed in the 
above publications, there are three demands. The first 
demand is for Suppressing the generation of crystallographic 
StreSS, or crystal defects, in an epitaxially grown film when 
the trench is filled with the epitaxially grown film. The 
generation of the crystal defects in the epitaxially grown film 
can be Suppressed by removing the crystal defects existing 
in the Surfaces defining the trench before the epitaxially 
grown film is formed. If crystal defects exist in the Surfaces 
defining the trench, crystal defects are generated in the 
epitaxially grown film grown on the Surfaces, too. Therefore, 
the generation of the crystal defects in the epitaxially grown 
film can be Suppressed by removing the crystal defects 
existing in the Surfaces defining the trench before the 
epitaxially grown film is formed. 
0011 Alternatively, the trench may be formed by wet 
etching, not by dry etching. Wet etching damages the 
Surfaces defining the trench less than dry etching, So fewer 
crystal defects are generated in the Surfaces defining the 
trench formed by wet etching. In addition, wet etching 
damages the Silicon Substrate less than dry etching, and wet 
etching generates fewer contamination layer, which is pro 
duced through the reaction. Therefore, the generation of the 
crystal defects in the epitaxially grown film can be more 
Suppressed by forming the trench using wet etching than 
using dry etching. 
0012. The inventors of the present invention have con 
ducted intensive Studies on the cause of generating the 
crystal defects in order to obtain a method having the effect 
of Suppressing the generation of crystal defects other than 
the aforementioned methods. The studies have shown that 
the difference in crystallographic plane between the bottom 
Surface and the Sidewall Surfaces of the trench is one of the 
causes generating the crystal defects. 
0013 If the crystallographic plane exposed on the bottom 
Surface of the trench differs from those on the sidewall 
Surfaces of the trench, the growth rate of the epitaxially 
grown film becomes different between on the bottom surface 
and on the Sidewall Surfaces. Therefore, when the epitaxial 
grown film is formed, a StreSS is generated in the epitaxial 
grown film near the bottom corners of the trench. The stress 
causes the crystal defects. 
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0.014. The second demand is for increasing the break 
down Voltage of the gate oxide film, on which the trench gate 
is formed. If a Semiconductor device including a trench gate 
is manufactured by: forming a trench defined by four 
sidewall surfaces, each of which is an Si{110 surface, and 
a bottom surface, which is an Si(100) surface, in an Si(100) 
Surface of a Silicon Substrate; and forming an gate oxide film 
on the four sidewall surfaces and the bottom surface by 
thermal oxidization, the gate oxide film becomes thinner on 
the bottom Surface than on the sidewall Surfaces. Therefore, 
the breakdown Voltage of the gate oxide film is Substantially 
determined by the thickness of the gate oxide film on the 
bottom Surface. Thus, it is necessary to thicken the gate 
oxide film on the bottom Surface in order to increase the 
breakdown Voltage of the gate oxide film. 
0.015 However, the semiconductor device is designed on 
the basis of the thickness of the gate oxide film on the 
Sidewall Surfaces because a channel region is formed in the 
sidewall surfaces. Therefore, it is difficult to thicken the gate 
oxide film only on the bottom surface without thickening the 
gate oxide film on the Sidewall Surfaces, if the trench is 
formed Such that the above crystallographic planes are 
exposed on the Sidewall Surfaces and the bottom Surface. 
From the Standpoint of increasing the breakdown Voltage of 
the gate oxide film, it is preferred that the thickness of the 
gate oxide film on the bottom Surface be approximately 
equal to or thicker than those on the Sidewall Surfaces. 
0016. The third demand is for increasing the current 
flowing through the channel region without enlarging the 
chip size of a power device such as a 3-D structure MOSFET 
and a Super junction MOSFET. The current flowing through 
the channel region is thought to be increased by increasing 
the croSS-Sectional area of the current passage. However, in 
that case, the chip sizes of the power devices becomes larger, 
So it is not preferable to increase the cross-sectional area of 
the current passage. 

SUMMARY OF THE INVENTION 

0.017. The present invention has been made in view of the 
above aspects. A first object of the present invention is to 
SuppreSS the generation of crystal defects in an epitaxially 
grown film when a trench formed in a substrate is filled with 
the epitaxially grown film. A Second object of the present 
invention is to increase the breakdown Voltage of a gate 
oxide film in a Semiconductor device including a trench gate. 
A third object of the present invention is to increase the 
current flowing through the channel region without enlarg 
ing the chip size of a power device Such as a 3-D Structure 
MOSFET and a super junction MOSFET. 
0.018 To achieve the above objects, a semiconductor 
device according to the present invention includes a Semi 
conductor Substrate and a Semiconductor layer. The Semi 
conductor Substrate has a main surface that is an Si{100 
Surface. The Substrate has a trench in the main Surface. The 
Semiconductor layer is located on Surfaces defining the 
trench to have common crystallographic planes with the 
semiconductor Substrate. The trench is defined by a bottom 
Surface, two long Sidewall Surfaces that face each other, and 
two short Sidewall Surfaces that face each other. The bottom 
Surface and the long sidewall Surfaces are Si{100 Surfaces. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019. The above and other objects, features and advan 
tages of the present invention will become more apparent 
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from the following detailed description made with reference 
to the accompanying drawings. In the drawings: 

0020 FIG. 1 is a schematic partial plan view of a 3-D 
structure power MOSFET as a first example of a first 
embodiment of the present invention; 
0021 FIG. 2 is a schematic perspective sectional view of 
the MOSFET in FIG. 1 at the area AA; 

0022 FIGS. 3A to 3E are views showing a method for 
manufacturing the 3-D structure power MOSFET of FIGS. 
1 and 2; 
0023 FIG. 4 is a plan view showing an arrangement of 
an epitaxial trench in a Semiconductor wafer; 
0024 FIG. 5 is a plan view showing another arrangement 
of an epitaxial trench in a Semiconductor wafer; 
0025 FIG. 6 is a schematic cross-sectional image, which 
is based on the observation using a Scanning electron 
microScope, of an epitaxial film formed in a trench by a 
conventional method; 

0026 FIG. 7 is a schematic cross-sectional image, which 
is based on the observation using a Scanning electron 
microScope, of an epitaxial film formed in a trench by the 
method according to the first embodiment; 
0027 FIG. 8 is a plan view of a 3-D power MOSFET as 
a Second example of the first embodiment; 
0028 FIG. 9 is a perspective sectional view of the area 
C in FIG. 8: 

0029 FIG. 10 is a plan view of a 3-D power MOSFET 
as a third example of the first embodiment; 
0030 FIG. 11 is a perspective sectional view of the area 
D in FIG. 10; 

0031 FIG. 12 is a plan view of a 3-D power MOSFET 
as a fourth example of the first embodiment; 
0032 FIG. 13 is a perspective sectional view of the area 
E in FIG. 12; 

0033 FIG. 14 is a plan view of a power MOSFET having 
a Super junction Structure as a first example of a Second 
embodiment; 

0034 FIG. 15 is a cross-sectional view taken along the 
line XV-XV in FIG. 14; 

0035 FIGS. 16A to 16H are views showing a method for 
manufacturing a power MOSFET having a Super junction 
Structure as a first example of a Second embodiment; 
0036 FIG. 17 is a plan view of a power MOSFET having 
a Super junction Structure as a Second example of the Second 
embodiment; 

0037 FIG. 18A is a plan view of a power MOSFET 
having a Super junction Structure as a third embodiment, 
showing the layout of a p/n column; 

0038 FIG. 18B is a plan view of the area 62 in FIG. 
18A, showing the layout of trench gates, 

0039 FIG. 19 is a perspective sectional view of the 
MOSFET in FIG. 18A, showing the cross-sectional view 
taken along the line XIX-XIX in FIG. 18A; 
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0040 FIGS. 20A to 200 are views showing a method for 
manufacturing a power MOSFET having a Super junction 
structure as the third embodiment; 
0041 FIG. 21 is a table that shows the positional rela 
tions between the orientation flats, the crystallographic 
planes that are exposed on the Surfaces defining epitaxial 
trenches, and the crystallographic planes that are exposed on 
the Surfaces defining gate trenches of Semiconductor wafers, 
0.042 FIG. 22 is another table that shows the positional 
relations between the orientation flats, the crystallographic 
planes that are exposed on the Surfaces defining epitaxial 
trenches, and the crystallographic planes that are exposed on 
the Surfaces defining gate trenches of Semiconductor wafers, 
0043 FIG. 23 is a table that shows the electron mobility 
in the channel plane, the interface trap, and the relation in the 
thickness of the gate oxide film between on the sidewall 
surfaces and on the bottom surfaces of the power MOSFETs 
according to the first, Second, and third embodiments, and 
0044 FIG.24 is a plan view of a power MOSFET having 
a Super junction Structure as a fourth embodiment. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

004.5 The present invention will be described in detail 
with reference to various embodiments. 

0046 First Embodiment 
0047 FIG. 1 is a schematic partial plan view of a 3-D 
structure power MOSFET according to a first example of a 
first embodiment of the present invention. FIG. 2 is a 
schematic perspective sectional view of the MOSFET in 
FIG. 1 at the area AA. The power MOSFET has a structure 
in which the unit structure B of FIG. 1 is repeated a plurality 
of times. 

0048. The power MOSFET of FIG. 1 includes a semi 
conductor Substrate 1, or an n-type Substrate 1. The n-type 
substrate 1 has a main surface 1a, which is an Si(100) 
Surface, and a rear Surface 1b, which is opposite to the main 
surface 1a. The n-type substrate 1 is doped with P, AS or Sb, 
which is an n-type impurity, at a concentration of about 
1x10 to 1x10' cm. The concentration of the impurity is 
Substantially uniform along the directions orthogonal to the 
main Surface 1a and the directions parallel to the main 
Surface 1a. The n-type Substrate 1 forms an n-type Source 
region 1. 

0049. As shown in FIG. 2, a first trench 2, or an epitaxial 
trench 2, has been formed to have a predetermined depth of, 
for example, 1 to 100 um from the main surface 1a of the 
n"-type Substrate 1. As described later, an epitaxially grown 
film has filled the epitaxial trench 2. As shown in FIG. 1, the 
epitaxial trench 2 is Substantially Square when viewed from 
above the main surface 1a. The epitaxial trench 2 is defined 
by long Sidewall Surfaces 2a and short Sidewall Surfaces 2b, 
and the long Sidewall Surfaces 2a and short Sidewall Surfaces 
2b are Si{100 surfaces. 
0050 More specifically, one of the longsidewall surfaces 
2a is an Si(001) surface and the other surface is an Si(00-1) 
surface. One of the short sidewall surfaces 2b is an Si(010) 
surface and the other surface is an Si(0-10) surface. The 
bottom Surface 2c of the epitaxial trench 2 is parallel to the 
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main surface 1a and is an Si(100) Surface. Therefore, the 
surfaces defining the trench 2 are all Si{100 surfaces. 
0051 A p-type base region 3, or p-type well layer 3, has 
been formed in the trench 2. The p-type base region 3 has 
been doped with B, which is a p-type impurity, at a con 
centration of about 1x10" to 1x10" cm and has a thick 
ness of about 0.1 to 5um. The concentration of the impurity 
in the p-type base region 3 is Substantially uniform along the 
directions orthogonal to the main Surface 1a and the direc 
tions parallel to the main Surface 1a. 
0052 The sidewall surfaces 3a and the bottom surface 3c 
of the p-type base region 3 are the same crystallographic 
Surfaces as the Sidewall Surfaces 2a, 2b and the bottom 
Surface 2c of the trench 2, which are in contact with the 
sidewall surfaces 3a and the bottom surface 3c of the p-type 
base region 3, that is, Si{100 surfaces. The p-type base 
region3 in the trench 2 has an aspect ratio, or the ratio of the 
dimension along the directions orthogonal to the main 
Surface 1a to the dimension along the directions parallel to 
the main Surface 1a, of 1 or more. 
0053. In general, the aspect ratio cannot be larger than 1 
in the impurity region obtained by doping an impurity using 
ion implantation. However, as the p-type base region 3 is 
formed in the trench 2, the aspect ratio can become 1 or 
more. The same can be said of the following embodiments, 
which are described later. 

0054 As shown in FIG. 2, an n-type drift region 4 has 
been formed in the p-type base region 3. The n-type drift 
region 4 has been doped with P or AS, which is an n-type 
impurity, at a concentration of about 1x10" to 1x10'7 cm. 
The concentration of the impurity in the n type drift region 
4 is Substantially uniform along the directions orthogonal to 
the main Surface 1a and the directions parallel to the main 
surface 1a. The thickness of the n-type drift region 4 is 
determined, for example, in consideration of a required 
breakdown Voltage. 
0055 An n-type drain region 5 has been formed in the 
n-type drift region 4. The n-type drain region 5 has been 
doped with P or AS at a concentration of about 1x10" to 
1x10 cm and has a thickness of about 0.1 to 5 um. The 
concentration of the impurity in the n-type drain region 5 
is Substantially uniform along the directions orthogonal to 
the main Surface 1a and the directions parallel to the main 
Surface 1a. 

0056. As shown in FIG. 2, second trenches 6, or gate 
trenches 6, extend orthogonally from the main Surface 1a of 
the n-type Substrate 1. The gate trenches 6 also extend in 
the directions orthogonal to the long Sidewall Surfaces 2a of 
the epitaxial trench 2 formed in the n-type substrate 1 to 
interSect the p-type base region 3 from the n-type Substrate 
1 to the n-type drift region 4. As shown in FIG. 1, each of 
the gate trenches 6 is defined by long Sidewall Surfaces 6a 
and short sidewall surfaces 6b. Each of the long sidewall 
surfaces 6a is an Si(010) surface or an Si(0-10) surface, that 
is, an Si{100 surface. 
0057. A gate insulating film 7, or a gate oxide film 7, has 
been formed on the Surfaces that define each of the gate 
trenches 6. The thickness of the gate oxide film 7 on the 
bottom Surface of each of the gate trenches 6 is equal to 
those on the Sidewall Surfaces of each of the gate trenches 6. 
A gate electrode 8 has been formed on the gate oxide film 7 
to fill each of the trenches 6. 
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0.058 With the above structure, the n-type source region 
1, the p-type base region 3, the n-type drift region 4, and 
n"-type drain region 5 are arranged sequentially in a direc 
tion parallel to the main Surface 1a of the n-type Substrate 
1. The arrangement is maintained Substantially down to the 
depth of the gate trenches 6 in the directions orthogonal to 
the main surface 1a of the n-type substrate 1. The depths of 
the p-type base region 3, the n-type drift region 4, and 
n"-type drain region 5 are Set corresponding to the depth of 
the trenches 6. That is, they become deeper as the trenches 
6 become deeper. 
0059) As shown in FIG. 1, gate wiring lines 9 have been 
patterned on the main Surface 1a of the n-type Substrate 1 
with an oxide film therebetween. The gate wiring lines 9 are 
electrically connected to the gate electrodes 8 through 
contact holes formed in the oxide film. Drain contact regions 
10 have been formed in the n-type drain region 5. Although 
not shown in the figure, drain electrodes are located above 
the main surface 1a of the n-type substrate 1 with an 
inter-layer insulating film therebetween. 
0060. When a positive voltage is applied to the gate 
electrodes 8 of the thus constituted power MOSFET, elec 
trons are induced in the p-type base region 3 at the entire 
Surfaces adjacent to the gate oxide films 7 to form channel 
regions, which are inversion layers of the p-type base region 
3. The channel regions are formed Such that a current mainly 
flows parallel to the main surface 1a of the n-type substrate 
1 in each of the channel regions, that is, the channel width 
direction is orthogonal to the main Surface 1a of the n-type 
Substrate 1. 

0061. In the power MOSFET of FIGS. 1 and 2, the gate 
oxide films 7 are located on the sidewall Surfaces, which are 
Si{100 surfaces, of the gate trenches 6. In other words, the 
channel regions contact the gate insulating films 7 at 
Si{100 surfaces. Therefore, the interface traps at each of 
the interfaces between the channel regions and the gate 
insulating films 7 is lower in comparison with other Struc 
tures, in which channel regions do not contact gate insulat 
ing films at Si{100 surfaces. Therefore, it is possible to 
improve the mobility of carriers in the channel regions. 
Thus, it is possible to increase the current flowing through 
the channel regions. 
0.062 Next, the method for manufacturing the power 
MOSFET of FIGS. 1 and 2 will be described. 

0063 Steps Shown in FIG. 3A) 
0064. A semiconductor wafer 1, the main surface 1a of 
which is an Si(100) surface, is prepared. The semiconductor 
wafer 1 includes an n-type substrate 1, which forms an 
n"-source region 1. A silicon oxide film 11 is formed on the 
n"-type substrate 1 by thermal oxidation or CVD. The 
Silicon oxide film 11 is etched at the area where a p-type base 
region 3 is formed by photolithography and etching. 

0065) Steps Shown in FIG. 3B 
0.066 An epitaxial trench 2 having a depth of 10 to 100 
tum is formed by dry etching using the Silicon oxide film 11 
as a mask. The dry etching is carried out by exciting an 
etching gas into a plasma State with a bias Voltage applied to 
the Substrate 1. The etching gas includes, for example, SF 
for protecting the Sidewall Surfaces of the epitaxial trench 2 
and CF for etching the bottom Surface of the epitaxial 
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trench 2. With the dry etching, the n-type substrate 1 is 
partially removed except the portion that becomes the 
n"-type Source region 1 to form the epitaxial trench 2. 
0067. The method of selecting the plane orientations of 
the epitaxial trench 2 at the steps shown in FIG. 3A and 
FIG. 3B will be explained. For example, as shown in FIG. 
4, when an indexing cut-out 1c, or an orientation flat 1c, of 
an Si(100) Surface wafer 1, which has an Si(100) Surface as 
a main Surface 1a, is an Si(00-1) Surface, the epitaxial trench 
2 is formed to extend in the directions parallel to the 
orientation flat 1c, as shown by the solid lines in FIG. 4. 
With the above arrangement, the long Sidewall Surfaces 2a 
of the epitaxial trench 2 become an Si(001) surface and an 
Si(00-1) surface. The orientation flat 1C is a mark for 
Specifying the Surface orientations of the wafer 1 and may be 
a notch. 

0068 The short sidewall Surfaces 2b of the epitaxial 
trench 2 are formed to extend in the directions orthogonal to 
the long Sidewall Surfaces 2a. With the arrangement, the 
short sidewall surfaces 2b become an Si(010) surface and an 
Si(0-10) surface. Consequently, all the sidewall surfaces of 
the epitaxial trench 2 become Si{100 surfaces. In addition, 
the bottom surface of the epitaxial trench 2 is formed to 
become parallel to the main Surface 1a of the wafer 1, So the 
bottom surface is also an Si{100 surface. 
0069. The method of forming the epitaxial trench 2 is not 
limited to the above method. For example, as shown by the 
dotted lines in FIG. 4, the epitaxial trench 2 may be formed 
to become orthogonal to the orientation flat 1c. Since the 
sidewall surfaces of the epitaxial trench 2 shown by the 
dotted lines are all parallel to the sidewall surfaces of the 
epitaxial trench 2 shown by the Solid lines, they are all 
Si{100 surfaces. 
0070 Alternatively, when the orientation flat 1c is 
formed to become an Si(0-1-1) surface as shown in FIG. 5, 
the epitaxial trench 2 may be formed to become at an angle 
of 45 degrees with the orientation flat 1c. More specifically, 
as shown by the Solid lines in FIG. 5, the epitaxial trench 2 
extends to make a 45-degree angle with the orientation flat 
1c in the counterclockwise direction. In other words, the 
epitaxial trench 2 is formed Such that the angles formed by 
the orientation flat 1c and the long Sidewall Surfaces 2a 
become 45 degrees. 
0071 Alternatively, as shown by the dotted lines in FIG. 
5, the epitaxial trench 2 may extend to make a 135-degree 
angle with the orientation flat 1c in the counterclockwise 
direction. In other words, the epitaxial trench 2 may be 
formed such that the angles formed by the orientation flat 1c 
and the long Sidewall Surfaces 2a become 135 degrees. Even 
in that case, the acute angles formed by the orientation flat 
1c and the long Sidewall Surfaces 2a become 45 degrees. 
0.072 Steps Shown in FIG. 3C) 
0073. The surfaces defining the epitaxial trench 2 are 
Smoothed by heating in a non-oxidizing nitrogen atmo 
Sphere. Thereafter, a p-type film 12 is formed as a base 
region-forming film 12 on the Surfaces defining the epitaxial 
trench 2 by the epitaxial growth method. The p-type film 12 
becomes the p-type base region 3. Incidentally, even after 
the mask oxide film 11 is removed with an etching using a 
hydrofluoric acid aqueous Solution prior to the heat treat 
ment in the non-oxidizing nitrogen atmosphere, the p-type 
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film 12 can be formed likewise. The p-type film 12 grows 
orthogonally to Si{100 surfaces. In addition, the p-type 
film 12 is formed so that the epitaxial trench 2 is not 
completely filled. The reason is to form an n-type drift 
region 4 on the p-type film 12 in the epitaxial trench 2. 
0.074 Then, an n-type film 13 is formed as adrift-region 
forming film 13 by the epitaxial growth method to cover the 
p-type film 12. The n-type film 13 becomes the n-type drift 
region 4. Therefore, the n-type drift region 4 is also formed 
on Si{100 surfaces. The n-type film 13 is formed so that 
the epitaxial trench 2 is not completely filled. 
0075 Steps Shown in FIG. 3D 
0.076 Subsequently, an n-type film 14 is formed as a 
drain-region-forming film by the epitaxial growth method to 
cover the n-type film 13 and fill up the epitaxial trench 2. 
The n-type film 14 becomes the n-type drain region 5. 
Therefore, the n-type drain region 5 is also formed on an 
Si{100 surface. The growing surface of the n-type films 
14 meats itself in the epitaxial trench 2 to completely fill the 
epitaxial trench 2, as shown in FIG. 3D. 
0077 Steps Shown in FIG.3E 
0078 After that, the wafer 1 is polished at the main 
Surface 1a to planarize the wafer 1. In the polishing, the 
p-type film 12, the n-type film 13, and the n-type film 14 
are planarized using, for example, the Silicon oxide film 11 
as an etching Stopper. With the polishing, a p-type base 
region 3, an n-type drift region 4, and an n-drain region 5 
are formed. Then, the gate trenches 6 of FIGS. 1 and 2, each 
of which extends orthogonally to the main Surface 1a of the 
substrate 1 and is rectangular when viewed from above their 
entrances, are formed from the Surface 1a of the Substrate 1 
by Selective etching, although the StepS are not shown in the 
figures. 

0079 The gate trenches 6 are formed in Such a manner 
that they intersect the p-type base region 3 from the n-type 
Source region 1, which is formed by the Substrate 1, parallel 
to the Surface 1a of the Substrate 1. That is, the gate trenches 
6 are formed to ensure that channel regions are formed in the 
p-type base region 3. In addition, the gate trenches 6 are 
formed to extend orthogonally to the long Sidewall Surfaces 
2a of the epitaxial trench. With the structure, as shown in 
FIG. 1, the long sidewall surfaces 6a of each of the gate 
trenches 6 can respectively become an Si(010) surface and 
an Si(0-10) surface, that is, the long sidewall surfaces 6a 
become Si{100 surfaces. In other words, the surfaces of the 
p-type base region 3 that are exposed in the gate trenches 6 
become Si{100 surfaces. 
0080 Subsequently, the gate oxide films 7 are formed in 
the gate trenches 6 by, for example, thermal oxidization, and 
an n-type polysilicon film is deposited to fill the gate 
trenches 6 in order to form the gate electrodes 8. After a 
drain electrode, which becomes in electric contact with the 
n"-type drain region 5, and a Source electrode, which 
becomes in electric contact with the n-type Source region 1, 
are respectively formed above the main Surface 1a of the 
Substrate 1 and on the rear Surface 1b of the Substrate 1, 
electric wiring lines are formed for electrically connecting 
the gate electrodes 8 and So on to an outside circuit. Finally, 
the substrate 1 is covered with a passivation film above the 
main surface 1a to complete a power MOSFET of FIGS. 1 
and 2. 
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0081. At the step shown in FIG. 3B, the epitaxial trench 
2 is formed in the Substrate 1 Such that all the Surfaces 
defining the epitaxial trench 2 become Si{100 surfaces. 
Therefore, when the p-type base region 3 is formed on the 
Surfaces defining the epitaxial trench 2 by the epitaxial 
growth method at the step shown in FIG.3C, the p-type film 
12, which becomes the p-type base region 3, epitaxially 
grows on the bottom Surface and the Sidewall Surfaces of the 
epitaxial trench 2 at the same growth rate. Therefore, the 
StreSS that is otherwise generated in the p-type base region 
3 near the lower corners of the epitaxial trench 2 can be 
Suppressed when the p-type base region is formed in the 
epitaxial trench 2. This makes it possible to Suppress the 
generation of crystal defects in the p-type base region 3. AS 
a result, the p-type base region 3 becomes to have an 
excellent crystallographic Structure. 
0082 Conventionally, a semiconductor wafer that has an 
Si{100 surface as a main surface has had an Si{110} 
Surface as an orientation flat. In addition, Since an epitaxial 
trench has been formed parallel or orthogonally to the 
orientation flat, the Sidewall Surfaces of the epitaxial trench 
have been Si{110 surfaces. 
0083. It is known that when an epitaxial film is formed on 
a flat main Surface of a Substrate, the epitaxial film generally 
has a better crystallographic Structure when the main Surface 
is an Si{100 surface than when it is an Si{110 surface or 
an Si{111 surface. The reason is that the formation of a 
crystal nucleus proceeds stably on Si{100 Surfaces during 
the epitaxial growth because Si{100 surfaces have a higher 
step density than Si{110 surfaces and Si{111 surfaces. 
Therefore, fewer crystal defects are generated when an 
epitaxial film grows on an Si{100 surface. In this embodi 
ment, epitaxial films are formed on Si{100 surfaces. There 
fore, the epitaxial films formed by the method of this 
embodiment have a better crystallographic structure than 
those formed by the above conventional method. 
0084. In addition, in this embodiment, the surfaces defin 
ing the epitaxial trench 2 are Smoothed at the Step shown in 
FIG. 3C before the p-type film 12 is formed by epitaxial 
growth. The reason is to remove crystal defects that exist in 
the Surfaces defining the epitaxial trench 2. The present 
invention can be used in conjunction with another method 
for Suppressing the generation of crystal defects as in this 
embodiment, So it is possible to further efficiently Suppress 
the generation of crystal defects. 

0085. The p-type base region 3 is formed on an Si{100 
Surface, and the n-type drift region 4 and the n-type drain 
region 5 are sequentially formed on Si{100 surfaces. 
Therefore, the p-type base region 3, n-type drift region 4, 
and n-type drain region 5 become to have an excellent 
crystallographic structure. 

0086 FIG. 6 is a schematic cross-sectional image of an 
epitaxial film formed in a trench by the above-mentioned 
conventional method. The Schematic cross-sectional image 
is based on the observation using a Scanning electron 
microScope. FIG. 7 is also a Schematic cross-sectional 
image of an epitaxial film formed in a trench by the method 
according to this embodiment. The figures have been 
obtained by making crystal defects prominent by Stained 
etching the cross-section of each epitaxially grown Sample 
with the mixture of hydrofluoric acid and nitric acid and 
observing it using a Scanning electron microScope. 
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0.087 As shown in the circles of FIG. 6, the generation 
of crystal defects could be confirmed in the epitaxial film 
formed in a trench by the conventional method. In contrast 
to this, in the epitaxial film formed in a trench by the method 
according to this embodiment, no crystal defects were 
generated, as shown in FIG. 7. Thus, the inventors of the 
present invention confirmed that the generation of crystal 
defects can be Suppressed by the method according to this 
embodiment. 

0088. In this embodiment, after the step of FIG. 3E, the 
gate trenches 6 are formed to extend orthogonally to the long 
Sidewall Surfaces 2a of the epitaxial trench 2. Since the long 
sidewall surfaces 2a of the epitaxial trench 2 are Si{100 
Surfaces, it is easy to make the long Sidewall Surfaces 6a of 
the gate trenches 6 Si{100 surfaces. That is, the surfaces of 
the channel regions that are in contact with the gate insu 
lating films 7 can become Si{100 surfaces. Hereinafter, the 
Surfaces of the channel regions that are in contact with the 
gate insulating films 7 are just referred to as the channel 
Surfaces. 

0089. As shown in FIG. 23, when the channel surfaces 
are Si{110 surfaces, the density of the interface trap 
between the channel regions and the gate insulating films 7 
is 2x10" cm and the carrier mobility, or the electron 
mobility, in the channel regions is 600 cm?/Vs. That is, the 
density of the interface trap can be reduced by assigning 
Si{100 surfaces to the channel surfaces compared with the 
case that the channel Surfaces are not Si{100 surfaces. 
Therefore, the loss of carriers in the channel regions can be 
reduced. In other words, the mobility of carriers in the 
channel regions can be improved. Therefore, it is possible to 
increase the currents that flow through the channel regions, 
So a larger amount of current can be applied between the 
Source and the drain in an ON state. 

0090. In addition, the sidewall surfaces 6a, 6b and the 
bottom Surfaces of the gate trenches 6 have crystallographi 
cally the Same plane orientation, So it is possible to equate 
the thickness of the gate oxide films 7 on the sidewall 
Surfaces 6a, 6b with that on the bottom Surfaces when the 
gate oxide films 7 are formed on the Surfaces defining the 
gate trenches 6 by thermal oxidization. Therefore, if the 
device design is made based on the thickness of the gate 
oxide films 7 on the sidewall surfaces 6a, 6b, it is possible 
to thicken the gate oxide films 7 on the bottom surfaces 
compared with the case that the main Surface of a Substrate 
is an Si(100) Surface and the sidewall surfaces and the 
bottom surfaces are respectively Si{110 surfaces and 
Si{100 surfaces. Thus, it is possible to increase the break 
down voltage of the gate oxide films 7. 

0.091 In this embodiment, the main surface of the Sub 
strate is an Si(100) surface, and the sidewall surfaces of the 
epitaxial trench 2 are an Si(001) surface, an Si(00-1) surface, 
an Si(010) surface, and an Si(0-10) surface. However, not 
limiting to the above Surfaces, other Surfaces may be used as 
long as they are Si{100 surfaces. The epitaxial trench 2 
may be formed Such that only a pair of long Sidewall 
surfaces 2a are Si{100 surfaces. The total area of the short 
sidewall surfaces 2b of the epitaxial trench 2 formed in this 
Semiconductor device is much Smaller than that of the long 
Sidewall Surfaces 2a. Therefore, even if the epitaxial trench 
2 is formed Such that only the pair of long Sidewall Surfaces 
2a are Si 100 Surfaces, the effect of Suppressing crystal 
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defects can be obtained. Although the gate oxide films 7 are 
formed by thermal oxidization in this embodiment, the gate 
oxide films 7 may be formed by CVD. 
0092 FIG. 8 is a plan view of a 3-D power MOSFET as 
a second example of this embodiment. FIG. 9 is a perspec 
tive sectional view of the area C in FIG. 8. This power 
MOSFET has a Super junction structure with p-type 
RESURF layers 20 unlike the power MOSFET of the first 
example. The p-type RESURF layers 20 are formed to 
extend Vertically from the main Surface 1a in the n-type 
drift region 4 with a space therebetween, that is, in a Striped 
pattern, and each of the p-type RESURF layers 20 extends 
parallel to the current flowing direction. In other words, the 
n-type drift regions 4 and the p-type RESURF layers 20 are 
arranged alternately to form a p/n column layer. This power 
MOSFET is the same as the power MOSFET of the first 
example in other constitution, and the same elements are 
denoted using the same Symbols as in the first example. 
0093. This power MOSFET is formed by adding the step 
of forming the p-type RESURF layers 20 to the process for 
manufacturing the power MOSFET of the first example. For 
example, after the step shown in FIG. 3E, a plurality of 
RESURF trenches 21 are formed to extend vertically from 
the main Surface 1a in the drift region with a Space ther 
ebetween. At that time, the RESURF trenches 21 are formed 
to extend orthogonally to the long Sidewall Surfaces 2a of the 
epitaxial trench 2. That is, the RESURF trenches 21 are 
formed such that the long sidewall surfaces 21a of the 
RESURF trenches 21 become orthogonal to the long side 
wall Surfaces 2a of the epitaxial trench 2 and the short 
sidewall Surfaces 21b of the RESURF trenches 21 become 
parallel to the long Sidewall Surfaces 2a of the epitaxial 
trench 2. 

0094. With the above arrangement, all the sidewall Sur 
faces of the RESURF trenches 21 become Si{100 surfaces. 
Since the bottom Surfaces of the RESURF trenches 21 are 
formed parallel to the main Surface 1a of the Substrate, all 
the surfaces defining the RESURF trenches 21 are Si{100 
surfaces. Thereafter, the p-type RESURF layers 20 are 
formed in the RESURF trenches 21 by the epitaxial growth 
method. Next, trench gates are formed in the same manner 
as in the first example. 
0.095. In this second example, the p-type RESURF layers 
20 are formed on the surfaces defining the RESURF 
trenches 21, which are all Si{100 surfaces. Therefore, the 
StreSS that is otherwise generated near the lower corners of 
the RESURF trench 21 can be reduced when the p-type 
RESURF layers 20 are formed in addition to the effect 
obtained in the power MOSFET of FIG.1. In addition, since 
the p-type RESURF layers 20 are formed on Si{100 
Surfaces, they can have an excellent crystallographic struc 
ture. 

0.096 FIG. 10 is a plan view of a 3-D power MOSFET 
as a third example of this embodiment. FIG. 11 is a 
perspective sectional view of the area D in FIG. 10. In the 
first example, the Source region 1, the base region3, the drift 
region 4, and the drain region 5 are formed Sequentially from 
the outer Side to the inner Side. In contrast, in this power 
MOSFET, an n-type substrate 1 that forms a drain region 1, 
an n-type drift region 31, a p-type base region 32, and an 
n"-type Source region 33 are formed Sequentially from the 
outer Side to the inner Side. 
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0097 Gate trenches 6 are formed to extend vertically 
from the main Surface 1a of the n-type Substrate 1, that is, 
substantially parallel to the depth direction of the substrate. 
The gate trenches 6 interSect the p-type base region 32 from 
the n-type Source region 33 in a direction parallel to the 
main Surface 1a of the n-type Substrate and the depth 
direction of the gate trenches 6. Agate electrode 8 is formed 
on the Surfaces defining each of the trenches 6 with a gate 
insulating film 7 therebetween. 
0098. In this power MOSFET, the n-type drift region 31 

is formed on the Surfaces defining an epitaxial trench 2, 
which has been formed in the n-type substrate 1, the main 
surface 1a of which is on an Si(100) Surface. Like the first 
example, the bottom Surface 2c and the Sidewall SurfaceS2a, 
2b of the epitaxial trench 2 are all Si{100 surfaces. Source 
contact regions 34 are formed in the n-type Source region 
33. At the trench gates, as well as the first example, the 
Surfaces in contact with the gate insulating films 7 of the 
base region 32 are Si{100}surfaces and have the same effect 
as in the first example. 
0099 Subsequently, the process for manufacturing this 
power MOSFET will be explained. In this example, after the 
epitaxial trench 2 is formed in the n-type Substrate 1, each 
layer is formed in the epitaxial trench 2 in a different order 
from that of the first example. First, an n-type substrate 1 
having an Si(100) Surface as a main Surface 1a is prepared. 
Thereafter, the epitaxial trench 2 having a predetermined 
depth is formed from the main Surface 1a. The epitaxial 
trench 2 is formed in Such a manner that the bottom Surface 
2c and the long Sidewall Surfaces 2a and the short Sidewall 
surfaces 2b of the epitaxial trench 2 all become Si{100 
Surfaces. 

0100. Then, an n-type drift region 31, a p-type base 
region 32, and an n-type Source region 33 are Sequentially 
formed on the Surfaces defining the epitaxial trench 2 by 
epitaxial growth. Subsequently, the gate trenches 6 are 
formed to extend from the n-type source region 33 through 
the p-type base region 32 in the directions orthogonal to the 
long Sidewall Surfaces 2a of the epitaxial trench 2 and in the 
depth direction of the Substrate. Next, gate insulating films 
7 and gate electrodes 8 are Sequentially formed. Source 
contact regions 34 are formed in the n-type Source region 
33. The process for manufacturing this power MOSFET has 
the same effect as in the first example. 
0101 FIG. 12 is a plan view of a 3-D power MOSFET 
as a fourth example of this embodiment. FIG. 13 is a 
perspective sectional view of the area E in FIG. 12. In the 
power MOSFET of the third example, the gate electrodes 8 
are formed Symmetrical to the Source region 33. However, 
the gate electrodes 8 may be linked to one another in the 
Source region 33 as in the fourth example. Further, RESURF 
layers 20 may be formed in the drift layer 31 to construct a 
So-called Super junction Structure as in the Second example, 
as shown in FIGS. 12 and 13. The present invention can 
also be applied to this power MOSFET. 

0102) Second Embodiment 
0103 FIG. 14 is a plan view of a power MOSFET having 
a Super junction Structure as a first example of a Second 
embodiment of the present invention. FIG. 15 is a cross 
sectional view taken along the line XV-XV in FIG. 14. The 
power MOSFET has a structure in which the unit structure 
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G in FIG. 14 is repeated a plurality of times. The power 
MOSFET includes an n-type substrate 41, which is a 
Semiconductor Substrate, and a p/n column layer 51. The p/n 
column layer 51 includes n-type drift regions 42 and p-type 
Silicon regions 43, which are first Semiconductor regions. 
The power MOSFET further includes p-type base regions 
44, which are Second Semiconductor regions 44, upper 
n-type Silicon regions 45, n-type Source regions 46, and 
gate electrodes 47. 
0104. The main surface of the n-type substrate 41 is an 
Si(100) surface and the thickness of the substrate is, for 
example, 2 um. The n-type Substrate 41 makes up an 
n"-type drain region. The n-type drift regions 42 are located 
on the n-type Substrate 41 and have crystallographically the 
Same Surface as that of the n-type Substrate 41. The n-type 
drift regions 42 have, for example, an impurity concentra 
tion of 2.8x10" cm, a width of 1 um, and a thickness of 
10 um. These values are Selected to ensure that the n-type 
drift regions 42 can be completely depleted when a prede 
termined reverse Voltage is applied. The n-type drift regions 
42 and the n-type Substrate 41 make up another Semicon 
ductor Substrate. 

0105. The n-type drift regions 42 define first trenches 50, 
or epitaxial trenches 50. The epitaxial trenches 50 is rect 
angular when viewed from above their entrances. In this 
embodiment, the longsidewall surfaces 50a and short side 
wall surfaces 50b of the epitaxial trenches 50 are Si{100 
Surfaces. More specifically, one of a pair of the long Sidewall 
surfaces 50a is an Si(001) surface and the other surface is an 
Si(00-1) surface. One of a pair of the short sidewall surfaces 
50b is an Si(010) surface and the other surface is an Si(0-10) 
Surface. The bottom Surfaces 50c of the trenches 50 are 
parallel to the main surface of the n-type substrate 41 and 
Si(100) surfaces. Thus, the surfaces defining the epitaxial 
trenches 50 are all Si{100 surfaces. 
0106 The p-type silicon regions 43 are located in the 
epitaxial trenches 50. The p-type silicon regions 43 have an 
impurity concentration of, for example, 1x10 cm. The 
p-type Silicon regions 43 have, for example, a width of 3 um 
and a thickness of 10 lim. However, the p-type Silicon 
regions 43 have, for example, a width of 1 um at the portion 
between the upper n-type Silicon regions 45, which are 
described later. The aforementioned values are Selected to 
ensure that the p-type Silicon regions 43 can be completely 
depleted when a predetermined reverse Voltage is applied. 

0107 The bottom surfaces 43c and the sidewall surfaces 
43a, 43b of the p-type silicon regions 43 are respectively 
crystallographically the same as the adjoining bottom Sur 
faces 50c and the adjoining sidewall surfaces 50a, 50b of the 
epitaxial trenches 50, that is, Si{100 surfaces. The n-type 
drift regions 42 and the p-type Silicon regions 43 are 
arranged alternately in the directions orthogonal to the 
moving direction of carriers, that is, in the horizontal direc 
tions in FIG. 15. In other words, the n-type drift regions 42 
and the p-type Silicon regions 43 join at the corresponding 
pn junctions 50, which are the sidewall surfaces of the 
epitaxial trenches 50. 
0108. The pn junctions 50 are formed intermittently in 
horizontal directions by the alternate arrangement of the 
n-type drift regions 42 and the p-type Silicon regions 43. Out 
of the interfacial surfaces 50a, 50b between the n-type drift 
regions 42 and the p-type Silicon regions 43, the long 
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interfacial surfaces 50a that are orthogonal to the horizontal 
direction are Si 100 Surfaces. A so-called Super junction 
structure 51 is formed by the alternate arrangement of the 
n-type drift regions 42 and the p-type Silicon regions 43. 

0109 The p-type base regions 44 are located on the 
corresponding p-type Silicon regions 43 in direct contact 
with the p-type Silicon region 43. The p-type base regions 44 
have, for example, an impurity concentration of 5x10' 
cm and a thickness of 1.5 um. A p"-type base contact 
region 52 having a thickness of 0.5 um is located on the 
upper Surface of each of the p-type base regions 44. The 
upper n-type Silicon regions 45 are located between the top 
Surfaces of the n-type drift regions 42 and the lower Surfaces 
of the p-type base regions 44 and between the n-type drift 
regions 42 and the bottom surfaces 53c of gate trenches 53, 
which are second trenches 53. The upper n-type silicon 
regions 45 are arranged to include Substantially all the 
carrier passages that connect the n-type drift regions 42 and 
the p-type base regions 44. 

0110. In this embodiment, the upper n-type silicon 
regions 45 have, for example, an impurity concentration of 
1x10" cm, which differs from that of the n-type drift 
regions 42. However, the impurity concentration of the 
upper n-type silicon regions 45 may be 2.8x10" cm, 
which is the impurity concentration of the n-type drift 
regions 42. The upper n-type Silicon regions 45 are also in 
contact with the p-type base region 44 and further in contact 
with n-type channel regions 44a, at which n-type channels 
are formed in the p-type base regions 44. The upper n-type 
Silicon regions 45 wider than the n-type drift regions 42 and 
the gate trench 53. The upper n-type Silicon regions 45 have, 
for example, a width of 3 um and a thickness of 1 lum. The 
upper n-type Silicon regions 45 wider than the n-type drift 
regions 42 and the gate trench 53 substantially by the length 
of the n-type drift region 42 and the gate trench 53 on both 
sides in the horizontal directions of FIG. 15. The upper 
n-type silicon regions 45 define the corners 53d of the 
bottom surfaces of the gate trenches 53. 
0111. The n-type source regions 46 are in contact with 
the top Surfaces of the p-type base regions 44. The n-type 
Source regions 46 have a thickness of 0.5 lim. The gate 
electrodes 47 are located on the Surfaces defining the gate 
trenches 53, which extend through the base region 44 from 
the main Surface, with the gate oxide films 54, or gate 
insulating films 54, therebetween AS shown in FIG. 14, the 
gate trenches 53 are rectangular when viewed from above 
their entrances and parallel to the epitaxial trenches 50. That 
is, the longsidewall surfaces 53a of the gate trenches 53 are 
parallel to the long sidewall surfaces 50a of the epitaxial 
trenches 50 and are Si{100 surfaces. The thickness of the 
gate oxide films 54a on the Sidewall Surfaces of the gate 
trenches 53 is equal to that on the bottom surfaces of the gate 
trenches 53. In the sectional structure shown in FIG. 15, the 
gate electrodes 47 have, for example, a width of 1 um and 
a depth of 2.5 lum. The gate oxide films 54 have a width of 
0.1 um. 
0112 Subsequently, the operation of the power MOSFET 
of this embodiment will be explained. Positive voltage is 
applied to the n-type drain region 41 in FIG. 15, and the 
n"-type Source regions 46 and the p-type base contact 
regions 52 are grounded. When the power MOSFET is 
turned on in this State, that is, when positive Voltage is 
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applied to the trench gate electrodes 47, electrons in the 
p-type base regions 44 are drawn to the n-type channel 
regions 44a to form n-type channels. The electrons Supplied 
from the n-type Source regions 46 flow in the n-type 
channel regions 44a, the upper n-type Silicon regions 45, and 
the n-type drift regions 42 to reach the n-type drain region 
41. 

0113. Next, the method for manufacturing the semicon 
ductor device according to this embodiment will be 
explained. FIGS. 16A to 16H show the process for manu 
facturing a Semiconductor device according to this embodi 
ment. 

0114 Steps Shown in FIG. 16A) 
0115) Ann"-type substrate 41 that has an Si(100) surface 
as a main Surface and makes up an n-type drain region 41 
is prepared. An n-type drift layer 42, which becomes n-type 
drift regions 42, is formed on the n-type substrate 41 by 
epitaxial growth. The surface of the n-type drift layer 42 
becomes an Si(100) Surface. 
0116) Steps Shown in FIG. 16B) 
0117 Dry etching is carried out using a resist as a mask 
in the same manner as at the steps shown in FIG. 3B, FIG. 
4 and FIG. 5 in the first embodiment. With the dry etching, 
epitaxial trenches 50, which reach the n-type drain region 
41 through the n-type drift layer 42, are formed. The 
epitaxial trenches 50 are formed such that the longsidewall 
Surfaces 50a, the short sidewall Surfaces 50b, and the bottom 
surfaces 50c of the epitaxial trenches 50 become Si{100 
Surfaces. 

0118 Steps Shown in FIG. 16C 
0119) Subsequently, a p-type silicon layer 63 is formed to 

fill the trenches 50 by epitaxial growth. At that time, since 
the bottom surfaces 50c and the sidewall surfaces 50a, 50b 
of the epitaxial trenches 50 are all Si{100 surfaces, the 
p-type Silicon layer 63 grows at the same growth rate on the 
bottom surfaces 50c and the sidewall Surfaces 50a, 50b. 
0120 Steps Shown in FIGS. 16D and 16E 
0121 Then, as shown in FIG. 16D, the p-type silicon 
layer 63 is planarized by Chemical Mechanical Polishing 
(CMP) to the height of the top surfaces of the n-type drift 
regions 42 to form a p/n column layer 51. Thereafter, as 
shown in FIG. 16E, an n-type layer 65 having a thickness 
Ta is formed by epitaxial growth. The thickness Ta of the 
n-type layer 65 is equal to the total of the thickness of upper 
n-type Silicon regions 45 and the thickness of p-type base 
regions 44, which are formed at later Steps. 
0122) Steps Shown in FIG. 16F 
0123. A p-type impurity is added to the n-type layer 65 at 
the central area of the portions located on the p-type Silicon 
regions 43 by ion implantation. As a result, p-type connec 
tion region 55 are formed, and the upper n-type Silicon 
regions 45 defined by the p-type connection region 55 are 
formed at the same time. Then, a p-type impurity is added 
to the entire regions above the upper n-type Silicon regions 
45 by, for example, ion implantation. As a result, a p-type 
base layer 44, or a Second Semiconductor layer 44, from 
which p-type base regions 44 are formed, is formed. In the 
above ion implantation, the implanting Speed and dose of 
ions are controlled to ensure that the thicknesses of the upper 
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n-type Silicon regions 45 and the p-type connection regions 
55 become Tc and that the thickness of the p-type layer 44 
becomes Tb. 

0124) Steps Shown in FIG. 16G) 
0.125 Then, gate trenches 53 that reach the upper n-type 
Silicon regions at their central areas 45 through the p-type 
base layer 44 are formed right above the n-type drift regions 
42 by dry etching using a resist as a mask. At that time, as 
shown in FIG. 14, the gate trenches 53 are formed to extend 
parallel to the epitaxial trenches 50. That is, the long 
sidewall surfaces 53a of the gate trenches 53 and the long 
sidewall surfaces 50a of the epitaxial trenches 50 become 
parallel to each other. With the above arrangement, the long 
sidewall surfaces 53a of the gate trenches 53 become 
Si{100 surfaces. In other words, the surfaces of the p-type 
base regions 44 that define the gate trenches 53 become 
Si{100 surfaces. In this embodiment, as shown in FIG. 
16G, the width of the gate trenches 53 is wider than the 
width of the n-type drift regions 42. 
0126 Steps Shown in FIG. 16H 
0127. Then, silicon oxide films 54 are formed on the 
Sidewall Surfaces and bottom Surfaces of the gate trenches 
53 by, for example, thermal oxidization. Thereafter, gate 
electrodes 47 made of polysilicon are formed on the silicon 
oxide films 54 by, for example, CVD. Finally, as shown in 
FIG. 15, n-type source regions 46 are formed in the 
Surfaces of the base layer 44 by, for example, implanting 
arsenic or phosphorus ions. Then, p"-type base contact 
regions 52 are formed in the surfaces of the base layer 44 by, 
for example, implanting boron ions. With the above Steps, 
the power MOSFET shown in FIGS. 14 and 15 is manu 
factured. 

0128. In this embodiment, the epitaxial trenches 50 are 
formed at the step shown in FIG. 16B such that the surfaces 
defining the epitaxial trenches 50 are all Si{100 surfaces. 
Therefore, when the p-type silicon layer 63 is formed to fill 
the trenches 50 by epitaxial growth at the step shown in FIG. 
16C, the p-type silicon layer 63 grows on the bottom 
Surfaces and the Sidewall Surfaces of the epitaxial trenches 
50 at the same growth rate. As a result, the generation of 
crystal defects is Suppressed as in the first embodiment, and 
the p-type Silicon regions 43 become to have an excellent 
crystallographic structure. 

0129. In this embodiment as well, the sidewall surfaces 
53a, 53b and the bottom surfaces 53c of the gate trenches 53 
have crystallographically the same plane orientation, So it is 
possible to equate the thickness of the gate oxide films 54 on 
the sidewall Surfaces 53a, 53b with that on the bottom 
surfaces 53c when the gate oxide films 54 are formed by 
thermal oxidization. Therefore, if the device design is made 
based on the thickness of the gate oxide films 54 on the long 
sidewall surfaces 53a of the gate trenches 53, it is possible 
to thicken the gate oxide films 54 on the bottom surfaces 53c 
compared with the case explained in the background of the 
invention, in which the main Surface of a Substrate is an 
Si(100) surface and the sidewall surfaces and the bottom 
Surfaces of the gate trenches are respectively Si 110 Sur 
faces and Si{100 surfaces. Thus, it is possible to increase 
the breakdown voltage of the gate oxide films 54. 
0130. In addition, because the Surfaces defining the gate 
trenches 53 are all Si{100 surface, that is, the channel 
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surfaces are Si{100 surfaces, the density of the interface 
traps between the channel regions and the gate insulating 
films 54 and the electron mobility can be equal to those in 
the first embodiment. In this embodiment as well as the first 
embodiment, the epitaxial trenches 50 may be formed such 
that only the pairs of long sidewall surfaces 50a of the 
epitaxial trenches 50 are Si{100 surfaces. In addition, as 
long as the pairs of long Sidewall Surfaces 53a of the 
epitaxial trenches 53 are Si{100 surfaces, the short sidewall 
surfaces 53b of the epitaxial trenches 53 may not be Si{100 
Surfaces and may have other crystallographic planes. Even 
in that case, it is possible to improve the carrier mobility and 
increase the current flowing through the channel regions. 
0131. In this embodiment, the trenches formed in the 
n-type drift layer 42 are filled with the p-type silicon layer 
63 to form the p/n column layer. However, the p/n column 
layer can be formed in the opposite order. That is, a p-type 
silicon layer 43 may be formed first, and then the trenches 
formed in the p-type silicon layer 43 may be filled with an 
n-type drift layer 42. In that case, the following Steps are 
carried out in place of the steps of FIGS. 16A to 16C. First, 
a p-type Silicon layer is formed on an n-type SubStrate, the 
main surface of which is Si(100) Surface, by epitaxial 
growth. Thereafter, a plurality of epitaxial trenches are 
formed in the p-type Silicon layer in the same manner as 
shown in FIG. 16B. The surfaces defining the epitaxial 
trenches are all Si{100 surfaces. 
0132) Then, an n-type drift layer 42 is formed to fill the 
epitaxial trenches by epitaxial growth and planarized by 
CMP to form a p/n column layer 51, as shown in FIG. 16D. 
Thereafter, the steps shown in FIG. 16E and others are 
carried out. Even in that method, the n-type drift regions 42 
are formed in the epitaxial trenches defined by Surfaces that 
are all Si 100 Surfaces, So it is possible to Suppress the 
generation of crystal defects in the n-type drift regions 42. 
AS a result, the n-type drift regions 42 become to have an 
excellent crystallographic Structure. 
0.133 Although the gate oxide films 54 are formed by 
thermal oxidization in this embodiment, the gate oxide films 
54 may be formed by CVD. In addition, although the 
epitaxial trenches 50 and the gate trenches 53 are arranged 
to be parallel to each other in this embodiment, the epitaxial 
trenches 50 and the gate trenches 53 may be arranged to be 
orthogonal to each other, as explained below. 
0134 FIG. 17 is a plan view of a power MOSFET having 
a Super junction Structure as a Second example of the Second 
embodiment, and the same elements are denoted using the 
same symbols as in the power MOSFET of FIG. 14. The 
power MOSFET shown in FIG. 17 has a structure in which 
the unit structure G1 of FIG. 17 is repeated a plurality of 
times at the trench gate areas and the unit Structure G2 of 
FIG. 17 is repeated a plurality of times at the p/n column 
CS. 

0135) In the power MOSFET shown in FIG. 17, gate 
trenches 53 are arranged Such that the long Sidewall Surfaces 
53a of the gate trenches 53 are orthogonal to the long 
sidewall surfaces 50a of epitaxial trenches 50. In addition, 
the long sidewall surfaces 53a of the gate trenches 53 are 
orthogonal to the short surfaces 53b of the gate trenches 53, 
although not shown in the figure. With this arrangement as 
well, it is possible to make all the Surfaces defining the gate 
trenches 53 Si{100 surfaces. 
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0136. In the first and second examples of this embodi 
ment, upper n-type Silicon regions 45 are located on n-type 
drift regions 42. However, the upper n-type Silicon regions 
45 may not be located on the n-type drift regions 42. In that 
case, the gate trenches 53 reach the n-type drift regions 42. 
However, the Structure that the upper n-type Silicon regions 
45 are located on the n-type drift regions 42 is better than the 
Structure that the upper n-type Silicon regions 45 are not 
employed due to the following two reasons. 

0137 In the structure otherwise shown in FIG. 15, if the 
upper n-type Silicon regions 45 are not employed, the 
corners 53d of the bottom surfaces of the gate trenches 53 
are located in the p-type Silicon regions 43. In that case, the 
breakdown Voltage decreases because the electric field con 
centrates at the proximities of the corners 53d of the bottom 
Surfaces of the gate trenches 53 located in the p-type Silicon 
regions 43. On the other hand, if the upper n-type Silicon 
regions 45 are located on the n-type drift regions 42 as 
shown in FIG. 15, the electric field does not concentrate in 
the p-type Silicon regions 43, but in the upper n-type Silicon 
regions 45. As a result, it is possible to increase the break 
down Voltage in comparison with the case that the upper 
n-type Silicon regions 45 are not employed. 

0.138. In addition to that, even if an error happens in the 
mask alignment when the gate trenches 53 are formed, there 
are no problems as long as the gate trenches are located 
within the upper n-type Silicon regions 45. For this reason, 
it is possible to decrease the influence of the alignment error 
on device performances. 

013:9) Third Embodiment 
0140. In the second embodiment, a power MOSFET 
having a Super junction Structure is formed using a Substrate 
that has an Si(100) surface as its main surface. On the other 
hand, in this embodiment, a power MOSFET having a Super 
junction Structure is formed using a Substrate that has an 
Si{110 Surface as its main Surface. 
0141 FIG. 18A is a plan view of a power MOSFET 
having a Super junction Structure as a third embodiment, 
showing the layout of p/n columns. FIG. 18B is a plan view 
of the area 62 in FIG. 18A, showing the layout of trench 
gates. FIG. 19 is a perspective sectional view of the MOS 
FET in FIG. 18A, showing the cross-sectional view taken 
along the line XIX-XIX in FIG. 18A. In FIGS. 18A, 18B, 
and 19, the same elements are denoted using the same 
symbols as in the power MOSFET of FIGS. 14 and 15. 
0142. The power MOSFET in this embodiment differs 
from those in the Second embodiment in the crystallographic 
plane orientation of an n-type Substrate 41 and the crystal 
lographic plane orientations of the Surfaces defining epi 
taxial trenches 50 and gate trenches 53. Specifically, the 
power MOSFET shown in FIGS. 21 and 22 includes an 
n"-type substrate 41 that has an Si(100) surface as its main 
Surface, a p/n column layer 51, P-type base regions 44, 
p-type channel regions 61, n-type Source regions 46, and 
gate electrodes 47. This power MOSFET differs from those 
in the Second embodiment in: that the base regions 44 are of 
P-type instead of P-type; that no upper n-type Silicon 
regions 45 are employed; and that the p-type channel regions 
61 are employed. The base regions 44 and the p-type channel 
regions 61 make up Second Semiconductor regions of Second 
conductivity type in the present invention. 
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0143. In this embodiment as well, the p/n column layer 
51 is made up of n-type drift regions 42 and p-type Silicon 
regions 43. The n-type drift regions 42 are located on the 
n"-type Substrate 41, and the upper and lower Surfaces of the 
n-type drift regions 42 have crystallographically the same 
plane orientation as the upper Surface of the n-type Sub 
strate 41 in FIG. 19. The p-type silicon regions 43 are 
formed by filling the epitaxial trenches 50 defined by the 
n-type drift regions 42 with an epitaxial growth film. 

0144. As shown in FIG. 18A, each of the epitaxial 
trenches 50 is a parallelogram, adjoining sides of which have 
a length different from each other and an internal angle of 
which is 70.5 degrees, when viewed from above their 
entrances. The epitaxial trenches 50 are arranged in a Stripe 
pattern layout, in which the epitaxial trenches 50 extend 
parallel to one another. Each side of the parallelogram, that 
is, the long sidewall surfaces 50a and the short sidewall 
surfaces 50b are both Si{111 surfaces. Specifically, one of 
the long sidewall surfaces 50a is Si(-111) surface, and one 
of the short sidewall surfaces 50b is Si(-11-1) surface. The 
bottom surfaces 50c of the epitaxial trenches 50 are parallel 
to the upper surface of the n'-type substrate 41 and Si(110) 
Surface. 

0145 Therefore, the p-type silicon regions 43 located in 
the epitaxial trenches 50 are also arranged in a Stripe pattern 
layout, in which the p-type Silicon regions 43 in the shape of 
a thin parallelogram extend parallel to one another. The 
sidewall surfaces 43a, 43b and the bottom surface 43c of the 
p-type Silicon regions 43 respectively have crystallographi 
cally the same plane orientations as the adjoining Surfaces 
50a, 50b and the bottom surface 50c of the epitaxial trenches 
50. 

0146 Therefore, in this embodiment, out of the interfaces 
50a, 50b between the n-type drift regions 42 and the p-type 
Silicon regions 43, which makeup the p/n column layer 51, 
the longsidewall surfaces 50a are Si{111 Surfaces, and the 
short sidewall surfaces 50b are also Si{111 Surfaces. 
0147 As shown in FIG. 18B, the gate electrodes 47 are 
arranged in a Stripe pattern layout in an active area 62. The 
gate electrodes 47 are located on the Surfaces defining the 
gate trenches 53, which extend from the surface to the p/n 
column layer 51 through the p-type channel regions 61 and 
the P-type base regions 44, with the gate oxide films 54 
therebetween. As shown in FIG. 18B, the gate trenches 53 
are rectangular when Viewed from above their entrance and 
in a Stripe pattern layout. The gate trenches 53 are arranged 
Such that the long Sidewall Surfaces 53a of the gate trenches 
53 become Si{100 surfaces. 
0.148 Specifically, the longsidewall surfaces 53a of the 
gate trenches 53 are Si(001) surfaces, and the short sidewall 
surfaces 53b of the gate trenches 53 are Si(110) surfaces. 
The long sidewall surfaces 53a of the gate trenches 53 are 
at an angle of 54.7 degrees with the long Sidewall Surfaces 
50a of the epitaxial trenches 50. The gate oxide films 54 are 
thicker at the portions 54c located on the bottom surfaces 
53c of the gate trenches 53 than at the portions 54a, 54b 
respectively located on the long and short Sidewall Surfaces 
53a, 53b of the gate trenches 53. 
0149. As shown in FIG. 19, the n-type source regions 46 
and the p-type base contact regions 52 are also arranged in 
a Stripe pattern layout as well as the gate electrodes 47. AS 
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described above, the power MOSFET in this embodiment, 
the p-type Silicon regions 43 and the gate electrodes 47 are 
arranged in a Stripe pattern layout. However, the Stripe 
pattern layouts are different in directions from each other. 
0150. Next, the method for manufacturing a semiconduc 
tor device in this embodiment will be explained. FIGS. 20A 
to 20G show a method for manufacturing the semiconductor 
device in this embodiment. 

0151 Steps Shown in FIG. 20A) 
0152 Ann"-type substrate 41 that has an Si(100) surface 
as a main Surface and makes up an n-type drain region 41 
is prepared. An n-type drift layer 42, which becomes n-type 
drift regions 42, is formed on the n-type substrate 41 by 
epitaxial growth. 

0153 Steps Shown in FIG. 20B) 
0154 Although not illustrated in the figure, a silicon 
oxide film is formed on a surface of the n-type drift layer 42 
and patterned by photolithography. Then, the n-type drift 
layer 42 is etched using this patterned Silicon oxide film as 
a mask to form epitaxial trenches 50, which are in the shape 
of, for example, a parallelogram when viewed from above 
their entrances, and to form n-type drift regions 42. The 
n-type drift layer 42 is anisotropically etched using an 
anisotropic wet etchant containing TMAH or KOH. 
O155 Here, an explanation will be made on the crystal 
lographic planes that are exposed on the Surfaces defining 
the epitaxial trenches 50. FIGS. 21 and 22 are tables that 
show the positional relations between the orientation flats 
41c, the epitaxial trenches 50, and the gate trenches 53, on 
which a description will be made later, of Semiconductor 
wafers. In FIG. 21, the orientation flats 41c are parallel or 
orthogonal to the longsidewall surfaces 50a of the epitaxial 
trenches 50 in consideration of the readineSS in mask design 
ing. In FIG. 22, the orientation flats 41c are parallel or 
orthogonal to the long Sidewall Surfaces 53a of the gate 
trenches 53 in consideration of the readineSS in mask design 
ing. In FIGS. 21 and 22, “OF" stands for orientation flat. 
0156 The following is an example for the formation of 
the epitaxial trenches 50, in which epitaxial trenches 50 are 
formed in the positional relations shown in (1) of FIG. 21. 
0157. In (1) of FIG. 21, a semiconductor wafer 41 has an 
Si(110) Surface and an Si(-111) Surface as a main Surface 
and an orientation flat 41c, respectively. Epitaxial trenches 
50 are formed such that the longsidewall surfaces 50a of the 
epitaxial trenches 50 are parallel to the orientation flat 41c 
and the short sidewall surfaces 50b of the epitaxial trenches 
50 are at an angle of 109.5 degrees with the orientation flat 
41c when measured counterclockwise from the orientation 
flat 41c. With this arrangement, the long sidewall surfaces 
50a and the short sidewall surfaces 50b become Si(-111) 
Surfaces and Si(-11-1) Surfaces, respectively. That is, the 
sidewall surfaces 50a, 50b become Si{111 surfaces. 
0158. The bottom surfaces 50c of the epitaxial trenches 
50 are formed to become Si(110) surfaces by forming the 
epitaxial trenches 50 such that the bottom surfaces 50c 
become parallel to the main surface. The width of the 
epitaxial trenches 50 is set to be 0.1 to 50 lum. The depth of 
the epitaxial trenches 50 is set to be 1 to 50 um and smaller 
than the thickness of the n-type drift regions 42. After the 
epitaxial trenches 50 are formed, the silicon oxide film that 
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has been used as an etching mask is removed by etching 
using a hydrofluoric acid aqueous Solution. 

0159 Steps Shown in FIG.20C 
0160 Then, a p-type silicon layer 63 is deposited to fill 
the epitaxial trenches 50 by epitaxial growth using LP-CVD. 

0161 Steps Shown in FIG. 20D) 
0162 The p-type silicon layer 63 is planarized by pol 
ishing it to the same height as the n-type drift regions 42 
using CMP. With the planarization, a p/n column layer 51, 
which are made up of the n-type drift regions 42 and p-type 
silicon regions 43, is formed. Instead of CMP, the p-type 
Silicon layer 63 may be planarized by etchback using dry 
etching. 

0163 Steps Shown in FIG. 20E 
0164. Next, a p-type silicon layer 64, which becomes 
p-type base regions 44, is deposited on the p/n column layer 
51 by epitaxial growth using LP-CVD. 

0165 Steps Shown in FIG. 20F) 
0166 Then, a p-type channel layer 61, which becomes 
p-type channel regions 61, and an n-type Source layer 46, 
which becomes n'-type Source regions 46, are formed by ion 
implantation and thermal diffusion. The Steps shown in 
FIGS. 20O to 20F can be modified. For example, it is 
possible to omit the steps shown in FIG. 20E by leaving the 
p-type Silicon layer 63 above the n-type drift regions 42, not 
completely removing the p-type Silicon layer 63 above the 
n-type drift regions 42. In that case, the p-type Silicon layer 
63 can be used as a p-type channel layer 61. 

0167. It is also possible to directly form a p-type channel 
layer 61 and an n-type Source layer 46 in a Surface of a p/n 
column layer 51 by implanting ions into the p/n column 
layer 51 after the steps shown in FIG.20D without the steps 
shown in FIG. 20E. 

0168 Steps Shown in FIG. 20G) 
0169. Then, gate trenches 53 for gate electrodes are 
formed by etching. The etching is a dry etching using RIE. 
The gate trenches 53 are formed to become rectangular 
when viewed from above their entrances. The longsidewall 
surfaces 53a and the bottom surfaces 53c of the gate 
trenches 53 are Si{100 surfaces and Si(110) surfaces, 
respectively. Specifically, when the orientation flat 41C of 
the n-type Substrate 41 is Si(-111) Surface, the gate 
trenches 53 are formed such that the longsidewall surfaces 
53a are at an angle of 54.7 degrees with the orientation flat 
41C, as shown in (1) of FIG. 21. With this arrangement, the 
longsidewall surfaces 53a become Si(001) surfaces, that is, 
Si{100 surfaces. The short sidewall surfaces 53b of the gate 
trenches 53 are arranged to be orthogonal to the long 
sidewall Surfaces 53a. With this arrangement, the short 
sidewall surfaces 53b become Si(110) surfaces as well as the 
bottom surfaces 53c of the gate trenches 53. 
0170 Subsequently, gate oxide films 54 are formed on 
the surfaces defining the gate trenches 53 by thermal oxi 
dization. Then, gate electrodes 47 are formed on the Surfaces 
defining the gate trenches 53 with the gate oxide films 54 
therebetween. P-type base contact regions 52 are formed in 
the n-type source layer 46. Then, although not illustrated in 
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the figure, Source electrodes, drain electrodes, and So on are 
formed to complete a power MOSFET show in FIGS. 18A, 
18B, and 19. 

0171 In this embodiment, the epitaxial trenches 50 are 
formed by wet etching at the step shown in FIG. 20B. 
Therefore, it is possible to lessen the damage to the Surfaces 
defining the epitaxial trenches 50 in comparison with the 
case that the epitaxial trenches 50 are formed by dry etching. 
AS a result, it is possible to SuppreSS the generation of 
crystallographic defects. Thus, when the p-type Silicon layer 
63 is formed to fill the epitaxial trenches 50 by epitaxial 
growth, it is possible to Suppress the generation of crystal 
lographic defects in the p-type Silicon layer 63 in compari 
son with the case that the epitaxial trenches 50 formed by 
dry etching. 

0172 In addition, an etching bath capable of a batch 
wafer processing can be used for the above wet etching. 
Therefore, it is possible to reduce production costs in 
comparison with the case that the epitaxial trenches 50 are 
formed by dry etching Such as RIE, which is usually a single 
wafer processing. Moreover, in this embodiment, the long 
sidewall Surfaces 53a and the bottom Surfaces 53c of the 
gate trenches 53 for the gate electrodes are Si{100 surfaces 
and Si{110 surfaces, respectively. That is, in the power 
MOSFET of this embodiment as well as the first and second 
embodiments, the channel Surfaces are Si{100 surfaces. 
0173 FIG. 23 is a table that shows the electron mobility 
in the channel regions, the density of interface trap, and the 
relation in the thickness of the gate oxide film between on 
the sidewall Surfaces and on the bottom Surfaces of the 
power MOSFETs according to the first, second, and third 
embodiments. FIG. 23 also shows the same items with 
respect to the proposed method, which is described in the 
background Section and in which the channel Surfaces are 
Si{111 surfaces. 
0.174. In this embodiment, the longsidewall surfaces 53a 
and the bottom surfaces 53c of the gate trenches 53 for the 
gate electrodes are Si{100 surfaces and Si{110 surfaces, 
respectively. Therefore, when the gate oxide films 54 are 
formed by thermal oxidization, the thickness of the gate 
oxide films 54c on the bottom surfaces 53c of the gate 
trenches 53 can be thicker than that of the gate oxide films 
54a on the long sidewall surfaces 53a of the gate trenches 
53. 

0.175. In addition, since the short sidewall surfaces 53b of 
the gate trenches 53 are Si(110), the thickness of the gate 
oxide films 54c on the bottom surfaces 53c of the gate 
trenches 53 can be equal to that of the gate oxide films 54b 
on the short sidewall surfaces 53b of the gate trenches 53. 
Therefore, even if the devise designing is made on the basis 
of the thickness of the gate oxide films 54a on the long 
sidewall surfaces 53a of the gate trenches 53, it is possible 
to thicken the gate oxide films 54c on the bottom surfaces 
53c of the gate trenches 53 in comparison with the case that 
the main surface is an Si(110) surface and the sidewall 
Surfaces of the gate trenches are Si 111 Surfaces, which is 
the case described in the background Section. Therefore, it is 
possible to improve the breakdown Voltage. 

0176). As shown in FIG. 23, when the channel Surfaces 
are Si 111 Surfaces as in the proposed method, the density 
of the interface traps between the channel regions and the 
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gate insulating films is 1.7x10" cm and the electron 
mobility in the channel regions is 430 cm /Vs. In contrast, 
in this embodiment, they are 2x10'cmi and 600 cm /Vs, 
respectively. In this embodiment, the channel Surfaces are 
Si{100 surfaces, so it is possible to reduce the density of 
the interface traps and increase the electron mobility in 
comparison with the case that the channel Surfaces are 
Si{111 Surfaces. 
0177 Moreover, in this embodiment, the epitaxial 
trenches 50 and the gate trenches 53 are formed using a 
substrate, the main surface of which is Si(110) surface, in the 
arrangement shown in (1) of FIG.21. However, the epitaxial 
trenches 50 and the gate trenches 53 can be formed in the 
arrangements shown in (2) to (4) of FIG. 21 and (5) to (8) 
of FIG.22. In the arrangements shown in (2) to (8) of FIGS. 
21 and 22, each of the epitaxial trenches 50 is a parallelo 
gram, an internal angle of which is 70.5 degrees, when 
viewed from above their entrances, and the gate trenches 53 
are rectangular when Viewed from above their entrances. In 
(1) and (2) of FIG. 21, the orientation flat 41c is an 
Si{111}surface. In (3) and (4) of FIG.21, the orientation flat 
41c is an Si{112 Surface. In (5) and (6) of FIG. 22, the 
orientation flat 41c is an Si{100 surface. In (7) and (8) of 
FIG. 22, the orientation flat 41c is an Si{110 surface. 
0.178 As shown in (2) of FIG. 21, when the orientation 

flat 41c is an Si(-11-1) Surface, the long Sidewall Surfaces 
50a of the epitaxial trenches 50 are set to be parallel to the 
orientation flat 41c and the longsidewall surfaces 53a of the 
gate trenches 53 are Set to be at an angle of 125.2 degrees 
with the orientation flat 41c. Here, the angle is defined as the 
one between the extended line of the orientation flat 41c and 
the extended line of each Sidewall Surface when measured 
counterclockwise from the orientation flat 41c. The same 
definition will be used hereinafter. 

0179. As shown in (3) of FIG. 21, when the orientation 
flat 41c is an Si(2-1-1) Surface, the long Sidewall Surfaces 
50a of the epitaxial trenches 50 are set to be orthogonal to 
the orientation flat 41c and the longsidewall surfaces 53a of 
the gate trenches 53 are Set to be at an angle of 144.7 degrees 
with the orientation flat 41c. 

0180. As shown in (4) of FIG. 21, when the orientation 
flat 41c is an Si(121) Surface, the longsidewall surfaces 50a 
of the epitaxial trenches 50 are set to be orthogonal to the 
orientation flat 41c and the longsidewall surfaces 53a of the 
gate trenches 53 are set to be at an angle of 35.2 degrees with 
the orientation flat 41c. 

0181. As shown in (5), (6) of FIG. 22, when the orien 
tation flat 41c is an Si(001) surface, the long sidewall 
surfaces 50a of the epitaxial trenches 50 are set to be at an 
angle of 125.3 degrees or 54.8 degrees with the orientation 
flat 41c and the long sidewall surfaces 53a of the gate 
trenches 53 are set to be parallel to the orientation flat 41c. 
0182] As shown in (7), (8) of FIG. 22, when the orien 
tation flat 41c is an Si(-1-10) surface, the long sidewall 
surfaces 50a of the epitaxial trenches 50 are set to be at an 
angle of 35.3 degrees or 144.8 degrees with the orientation 
flat 41c and the long sidewall surfaces 53a of the gate 
trenches 53 are set to be orthogonal to the orientation flat 
41c. 

0183 In the arrangements shown in (1) and (3) of FIG. 
21 and (5) and (7) of FIG.22, the longsidewall surfaces 50a 
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of the epitaxial trenches 50 become Si(-111) surfaces and 
the angles between the long sidewall surfaces 50a of the 
epitaxial trenches 50 and the long sidewall surfaces 53a of 
the gate trenches 53 become 54. 7 degrees. In the arrange 
ments shown in (2) and (4) of FIG. 21 and (6) and (8) of 
FIG. 22, the long sidewall surfaces 50a of the epitaxial 
trenches 50 become Si(-11-1) surfaces and the angles 
between the long sidewall surfaces 50a of the epitaxial 
trenches 50 and the long sidewall surfaces 53a of the gate 
trenches 53 become 125.2 degrees. 
0184. In this embodiment as well, the epitaxial trenches 
50 may be formed such that only the longsidewall surfaces 
50a of the epitaxial trenches 50 are Si{100 surfaces. In 
addition, as long as the long Sidewall Surfaces 53a of the 
epitaxial trenches 53 are Si{100 surfaces, the short sidewall 
surfaces 53b of the epitaxial trenches 53 may not be Si{100 
Surfaces and may have other crystallographic planes. Even 
in that case, it is possible to improve the carrier mobility and 
increase the current flowing through the channel regions in 
comparison with the proposed method. 

0185. In this embodiment, the trenches formed in the 
n-type drift layer 42 are filled with the p-type silicon layer 
63 through the steps shown in FIGS. 20A to 20D to form the 
p/n column layer. However, the p/n column layer can be 
formed in the opposite order. That is, a p-type Silicon layer 
43 may be formed first on an n-type substrate 41 by 
epitaxial growth, and then the trenches formed in the p-type 
silicon layer 43 may be filled with an n-type drift layer 42. 
In that case, the crystallographic plane orientations of the 
Surfaces are set to be the same as in this embodiment. 

0186 Fourth Embodiment 
0187 FIG.24 is a plan view of a power MOSFET having 
a Super junction Structure as a fourth embodiment. The 
cross-sectional view taken along the line I-I" in FIG. 24 is 
similar to FIG. 14. In FIG. 24, the same elements are 
denoted using the same symbols as in FIGS. 17, 18A, 18B, 
and 19. 

0188 The power MOSFET according to this embodi 
ment has the Structure in which upper n-type Silicon regions 
45 are added to the power MOSFET shown in FIGS. 18a, 
18b, and 19 such that the n-type silicon regions 45 are wider 
than the n-type drift regions 42 of a p/n column layer in the 
lateral directions and located on the p/n column layer 51. 
That is, the upper n-type Silicon regions 45 can be added to 
the power MOSFET in the third embodiment such that the 
n-type Silicon regions 45 are located between the p-type base 
regions 44, in which channels are formed, and the p/n 
column layer 51, as in the same manner shown in FIG. 14. 
0189 The method for manufacturing the power MOS 
FET in this embodiment basically differs from that in the 
Second embodiment in the arrangement of the trench gates, 
and there are no differences in other aspects. Therefore, the 
explanation on the method is omitted. 

0190. Other Embodiment 
0191 In the second, third, and fourth embodiments, the 
n-type drift layer 42 are formed on the n-type substrate 41 
by epitaxial growth, and the epitaxial trenches 50 are formed 
in the n-type drift layer 42. However, an n-type Substrate 
may be used instead of the n-type substrate 41 and the 
n-type drift layer 42. In that case, the portion that is located 
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within the same depth of the epitaxial trenches 50 from the 
Surface functions as an n-type drift layer 42, and the rest of 
then-type Substrate becomes a drain region. 
0192) In each power MOSFET of the above embodiments 
is an in channel power MOSFET, in which the first conduc 
tivity type is n-type and the Second conductivity type is 
p-type. However, the present invention can be applied to a 
p channel power MOSFET, in which the conductivity types 
of the elements are opposite to those in the n channel power 
MOSFET 

0193 In the above embodiments, the present invention 
has been applied to power MOSFETs. However, the present 
invention can be applied to IGBT, in which a collector is 
Substituted for the drain and an emitter is Substituted for the 
Source, and thyristor. 
0194 The foregoing invention has been described in 
terms of preferred embodiments. However, those skilled, in 
the art will recognize that many variations of Such embodi 
ments exist. Such variations are intended to be within the 
Scope of the present invention and the appended claims. 

1. A method for manufacturing a Semiconductor device, 
the method comprising: 

preparing a Semiconductor Substrate, which has a main 
surface that is an Si{100 surface; 

forming a first trench, which is defined by a bottom 
Surface, two long Sidewall Surfaces that face each other, 
and two short Sidewall Surfaces that face each other, in 
the main Surface Such that the long Sidewall Surfaces 
are Si{100 surfaces; and 

forming a Semiconductor layer on the Sidewalls and the 
bottom Surfaces of the trench by epitaxial growth. 

2. A method for manufacturing a Semiconductor device, 
the method comprising: 

preparing a Semiconductor Substrate, which has a main 
surface that is an Si{100 surface and which is first 
conductivity type to form a Source region; 

forming a first trench, which is defined by a bottom 
Surface, two long Sidewall Surfaces that face each other, 
and two short Sidewall Surfaces that face each other, in 
the main Surface Such that the bottom Surface and the 
long sidewall surfaces are Si{100 surfaces; 

forming a base-region-forming film, which is used for 
forming a Second conductivity type base region, by 
epitaxial growth to cover the Sidewall Surfaces and the 
bottom surface without completely filling the first 
trench; 

forming a drift-region-forming film, which is used for 
forming a first conductivity type drift region, to cover 
the base-region-forming film without completely filling 
the first trench; 

forming a drain-region-forming film, which is used for 
forming a first conductivity type drain region, to cover 
the drift-region-forming film; 

planarizing the base-region-forming film, the drift-region 
forming film, and the drain-region-forming film to form 
the base region, the drift region, and the drain region; 
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forming a Second trench to interSect the base region from 
the Source region in a direction parallel to the main 
Surface and to extend orthogonally from the main 
Surface; 

forming a gate insulating film in the Second trench; and 
forming a gate electrode on the gate insulating film. 
3. A method for manufacturing a Semiconductor device, 

the method comprising: 

preparing a Semiconductor Substrate, which has a main 
surface that is an Si{100 surface and which is first 
conductivity type to form a drain region; 

forming a first trench, which is defined by a bottom 
Surface, two long Sidewall Surfaces that face each other, 
and two short Sidewall Surfaces that face each other, in 
the main Surface Such that the bottom Surface and the 
long sidewall surfaces are Si{100 surfaces; 

forming a drift-region-forming film, which is used for 
forming a first conductivity type drift region, by epi 
taxial growth to cover the Sidewall Surfaces and the 
bottom surface without completely filling the first 
trench; 

forming a base-region-forming film, which is used for 
forming a Second conductivity type base region, to 
cover the drift-region-forming film without completely 
filling the first trench; 

forming a Source-region-forming film, which is used for 
forming a first conductivity type Source region, to cover 
the base-region-forming film; 

planarizing the drift-region-forming film, the base-region 
forming film, and the Source-region-forming film to 
form the drift region, the base region, and the Source 
region; 

forming a Second trench to interSect the base region from 
the Source region in a direction parallel to the main 
Surface and to extend orthogonally from the main 
Surface; 

forming a gate insulating film in the Second trench; and 
forming a gate electrode on the gate insulating film. 
4. The method according to claim 2 further comprising: 

forming a third trench, which is defined by a bottom 
Surface, two long Sidewall Surfaces that face each other, 
and two short Sidewall Surfaces that face each other, in 
the drift region Such that the long Sidewall Surfaces 
extend orthogonally from the main Surface to be 
Si{100 Surfaces; and forming a second conductivity 
type RESURF layer in the third trench by epitaxial 
growth. 

5. The method according to claim 3 further comprising: 

forming a third trench, which is defined by a bottom 
Surface, two long Sidewall Surfaces that face each other, 
and two short Sidewall Surfaces that face each other, in 
the drift region Such that the long Sidewall Surfaces 
extend orthogonally from the main Surface to be 
Si{100 surfaces; and 

forming a second conductivity type RESURF layer in the 
third trench by epitaxial growth. 
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6. A method for manufacturing a Semiconductor device, 
the method comprising: 

preparing a Semiconductor Substrate, which has a main 
surface that is an Si{100 surface; 

forming one layer out of a first conductivity type layer and 
a Second conductivity type layer on the Semiconductor 
Substrate; 

forming first trenches, each of which is defined by a 
bottom Surface, two long Sidewall Surfaces that face 
each other, and two short Sidewall Surfaces that face 
each other, in a Surface of the one layer Such that the 
bottom Surfaces and the long Sidewall Surfaces are 
Si{100 surfaces; 

forming the other layer out of the first conductivity type 
layer and the Second conductivity type layer to fill the 
first trenches by epitaxial growth; 

forming a p/n column layer, which includes first conduc 
tivity type drift regions and Second conductivity type 
first Semiconductor regions in a Stripe pattern layout, 

forming a Second conductivity type Second Semiconduc 
tor layer on the drift regions and the first Semiconductor 
regions; 

forming Second trenches, which extend through the Sec 
ond Semiconductor layer; and 

forming gate electrodes on Surfaces defining the Second 
trenches with gate insulating films therebetween. 

7. The method according to claim 2, wherein the second 
trenches are formed Such that Surfaces defining the Second 
trenches become Si{100 surfaces. 

8. The method according to claim 3, wherein the second 
trenches are formed Such that Surfaces defining the Second 
trenches become Si{100 surfaces. 

9. The method according to claim 6, wherein the second 
trenches are formed Such that Surfaces defining the Second 
trenches become Si{100 surfaces. 

10. The method according to claim 1, wherein the first 
trench is formed Such that the sidewall Surface thereof 
become Si {100 surfaces. 

11. The method according to claim 1, wherein the Semi 
conductor Substrate is a Semiconductor wafer that has an 
indexing cut-out that is an Si{100 surface and wherein the 
first trench is formed Such that the long Sidewall Surfaces are 
parallel or orthogonal to the indexing cut-out. 

12. The method according to claim 1, wherein the Semi 
conductor Substrate is a Semiconductor wafer that has an 
indexing cut-out that is an Si 110 Surface and wherein the 
first trench is formed Such that the long Sidewall Surfaces are 
at an angle of 45 degrees with the indexing cut-out. 

13. The method according to claim 1, wherein the first 
trench is formed by dry etching. 

14. A Semiconductor device comprising: 
a Semiconductor Substrate, which has a main Surface that 

is an Si{100 surface, wherein the substrate has a 
trench in the main Surface; and 

a Semiconductor layer, which is located on Surfaces 
defining the trench to have common crystallographic 
planes with the Semiconductor Substrate, wherein the 
trench is defined by a bottom Surface, two longsidewall 
Surfaces that face each other, and two short Sidewall 
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Surfaces that face each other and wherein the bottom 
surface and the long sidewall surfaces are Si{100 
Surfaces. 

15. A Semiconductor device comprising: 
a Semiconductor Substrate, which has a main Surface that 

is an Si{100 surface; and 
a Semiconductor layer, which is located in the main 

Surface, wherein the Semiconductor layer has a bottom 
Surface and two long Sidewall Surfaces that face each 
other, and two short Sidewall Surfaces that face each 
other, wherein the quotient obtained by dividing a 
width of the sidewall surfaces by that of bottom surface 
is 1 or more, and wherein the bottom Surface and the 
long sidewall surfaces are Si{100 surfaces. 

16. A Semiconductor device comprising: 
a Semiconductor Substrate, which has a main Surface that 

is an Si{100 surface and which is first conductivity 
type to form a Source region; 

a Second conductivity type base region, which extends 
orthogonally from the main Surface to have a bottom 
Surface, two long Sidewall Surfaces that face each other, 
and two short Sidewall Surfaces that face each other, 
wherein the bottom surface and the long sidewall 
surfaces are Si{100 surfaces; 

a first conductivity type drift region, which extends 
orthogonally from the main Surface in the base region 
and has a lower impurity concentration than the Semi 
conductor Substrate; 

a drain region, which extends orthogonally from the main 
Surface in the drift region to be separated from the base 
region; 

a trench, which extends orthogonally from the main 
Surface and intersects the base region from the Source 
region to reach the drift region in a direction parallel to 
the main Surface and to expose an Si 100 Surface in 
the base region; 

a gate insulating film, which is located on Surfaces defin 
ing the trench; and 

a gate electrode, which is located on the gate insulating 
film. 

17. A Semiconductor device comprising: 

a Semiconductor Substrate, which has a main Surface that 
is an Si{100 surface and which is first conductivity 
type to form a drain region; 

a first conductivity type drift region, which extends 
orthogonally from the main Surface to have a bottom 
Surface, two long Sidewall Surfaces that face each other, 
and two short Sidewall Surfaces that face each other, 
wherein the bottom surface and the long sidewall 
surfaces are Si{100 surfaces and wherein the drift 
region has a lower impurity concentration than the 
Semiconductor Substrate; 

a Second conductivity type base region, which extends 
orthogonally from the main Surface in the drift region; 

a first conductivity type Source region, which extends 
orthogonally from the main Surface in the base region; 
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a trench, which extends orthogonally from the main 
Surface and intersects the base region from the Source 
region in a direction parallel to the main Surface to 
expose an Si 100 Surface in the base region; 

a gate insulating film, which is located on Surfaces defin 
ing the trench; and 

a gate electrode, which is located on the gate insulating 
film. 

18. The semiconductor device according to claim 16 
further comprising a second conductivity type RESURF 
layer, which extends orthogonally from the main Surface in 
the drift region to have a bottom Surface, two long Sidewall 
Surfaces that face each other, and two short Sidewall Surfaces 
that face each other, wherein the bottom Surface and the long 
sidewall surfaces are Si{100 surfaces. 

19. The semiconductor device according to claim 17 
further comprising a second conductivity type RESURF 
layer, which extends orthogonally from the main Surface in 
the drift region to have a bottom Surface, two long Sidewall 
Surfaces that face each other, and two short Sidewall Surfaces 
that face each other, wherein the bottom Surface and the long 
sidewall surfaces are Si{100 surfaces. 

20. A Semiconductor device comprising: 
a Semiconductor Substrate, which has a main Surface that 

is an Si{100 surface; 
a p/n column layer, which is made of first conductivity 

type drift regions and Second conductivity type first 
Semiconductor regions in a Stripe pattern layout, 
wherein the p/n column layer is located on the Semi 
conductor Substrate; 

Second conductivity type Second Semiconductor regions, 
which are located on the p/n column layer, wherein the 
Semiconductor device has trenches, which interSect the 
Second Semiconductor regions, and wherein Surfaces 
defining the trenches are Si{100 surfaces; 

gate insulating films, which are located on the Surfaces 
defining the trenches, and 

gate electrodes, which are located on the gate insulating 
films, wherein out of interfacial Surfaces between the 
drift regions and the first Semiconductor regions, the 
long interfacial Surfaces are Si 100 Surfaces. 

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

preparing a Semiconductor Substrate, which has a main 
surface that is an Si{110 surface; 

forming one layer out of a first conductivity type layer and 
a Second conductivity type layer on the Semiconductor 
Substrate; 

forming first trenches, each of which is defined by a 
bottom Surface, two long Sidewall Surfaces that face 
each other, and two short Sidewall Surfaces that face 
each other, in a Surface of the one layer by anisotropic 
wet etching such that the bottom surfaces are Si{110} 
Surfaces and the long sidewall Surfaces are Si 111 
Surfaces, 

forming the other layer out of the first conductivity type 
layer and the Second conductivity type layer to fill the 
first trenches by epitaxial growth; 
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forming a p/n column layer, which includes first conduc 
tivity type drift regions and Second conductivity type 
first Semiconductor regions in a Stripe pattern layout, 

forming a Second conductivity type Second Semiconduc 
tor layer on the drift regions and the first Semiconductor 
regions, 

forming Second trenches, each of which is defined by a 
bottom Surface, two long Sidewall Surfaces that face 
each other, and two short Sidewall Surfaces that face 
each other, in the Second Semiconductor layer by dry 
etching such that the longsidewall surfaces are Si{100 
Surfaces, 

forming gate oxide films on Surfaces defining the Second 
trenches by thermal oxidization; and forming gate 
electrodes on the gate insulating films. 

22. The method according to claim 21, wherein the first 
trenches are formed Such that the sidewall Surfaces of the 
first trenches become Si{111 Surfaces. 

23. The method according to claim 21, wherein the Second 
trenches are formed Such that the Second trenches are 
rectangular when Viewed from above their entrance, the 
bottom surfaces are Si{110 surfaces, the two long sidewall 
surfaces are Si{100 surfaces, and the two short sidewall 
Surfaces are Si 111 Surfaces. 

24. The method according to claim 21, wherein the 
Semiconductor Substrate is a Semiconductor wafer that has 
an indexing cut-out that is an Si 111 Surface, wherein the 
first trenches are formed Such that the longsidewall Surfaces 
of the first trenches are parallel to the indexing cut-out, and 
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wherein the Second trenches are formed Such that the long 
Sidewall Surfaces of the Second trenches are at an angle of 
54.7 degrees or 125.2 degrees with the indexing cut-out. 

25. The method according to claim 21, wherein the 
Semiconductor Substrate is a Semiconductor wafer that has 
an indexing cut-out that is an Si 112 Surface, wherein the 
first trenches are formed Such that the long Sidewall Surfaces 
of the first trenches are orthogonal to the indexing cut-out, 
and wherein the Second trenches are formed Such that the 
long Sidewall Surfaces of the Second trenches are at an angle 
of 144.7 degrees or 35.2 degrees with the indexing cut-out. 

26. The method according to claim 21, wherein the 
Semiconductor Substrate is a Semiconductor wafer that has 
an indexing cut-out that is an Si 100 Surface, wherein the 
first trenches are formed Such that the long Sidewall Surfaces 
of the first trenches are at an angle of 125.3 degrees or 54.8 
degrees with the indexing cut-out, and wherein the Second 
trenches are formed Such that the long Sidewall Surfaces of 
the Second trenches are parallel to the indexing cut-out. 

27. The method according to claim 21, wherein the 
Semiconductor Substrate is a Semiconductor wafer that has 
an indexing cut-out that is an Si 110 Surface, wherein the 
first trenches are formed Such that the long Sidewall Surfaces 
of the first trenches are at an angle of 35.3 degrees or 144.8 
degrees, with the indexing cut-out, and wherein the Second 
trenches are formed Such that the long Sidewall Surfaces of 
the Second trenches are orthogonal to the indexing cut-out. 


