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(57) ABSTRACT 

A semiconductor element including an MISFET exhibits 
diode characteristics in a reverse direction through an epi 
taxial channel layer. The semiconductor element includes: a 
silicon carbide semiconductor substrate of a first conductivity 
type, semiconductor layer of the first conductivity type, body 
region of a second conductivity type, Source region of the first 
conductivity type, epitaxial channel layer in contact with the 
body region, source electrode, gate insulating film, gate elec 
trode and drain electrode. If the Voltage applied to the gate 
electrode is Smaller thana threshold Voltage, the semiconduc 
tor element functions as a diode wherein current flows from 
the source electrode to the drain electrode through the epi 
taxial channel layer. The absolute value of the turn-on voltage 
of this diode is smaller than the turn-on voltage of a body 
diode that is formed of the body region and the first silicon 
carbide semiconductor layer. 
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SEMICONDUCTOR ELEMENT, 
SEMICONDUCTOR DEVICE, AND POWER 

CONVERTER 

TECHNICAL FIELD 

0001. The present invention relates to a semiconductor 
element and more particularly relates to a silicon carbide 
semiconductor element (as a power semiconductor device), 
which can be used in applications that require a high break 
down Voltage and a large amount of current. The present 
invention also relates to a semiconductor device and power 
converter including Such a silicon carbide semiconductor ele 
ment. 

BACKGROUND ART 

0002 Silicon carbide (SiC) is a high-hardness semicon 
ductor material with a greater bandgap than silicon (Si), and 
has been used extensively in various types of semiconductor 
devices including power elements, hostile-environment ele 
ments, high temperature operating elements, and radio fre 
quency elements. Among other things, the application of SiC 
to power elements such as semiconductor elements and rec 
tifiers has attracted a lot of attention. This is because a power 
element that uses SiC can significantly reduce the power loss 
compared to a Sipower element. In addition, by utilizing Such 
properties, SiC power elements can form a smaller semicon 
ductor device than Sipower elements. 
0003. A metal-insulator-semiconductor field effect tran 
sistor (MISFET) is a typical semiconductor element among 
various power elements that use SiC. In this description, a 
MISFET of SiC will sometimes be simply referred to herein 
as a “SiC-FET. And a metal-oxide-semiconductor field 
effect transistor (MOSFET) is one of those MISFETs. Some 
body reported that if a forward current is supplied to the pn 
junction of SiC., stacking defects will increase due to dislo 
cations produced at the bottom of a Substrate, which is a 
problem unique to SiC. Such a problem will arise when a 
SiC-FET is used as a switching element for a power converter 
for driving and controlling a load Such as a motor. As will be 
described in detail later, if a SiC-FET is used as a switching 
element for a power converter that performs a synchronous 
rectification control, then return current needs to flow when 
the SiC-FET is in OFF state. And a pnjunction inside of a 
SiC-FET is sometimes used as a path for such a return current. 
Such a pn junction is present deep inside a semiconductor 
element that works as the SiC-FET and functions as a kind of 
diode. That is why the pnjunction is called a “body diode'. If 
the pnjunction diode (body diode) inside a SiC-FET is used 
as a freewheeling diode, then current will flow in the forward 
direction through the body diode that is a pn junction. It is 
believed that if such current flows through the pnjunction of 
SiC, then the degree of crystallinity of a SiC-FET will 
decrease due to a bipolar operation performed by the body 
diode (see, for example, Patent Document No. 1 and Non 
Patent Documents Nos.1 and 2). 
0004 If the degree of crystallinity of a SiC-FET decreases, 
the ON Voltage of the body diode could rise. Also, if a body 
diode is used as a freewheeling diode, a reverse recovery 
current will flow due to the bipolar operation performed by 
the pnjunction diode when the diode in ON state changes into 
OFF state. And that reverse recovery current causes not only 
recovery loss but also a decrease in Switching rate as well. 
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0005 Thus, in order to overcome such a problem involved 
by using a body diode as a freewheeling diode, it was pro 
posed (in Patent Document No. 2, for example) that a return 
current is made to flow through a freewheeling diode element 
as an electronic part by connecting the freewheeling diode 
element and an SiC-FET in anti-parallel with each other. 
0006 FIG. 1 illustrates a configuration for a typical 
inverter circuit 1000 including freewheeling diode elements. 
0007. The inverter circuit 1000 is a circuit for driving a 
load 1500 such as a motor and includes multiple semiconduc 
tor elements 1100, which are implemented as SiC-FETs. In 
this inverter circuit 1000, the semiconductor elements 1100 
and freewheeling diode elements 1200 are connected in anti 
parallel together. In this configuration, ON-state current I 
flows through the semiconductor elements 1100 and return 
current I flows through the freewheeling diode elements 
1200. Two semiconductor elements 1100 that are connected 
in series together form one set of semiconductor elements. 
And in this example, three sets of semiconductor elements are 
arranged in parallel with each other with respect to a DC 
power supply 2000. The gate potential of each of these semi 
conductor elements 1100 is controlled by a controller. 
0008 FIG. 2(a) illustrates the structure of a semiconduc 
tor element (SiC-FET) 1100. This semiconductor element 
1100 is made of silicon carbide (SiC) semiconductors and has 
a structure in which an n-drift layer 120 has been stacked on 
an n-substrate (SiC substrate) 110. A p-body region 130 has 
been defined in an upper part of the n-drift layer 120. A 
p-body contact region 132 and an n+ source region 140 have 
been defined in an upper part of the p-body region 130. Anda 
Source electrode 145 is arranged on the p-body contact region 
132 and the n-source region 140. 
0009. An epitaxial channel layer 150 has been formed to 
cover the surface of the n-drift layer 120, the p-body region 
130 and the n-source region 140. A gate insulating film 160 
and a gate electrode 165 are further arranged on the epitaxial 
channel layer 150. A portion of the epitaxial channel layer 
150, which contacts with the upper surface of the p-body 
region 130, functions as a channel region. On the back Surface 
of the n-substrate 110, arranged is a drain electrode 170. 
(0010. A body diode 180 has been formed inside of this 
semiconductor element 1100. Specifically, the pn junction 
between the p-body region 130 and the n-drift layer 120 
forms the body diode 180. 
0011 Since SiC is a wide bandgap semiconductor, the 
body diode 180 has a relatively high turn-on voltage Vf of 
around 3 V (e.g., approximately 2.7V) at room temperature 
and would cause a lot of loss. 

0012 FIG. 4 shows the current-voltage characteristics and 
turn-on voltages of the body diode 180 at multiple different 
operating temperatures thereof. The turn-on voltage Vf of the 
body diode 180, which is obtained by making a tangential 
approximation on a curve representing its current-Voltage 
characteristic, is as high as about 2.8 V at 25°C. A diode with 
Such a high turn-on Voltage is not practical. The higher the 
operating temperature, the Smaller Vf. Also, as mentioned 
above, if the body diode 180 is used as a freewheeling diode, 
the degree of crystallinity of the semiconductor element 1100 
will decrease and its reliability will also decline eventually, 
which is a problem. 
0013 For that reason, it is difficult to replace the free 
wheeling diode element 1200 of the inverter circuit 1000 with 
the body diode 180. Also, ifa forward current is continuously 
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supplied to the pnjunction of SiC, crystal imperfections of 
SiC will increase so much as to cause even more loss, which 
is a problem unique to SiC. 
0014. The body diode 180 is apnjunction diode and is also 
an element that performs a bipolar operation. When the body 
diode 180 turns OFF, a reverse recovery current flows, thus 
causing some recovery loss. As a result, as there is a period in 
which the reverse recovery current flows, it becomes very 
difficult to switch the semiconductor element 1100 at high 
rates. In addition, since the Switching loss increases, it 
becomes difficult to increase the Switching frequency, too. 
0.015. On the other hand, the semiconductor element 1110 
shown in FIG. 2(b) is an insulated gate bipolar transistor 
(IGBT) of SiC. As for this semiconductor element 1110, the 
body diode 181 cannot be used as a freewheeling diode in the 
first place, because the substrate 112 of this semiconductor 
element 1110 is a p-substrate. Inside of this semiconductor 
element 1110, there are not only the body diode 181 between 
the p-body region 130 and the n-drift layer 120 but also 
another body diode 182 between the p-substrate 112 and the 
n-drift layer 120 as well. Thus, the presence of the body 
diode 182 prevents the return current I from flowing. 
0016 FIG. 17 is a circuit diagram illustrating a part of the 
configuration shown in FIG. 1 for illustration purposes. In 
FIG. 17, the DC power supply 2000 supplies power to an 
inductive load 2100 such as a motor. A high-side MISFETH 
and a low-side MISFET L are connected in series together. A 
controller 2200 that drives the high-side MISFET H and the 
low-side MISFET L outputs a gate drive voltage Vg1 to the 
high-side MISFET H and a gate drive voltage Vg2 to the 
low-side MISFET L, respectively. 
0017. The controller 2200 and the DC power supply 2000 
together function as a “potential setting section' for setting 
the potentials of respective MOSFETs (i.e., semiconductor 
elements). And the semiconductor device shown in FIG. 17 is 
driven by that potential setting section. 
0018. Each of the currents I1 and I2 indicated by the 
arrows in FIG. 17 is supposed to have a positive value when 
flowing in the direction indicated by the arrow and a negative 
value when flowing in the opposite direction to the one indi 
cated by the arrow, respectively. 
0019 Portions (a) through (e) of FIG. 18 show the oper 
ating waveforms of the circuit shown in FIG. 17 and illustrate 
a timing diagram showing Voltages applied to, and currents 
flowing through, respective parts of the circuit when a current 
needs to be supplied to the inductive load 2100. 
0020. The respective gate drive voltages Vg1 and Vg2 for 
the high-side MISFET H and the low-side MISFET L are 
turned ON and OFF exclusively. In addition, a dead time Td1, 
Td2 is provided between Vg1 and Vg2 to prevent the high 
side and low-side MISFETs Hand L from turning ON simul 
taneously and causing a short-circuit breakdown. 
0021. In the initial state indicated by the timing diagram 
shown in FIG. 18, Vg2 is in ON state to make a current flow 
in the path indicated by the arrow 96 shown in FIG. 17. Next, 
during the dead time Td 1 after Vg2 has fallen to OFF state, 
current flows in the path indicated by the arrow 97 shown in 
FIG. 17. That is to say, the current flows through the free 
wheeling diode element that is connected anti-parallel to the 
low-side MISFETL. In that case, the current I1 has a negative 
value. 
0022. If the high-side MISFET H is turned ON while 
current is flowing through the freewheeling diode element 
that is connected anti-parallel to the low-side MISFET L, a 
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voltage is applied to that freewheeling diode element that is 
connected anti-parallel to the low-side MISFETL. This volt 
age is a reverse Voltage for the freewheeling diode element. 
That is why after a reverse recovery current has flowed 
through the freewheeling diode element that is connected 
anti-parallel to the low-side MISFET L along the path indi 
cated by the arrow 95 shown in FIG. 17, that freewheeling 
diode that is connected anti-parallel to the low-side MISFET 
L turns OFF. More specifically, when the high-side MISFET 
H turns ON, the reverse recovery current flows from the 
high-side MISFETH through the freewheeling diode element 
that is connected anti-parallel to the low-side MISFET L as a 
sort of transient current, which is illustrated as a peak current 
98. This reverse recovery current never flows through the 
inductive load 2100. However, as indicated by the arrow 95 in 
FIG. 17, the reverse recovery current is superposed on the 
current flowing through the high-side MISFETH, thus caus 
ing an increase in Switching loss, a breakdown of the element 
due to overcurrent, and a lot of noise. 
0023. When the freewheeling diode element that is con 
nected anti-parallel to the low-side MISFET L turns OFF, 
current flows along the path indicated by the arrow 94 in FIG. 
17. Next, during the dead time Tdz after Vg1 has fallen to 
OFF state, current flows along the path indicated by the arrow 
97 shown in FIG. 17, i.e., through the freewheeling diode 
element that is connected anti-parallel to the low-side MIS 
FET L. 

0024. When the low-side MISFET L turns ON while cur 
rent is flowing through the freewheeling diode element that is 
connected anti-parallel to the low-side MISFETL, a channel 
current flows along the path indicated by the arrow 96 shown 
in FIG. 17, i.e., through the channel of the low-side MISFET 
L. As a result, the initial state is recovered. It should be noted 
that although the high-side MISFET H and the low-side. 
MISFET L turn ON and OFF at mutually different times, the 
reverse recovery current is also generated on the high side, 
and therefore, current does flow through the freewheeling 
diode element on the high side. 
0025. Next, the reverse recovery current of a pnjunction 
diode will be described with reference to FIG. 3, in which 
curves (a) and (b) show variations in the amount of current 
flowing through a pnjunction diode of Si (which is labeled as 
Si-PND). Specifically, the curve (a) shows the results 
obtained at 25°C. (T=25° C) and the curve (b) shows the 
results obtained at 150° C. (T-150° C.). 
0026. As indicated by these curves (a) and (b), a pnjunc 
tion diode has a period in which a reverse recovery current is 
generated, thus deteriorating the performance of the inverter 
circuit 1000 (e.g., interfering with the high-rate switching and 
increasing the Switching loss). The magnitude of the reverse 
recovery current indicated by the 150° C. curve (b) is greater 
than that of the reverse recovery current indicated by the 25° 
C. curve. That is why the higher the temperature, the more 
seriously the characteristic of the pnjunction is affected. 
(0027. On the other hand, the curve (c) shown in FIG. 3 
shows a variation in the amount of current flowing through a 
Schottky barrier diode of SiC (which is labeled as SiC-SBD). 
As indicated by the curve (c), the magnitude of the reverse 
recovery current generated in that case is Smaller than what is 
indicated by the curve (a) or (b). In addition, since the curve 
(c) shows both of the results that were obtained at C., and 
150° C., it can be seen that almost no reverse recovery current 
is generated in the SiC-SBD even at high temperatures. For 
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that reason, it is preferred that a SiC-SEBD, rather than Si 
PND, be used as the freewheeling diode element 1200. 
0028. However, SiC-SBD is expensive, which is a prob 
lem. On top of that, if the number of components to use to 
make the inverter circuit 1000 is increased to cope with the 
return current, then the circuit cost will increase as well. 
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SUMMARY OF INVENTION 

Technical Problem 

0033. The SiC semiconductor device disclosed in Patent 
Document No. 2 uses a SiC SBD as a freewheeling diode 
element. An SBD has a lower turn-on voltage than a SiC-FET 
body diode. That is why if the amount of return current is 
small, then the return current will flow through the SBD and 
will not flow through the body diode. 
0034). However, if a SiC SBD is used as the freewheeling 
diode element, the circuit cost should increase because silicon 
carbide semiconductor materials themselves, and therefore 
SiC SBDs, are too expensive. Furthermore, if the SiC-FET 
disclosed in Patent Document No. 2 is used to make a power 
converter, the failure rate of the SiC-FET will increase when 
return current flows through the body diode. Thus, it cannot 
be said that the reliability of such a power converter is high. 
On top of that, since the number of components to use 
increases by introducing the SiC-SEBD, the power converter 
comes to have an increased size, which is contrary to the 
recent downsizing and weight reduction trends of power con 
Verters. 

0035. It is therefore a primary object of the present inven 
tion to provide an SiC semiconductor element that can main 
tain high reliability by minimizing the deterioration of crys 
tallinity of an SiC semiconductor device without increasing 
the number of components to use. 
0036) Another object of the present invention is to provide 
a SiC semiconductor element that can operate at high rates 
with the loss cut down. 

Solution to Problem 

0037. A semiconductor device according to the present 
invention includes a semiconductor element including a 
metal-insulator-semiconductor field effect transistor, and a 
potential setting section for setting a potential at the semicon 
ductor element. The metal-insulator-semiconductor field 
effect transistor includes: a semiconductor substrate of a first 
conductivity type; a first silicon carbide semiconductor layer 
of the first conductivity type, which is arranged on the prin 
cipal Surface of the semiconductor Substrate; a body region of 
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a second conductivity type, which is defined in the first silicon 
carbide semiconductor layer, a source region of the first con 
ductivity type, which is defined in the body region; a second 
silicon carbide semiconductor layer of the first conductivity 
type, which is arranged on the first silicon carbide semicon 
ductor layer so as to be at least partially in contact with the 
body region and the source region; a gate insulating film, 
which is arranged on the second silicon carbide semiconduc 
tor layer; a gate electrode, which is arranged on the gate 
insulating film; a source electrode, which contacts with the 
Source region; and a drain electrode, which is arranged on the 
back Surface of the semiconductor Substrate. Supposing the 
potential of the drain electrode with respect to the potential of 
the source electrode is identified by Vds, the potential of the 
gate electrode with respect to the potential of the source 
electrode is identified by Vgs, the gate threshold voltage of the 
metal-insulator-semiconductor field effect transistor is iden 
tified by Vith, the direction of a current flowing from the drain 
electrode toward the source electrode is defined to be a for 
ward direction, and the direction of a current flowing from the 
source electrode toward the drain electrode is defined to be a 
reverse direction, the potential setting section raises, in a 
transistor turned-ON mode, the potential Vgs of the gate 
electrode with respect to the potential of the source electrode 
to a level that is equal to or higher than the gate threshold 
voltage Vith, thereby making the drain electrode and the 
source electrode electrically conductive with each other 
through the second silicon carbide semiconductor layer. In a 
transistor turned-OFF mode, on the other hand, the potential 
setting section sets the potentialVgs of the gate electrode with 
respect to the potential of the source electrode to be equal to 
or higher than Zero volts but less than the gate threshold 
Voltage Vith, thereby making the metal-insulator-semicon 
ductor field effect transistor function as a diode that makes a 
current flow in the reverse direction from the source electrode 
toward the drain electrode through the second silicon carbide 
semiconductor layer. 
0038. In one preferred embodiment, the absolute value of 
a turn-on voltage of the diode is smaller than the absolute 
value of a turn-on voltage of a body diode that is formed by 
the body region and the first silicon carbide semiconductor 
layer. 
0039. In this particular preferred embodiment, the differ 
ence in the absolute value of the turn-on voltage between the 
diode and the body diode is 0.7 V or more. 
0040. In another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 1.3 V at 
room temperature. 
0041. In still another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 1.0 V at 
room temperature. 
0042. In yet another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 0.6 V at 
room temperature. 
0043. Another semiconductor element according to the 
present invention includes a metal-insulator-semiconductor 
field effect transistor. The metal-insulator-semiconductor 
field effect transistor includes: a semiconductor substrate of a 
first conductivity type; a first silicon carbide semiconductor 
layer of the first conductivity type, which is arranged on the 
principal Surface of the semiconductor Substrate; a body 
region of a second conductivity type, which is defined in the 
first silicon carbide semiconductor layer, a source region of 
the first conductivity type, which is defined in the body 
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region; a second silicon carbide semiconductor layer of the 
first conductivity type, which is arranged on the first silicon 
carbide semiconductor layer so as to be at least partially in 
contact with the body region and the Source region; a gate 
insulating film, which is arranged on the second silicon car 
bide semiconductor layer; a gate electrode, which is arranged 
on the gate insulating film; a source electrode, which contacts 
with the Source region; and a drain electrode, which is 
arranged on the back Surface of the semiconductor Substrate. 
Suppose the potential of the drain electrode with respect to the 
potential of the source electrode is identified by Vds, the 
potential of the gate electrode with respect to the potential of 
the source electrode is identified by Vgs, the gate threshold 
voltage of the metal-insulator-semiconductor field effect 
transistor is identified by Vith, the direction of a current flow 
ing from the drain electrode toward the source electrode is 
defined to be a forward direction, and the direction of a 
current flowing from the source electrode toward the drain 
electrode is defined to be a reverse direction. In that case, if 
VgSeVth is satisfied, then the metal-insulator-semiconductor 
field effect transistor makes the drain electrode and the source 
electrode electrically conductive with each other through the 
second silicon carbide semiconductor layer. On the other 
hand, if 0 VsVgs<Vth is satisfied, then the metal-insulator 
semiconductor field effect transistor does not make a current 
flow in the forward direction but functions as a diode that 
makes a current flow in the reverse direction from the source 
electrode toward the drain electrode through the second sili 
con carbide semiconductor layer when Vds<OV. The absolute 
value of a turn-on voltage of the diode is smaller than the 
absolute value of a turn-on voltage of a body diode that is 
formed by the body region and the first silicon carbide semi 
conductor layer. 
0044. In one preferred embodiment, the difference in the 
absolute value of the turn-on voltage between the diode and 
the body diode is 0.7 V or more. 
0045. In another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 1.3 V at 
room temperature. 
0046. In still another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 1.0 V at 
room temperature. 
0047. In yet another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 0.6 V at 
room temperature. 
0048. In yet another preferred embodiment, the semicon 
ductor element is used in a semiconductor device that 
includes a semiconductor element including a transistor that 
has a gate electrode, a source electrode, a drain electrode and 
a channel region, and a potential setting section for setting the 
potential of the gate electrode. Supposing the potential of the 
drain electrode with respect to the potential of the source 
electrode is identified by Vds, the potential of the gate elec 
trode with respect to the potential of the source electrode is 
identified by Vgs, the gate threshold voltage of the transistor 
is identified by Vith, the direction of a current flowing from the 
drain electrode toward the source electrode is defined to be a 
forward direction, and the direction of a current flowing from 
the source electrode toward the drain electrode is defined to 
be a reverse direction, the potential setting section raises, in a 
transistor turned-ON mode, the potential Vgs of the gate 
electrode with respect to the potential of the source electrode 
to a level that is equal to or higher than the gate threshold 
voltage Vith, thereby making the drain electrode and the 
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source electrode electrically conductive with each other 
through the channel region. On the other hand, in a transistor 
turned-OFF mode, the potential setting section sets the poten 
tial Vgs of the gate electrode with respect to the potential of 
the source electrode to be equal to or higher than Zero volts but 
less than the gate threshold voltage Vith, thereby making the 
transistor function as a diode that makes a current flow in the 
reverse direction from the source electrode toward the drain 
electrode through the channel region. 
0049. Another semiconductor element according to the 
present invention includes a metal-insulator-semiconductor 
field effect transistor. The metal-insulator-semiconductor 
field effect transistor includes: a semiconductor substrate of a 
first conductivity type; a first silicon carbide semiconductor 
layer of the first conductivity type, which is arranged on the 
principal Surface of the semiconductor Substrate; a body 
region of a second conductivity type, which is defined in the 
first silicon carbide semiconductor layer, a source region of 
the first conductivity type, which is defined in the body 
region; a second silicon carbide semiconductor layer of the 
first conductivity type, which is arranged on the first silicon 
carbide semiconductor layer so as to be at least partially in 
contact with the body region and the source region; a gate 
insulating film, which is arranged on the second silicon car 
bide semiconductor layer, a gate electrode, which is arranged 
on the gate insulating film; a source electrode, which contacts 
with the Source region; and a drain electrode, which is 
arranged on the back Surface of the semiconductor Substrate. 
The second silicon carbide semiconductor layer includes at 
least one dopant doped layer, which is doped with a dopant of 
the first conductivity type. And if the second silicon carbide 
semiconductor layer has an average dopant concentration of 
N (cm) and a thickness of d (nm), then N and d satisfy 
0050 bxdalsn-boxdao, 
0051 b-1.349x10, 
0052 ac-1.824, 
0053 by 2.399x10° and 
0054 as -1.774. 
0055. In one preferred embodiment, N and d further sat 
isfy 
0056 Nbxda, 
0057 b =2.188x10° and 
0.058 a-1.683. 
0059. In another preferred embodiment, N and d further 
satisfy 
0060 Neboxdao, 
0061 b-7.609x10° and 
0062) a -1.881. 
0063. In still another preferred embodiment, d is within 
the range of 5 nm to 200 nm. 
0064. In yet another preferred embodiment, d is within the 
range of 10 nm to 100 nm. 
0065. In yet another preferred embodiment, d is within the 
range of 20 nm to 75 nm. 
0066. In yet another preferred embodiment, the second 
silicon carbide semiconductor layer has been grown epitaxi 
ally on the first silicon carbide semiconductor layer. 
0067. In yet another preferred embodiment, the second 
silicon carbide semiconductor layer has been formed by 
implanting ions into the first silicon carbide semiconductor 
layer. 
0068 A power converter according to the present inven 
tion includes: a semiconductor element according to any of 
the preferred embodiments of the present invention described 
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above; a first line for applying at least a part of a Supply 
voltage to between the source and drain electrodes of the 
semiconductor element; and a second line for applying a 
Voltage from a controller, which controls Switching of the 
semiconductor element, to the gate electrode of the semicon 
ductor element. The power converter outputs power to be 
Supplied to a load. 
0069. In one preferred embodiment, the semiconductor 
device further includes a terminal to be electrically connected 
to a power Supply. 
0070. In another preferred embodiment, the semiconduc 
tor device further includes a terminal to be electrically con 
nected to an inductive load. 

0071 Another semiconductor device according to the 
present invention includes a semiconductor element includ 
ing a metal-insulator-semiconductor field effect transistor, 
and a potential setting section for setting a potential at the 
semiconductor element. The metal-insulator-semiconductor 
field effect transistor includes: a semiconductor substrate of a 
first conductivity type; a first silicon carbide semiconductor 
layer of the first conductivity type, which is arranged on the 
principal Surface of the semiconductor Substrate; a body 
region of a second conductivity type, which is arranged on the 
first silicon carbide semiconductor layer, a source region of 
the first conductivity type, which is arranged on the body 
region; a recess, which extends through the body region and 
the Source region to reach the first silicon carbide semicon 
ductor layer, a second silicon carbide semiconductor layer of 
the first conductivity type, which defines the side surface of 
the recess and which is arranged so as to be at least partially 
in contact with the body region and the Source region; a gate 
insulating film, which is arranged on the second silicon car 
bide semiconductor layer; a gate electrode, which is arranged 
on the gate insulating film; a source electrode, which contacts 
with the Source region; and a drain electrode, which is 
arranged on the back Surface of the semiconductor Substrate. 
Supposing the potential of the drain electrode with respect to 
the potential of the source electrode is identified by Vds, the 
potential of the gate electrode with respect to the potential of 
the source electrode is identified by Vgs, the gate threshold 
voltage of the metal-insulator-semiconductor field effect 
transistor is identified by Vith, the direction of a current flow 
ing from the drain electrode toward the source electrode is 
defined to be a forward direction, and the direction of a 
current flowing from the source electrode toward the drain 
electrode is defined to be a reverse direction, the potential 
setting section raises, in a transistor turned-ON mode, the 
potential Vgs of the gate electrode with respect to the poten 
tial of the source electrode to a level that is equal to or higher 
than the gate threshold voltage Vith, thereby making the drain 
electrode and the source electrode electrically conductive 
with each other through the second silicon carbide semicon 
ductor layer. On the other hand, in a transistor turned-OFF 
mode, the potential setting section sets the potential Vgs of 
the gate electrode with respect to the potential of the source 
electrode to be equal to or higher than Zero volts but less than 
the gate threshold voltage Vith, thereby making the metal 
insulator-semiconductor field effect transistor function as a 
diode that makes a current flow in the reverse direction from 
the source electrode toward the drain electrode through the 
second silicon carbide semiconductor layer. 
0072. In one preferred embodiment, the absolute value of 
a turn-on voltage of the diode is smaller than the absolute 
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value of a turn-on voltage of a body diode that is formed by 
the body region and the first silicon carbide semiconductor 
layer. 
0073. In this particular preferred embodiment, the differ 
ence in the absolute value of the turn-on voltage between the 
diode and the body diode is 0.7 V or more. 
0074. In another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 1.3 V at 
room temperature. 
0075. In another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 1.0 V at 
room temperature. 
0076. In another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 0.6 V at 
room temperature. 
0077 Still another semiconductor element according to 
the present invention includes a metal-insulator-semiconduc 
tor field effect transistor. The metal-insulator-semiconductor 
field effect transistor includes: a semiconductor substrate of a 
first conductivity type; a first silicon carbide semiconductor 
layer of the first conductivity type, which is arranged on the 
principal Surface of the semiconductor Substrate; a body 
region of a second conductivity type, which is arranged on the 
first silicon carbide semiconductor layer, a source region of 
the first conductivity type, which is arranged on the body 
region; a recess, which extends through the body region and 
the Source region to reach the first silicon carbide semicon 
ductor layer; a second silicon carbide semiconductor layer of 
the first conductivity type, which defines the side surface of 
the recess and which is arranged so as to be at least partially 
in contact with the body region and the Source region; a gate 
insulating film, which is arranged on the second silicon car 
bide semiconductor layer, a gate electrode, which is arranged 
on the gate insulating film; a source electrode, which contacts 
with the Source region; and a drain electrode, which is 
arranged on the back Surface of the semiconductor Substrate. 
Suppose the potential of the drain electrode with respect to the 
potential of the source electrode is identified by Vds, the 
potential of the gate electrode with respect to the potential of 
the source electrode is identified by Vgs, the gate threshold 
voltage of the metal-insulator-semiconductor field effect 
transistor is identified by Vith, the direction of a current flow 
ing from the drain electrode toward the source electrode is 
defined to be a forward direction, and the direction of a 
current flowing from the source electrode toward the drain 
electrode is defined to be a reverse direction. In that case, if 
VgSeVth is satisfied, then the metal-insulator-semiconductor 
field effect transistor makes the drain electrode and the source 
electrode electrically conductive with each other through the 
second silicon carbide semiconductor layer. On the other 
hand, if 0 VsVgs<Vth is satisfied, then the metal-insulator 
semiconductor field effect transistor does not make a current 
flow in the forward direction but functions as a diode that 
makes a current flow in the reverse direction from the source 
electrode toward the drain electrode through the second sili 
con carbide semiconductor layer when Vds<0 V. And the 
absolute value of a turn-on voltage of the diode is smaller than 
the absolute value of a turn-on voltage of a body diode that is 
formed by the body region and the first silicon carbide semi 
conductor layer. 
0078. In one preferred embodiment, the difference in the 
absolute value of the turn-on voltage between the diode and 
the body diode is 0.7 V or more. 
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0079. In another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 1.3 V at 
room temperature. 

0080. In another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 1.0 V at 
room temperature. 

0081. In another preferred embodiment, the absolute 
value of the turn-on voltage of the diode is less than 0.6 V at 
room temperature. 

0082 In another preferred embodiment, the semiconduc 
tor element is used in a semiconductor device that includes a 
semiconductor element including a transistor that has a gate 
electrode, a source electrode, a drain electrode and a channel 
region, and a potential setting section for setting a potential at 
the semiconductor element. Supposing the potential of the 
drain electrode with respect to the potential of the source 
electrode is identified by Vds, the potential of the gate elec 
trode with respect to the potential of the source electrode is 
identified by Vgs, the gate threshold voltage of the transistor 
is identified by Vith, the direction of a current flowing from the 
drain electrode toward the source electrode is defined to be a 
forward direction, and the direction of a current flowing from 
the source electrode toward the drain electrode is defined to 
be a reverse direction, the potential setting section raises, in a 
transistor turned-ON mode, the potential Vgs of the gate 
electrode with respect to the potential of the source electrode 
to a level that is equal to or higher than the gate threshold 
voltage Vith, thereby making the drain electrode and the 
source electrode electrically conductive with each other 
through the channel region. On the other hand, in a transistor 
turned-OFF mode, the potential setting section sets the poten 
tial Vgs of the gate electrode with respect to the potential of 
the source electrode to be equal to or higher than Zero volts but 
less than the gate threshold voltage Vith, thereby making the 
transistor function as a diode that makes a current flow in the 
reverse direction from the source electrode toward the drain 
electrode through the channel region. 
0083. Yet another semiconductor element according to the 
present invention includes a metal-insulator-semiconductor 
field effect transistor. The metal-insulator-semiconductor 
field effect transistor includes: a semiconductor substrate of a 
first conductivity type; a first silicon carbide semiconductor 
layer of the first conductivity type, which is arranged on the 
principal Surface of the semiconductor Substrate; a body 
region of a second conductivity type, which is arranged on the 
first silicon carbide semiconductor layer, a source region of 
the first conductivity type, which is arranged on the body 
region; a recess, which extends through the body region and 
the Source region to reach the first silicon carbide semicon 
ductor layer, a second silicon carbide semiconductor layer of 
the first conductivity type, which defines the side surface of 
the recess and which is arranged so as to be at least partially 
in contact with the body region and the Source region; a gate 
insulating film, which is arranged on the second silicon car 
bide semiconductor layer; a gate electrode, which is arranged 
on the gate insulating film; a source electrode, which contacts 
with the Source region; and a drain electrode, which is 
arranged on the back Surface of the semiconductor Substrate. 
The second silicon carbide semiconductor layer includes at 
least one dopant doped layer, which is doped with a dopant of 
the first conductivity type. If the second silicon carbide semi 
conductor layer has an average dopant concentration of N 
(cm) and a thickness of d (nm), then N and d satisfy 
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I0084 bxclasN<boxdao, 
I0085 b-1.349x10", 
I0086 a-1.824, 
I0087 b. =2.399x10°, and 
I0088 as -1.774. 
I0089. In one preferred embodiment, N and d further sat 
isfy 
0090 Nebxda, 
0.091 b =2.188x10' and 
0092 at-1.683. 
(0093. In another preferred embodiment, N and d further 
satisfy 
I0094) Neboxdao, 
0.095 b-7.609x10' and 
0096 a -1.881. 
0097. In still another preferred embodiment, d is within 
the range of 5 nm to 200 nm. 
0098. In yet another preferred embodiment, d is within the 
range of 10 nm to 100 nm. 
0099. In yet another preferred embodiment, d is within the 
range of 20 nm to 75 nm. 
0100. In yet another preferred embodiment, the second 
silicon carbide semiconductor layer has been grown epitaxi 
ally. 
0101. In yet another preferred embodiment, the second 
silicon carbide semiconductor layer has been formed by 
implanting ions. 
0102) Another power converter according to the present 
invention includes: a semiconductor element according to 
any of the preferred embodiments of the present invention 
described above; a first line for applying at least a part of a 
Supply Voltage to between the source and drain electrodes of 
the semiconductor element; and a second line for applying a 
Voltage from a controller, which controls Switching of the 
semiconductor element, to the gate electrode of the semicon 
ductor element. And the power converter outputs power to be 
Supplied to a load. 
0103) In one preferred embodiment, the semiconductor 
device further includes a terminal to be electrically connected 
to a power Supply. 
0104. In another preferred embodiment, the semiconduc 
tor device further includes a terminal to be electrically con 
nected to an inductive load. 

Advantageous Effects of Invention 
0105. According to the present invention, the diode cur 
rent is made to flow through a channel, not a body diode 
formed by a pnjunction, and therefore, the turn-on Voltage 
becomes lower than that of the body diode and the conduction 
loss can be reduced. This is even more effective for a wide 
bandgap semiconductor Such as a silicon carbide semicon 
ductor, in particular, because the body diode of such a semi 
conductor will have a high turn-on voltage. In addition, by 
lowering as much as possible the turn-on Voltage of the diode 
at room temperature (25°C.), at which current flows through 
the channel, the Voltage directly applied to the pnjunction of 
the silicon carbide semiconductor can be kept less than the 
turn-on voltage (of 2.7V) of the body diode. As a result, the 
increase in the number of crystal imperfections that would 
otherwise becaused by Supplying a forward current to the pn 
junction of a silicon carbide semiconductor can be avoided. 
On top of that, since the diode performs a unipolar operation, 
not the bipolar operation, the reverse recovery current can be 
reduced. As a result, the loss involved by the reverse recovery 
current and the Switching loss can both be reduced, and the 
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diode can be switched at increased rates. What is more, with 
this element, the power converter no longer needs to have a 
freewheeling diode element, and therefore, the number of 
components required can be reduced. In other words, accord 
ing to the present invention, a single element can operate as 
eitheran MISFET or a diode according to the voltage applied 
to an electrode of that element. Consequently, the circuit cost 
can be cut down. 

BRIEF DESCRIPTION OF DRAWINGS 

0106 FIG. 1 is a circuit diagram illustrating a typical 
configuration for an inverter circuit 1000. 
0107 FIG. 2(a) is a cross-sectional view illustrating a 
semiconductor element (SiC-MISFET) 1100 and FIG. 2(b) is 
a cross-sectional view illustrating a semiconductor element 
(SiC-IGBT) 1110. 
0108 FIG. 3 is a graph showing how a reverse recovery 
current flows in a pnjunction diode. 
0109 FIG. 4 is a graph showing turn-on voltages of a SiC 
body diode. 
0110 FIG. 5(a) is a cross-sectional view schematically 
illustrating the structure of a semiconductor element 100 
according to a preferred embodiment of the present invention 
and FIG. 5(b) illustrates the semiconductor element 100 by a 
circuit symbol. 
0111 FIG. 6(a) is a cross-sectional view illustrating a 
conduction band energy distribution at the interface between 
a channel region 55 and a gate insulating film 60, and FIGS. 
6(b) and 6(c) are graphs showing conduction band energy 
distributions in the channel width direction when current 
flows in the forward direction and when current flows in the 
reverse direction, respectively. 
0112 FIG. 7 shows the I-V characteristic of a semicon 
ductor element 100. 
0113 FIG. 8 shows, as a comparative example, the I-V 
characteristic of a Si-MOSFET. 
0114 FIGS. 9(a) and 9(b) show correlations between Vith 
of a forward current and Vf) of a reverse current. 
0115 FIG. 10A is a graph showing where the absolute 
value Vf) of the turn-on voltage V foofa reverse current fall 
within the predetermined range if the thickness and dopant 
concentration of the epitaxial channel layer 50 are changed. 
0116 FIG. 10B is a graph showing where the absolute 
value Vf) of the turn-on voltage V foofa reverse current fall 
within the predetermined range if the thickness and dopant 
concentration of the epitaxial channel layer 50 are changed. 
0117 FIG. 10C is a graph showing where the absolute 
value Vf) of the turn-on voltage V foofa reverse current fall 
within the predetermined range if the thickness and dopant 
concentration of the epitaxial channel layer 50 are changed. 
0118 FIG. 10D is a graph showing where the absolute 
value Vf) of the turn-on voltage V foofa reverse current fall 
within the predetermined range if the thickness and dopant 
concentration of the epitaxial channel layer 50 are changed. 
0119 FIG. 11 is a circuit diagram illustrating the configu 
ration of a power converter 200 which uses the semiconductor 
elements 100 of a preferred embodiment of the present inven 
tion. 
0120 FIG. 12 is a cross-sectional view illustrating the 
structure of a semiconductor element with no epitaxial chan 
nel layer 50 which was used in simulations. 
0121 FIG. 13(a) is a graph showing the Id-Vd character 

istic of a reverse current that is plotted on a linear scale, while 
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FIG. 13(b) is a graph showing the Id-Vd characteristic of a 
reverse current that is plotted on a (semi-) logarithmic scale. 
0.122 FIGS. 14(a) and 14(b) are graphs showing channel 
width direction conduction band energy distributions of an 
element with a reverse characteristic. 
I0123 FIGS. 15(a) and 15(b) are graphs showing channel 
width direction conduction band energy distributions of an 
element with a forward characteristic. 
0.124 FIG. 16 is a graph showing the Vgs dependence of a 
channel interface conduction band energy. 
0.125 FIG. 17 is a circuit diagram illustrating a one-phase 
portion of the three-phase inverter of the inverter circuit 
shown in FIG. 1. 
0.126 Portions (a) through (e) of FIG. 18 are a timing 
diagram showing the operating waveforms of the circuit 
shown in FIG. 17. 
I0127 FIG. 19 is a circuit diagram illustrating a voltage 
step-up/down converter 210. 
I0128 FIG. 20 is a circuit diagram illustrating a voltage 
step-up converter 220. 
I0129 FIG. 21 is a cross-sectional view schematically 
illustrating the structure of a semiconductor element 100 as a 
preferred embodiment of the present invention. 
0.130 FIGS. 22(a) through 22(c) are cross-sectional views 
illustrating respective manufacturing process steps to fabri 
cate the semiconductor element 100. 

I0131 FIGS. 23(a) through 23(c) are cross-sectional views 
illustrating respective manufacturing process steps to fabri 
cate the semiconductor element 100. 

I0132 FIGS. 24(a) through 24(c) are cross-sectional views 
illustrating respective manufacturing process steps to fabri 
cate the semiconductor element 100. 

0.133 FIGS. 25(a) through 25(c) are cross-sectional views 
illustrating respective manufacturing process steps to fabri 
cate the semiconductor element 100. 
0.134 FIG. 26 is a cross-sectional view schematically 
illustrating the structure of a semiconductor element 100 as 
another preferred embodiment of the present invention. 
I0135 FIGS. 27(a) through 27(c) are cross-sectional views 
illustrating respective manufacturing process steps to fabri 
cate the semiconductor element 100'. 

0.136 FIGS. 28(a) through 28(c) are cross-sectional views 
illustrating respective manufacturing process steps to fabri 
cate the semiconductor element 100'. 

I0137 FIGS. 29(a) and 29(b) are cross-sectional views 
illustrating respective manufacturing process steps to fabri 
cate the semiconductor element 100'. 

I0138 FIGS. 30(a) and 30(b) are cross-sectional views 
illustrating respective manufacturing process steps to fabri 
cate the semiconductor element 100'. 
0.139 FIG.31 illustrates an equivalent circuit consisting of 
an Si-MOSFET alone. 

0140 FIG.32 illustrates an equivalent circuit including an 
Si-MOSFET and a freewheeling diode element in combina 
tion. 

0141 FIG.33 illustrates an equivalent circuit including an 
Si-MOSFET and an SiC-SBD in combination. 

0.142 FIG.34 illustrates an equivalent circuit including an 
Si-IGBT and a freewheeling diode in combination. 
0.143 FIG. 35 is a cross-sectional view schematically 
illustrating the structure of a modified example of the semi 
conductor element 100. 
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014.4 FIG. 36 shows a correlation between Vth of the 
forward current and Vf) of a reverse current in a situation 
where the thickness and dopant concentration of the epitaxial 
channel layer 50 are changed. 

DESCRIPTION OF EMBODIMENTS 

0145 A semiconductor device according to the present 
invention includes a semiconductor element including an 
MISFET and a potential setting section for setting a potential 
at the semiconductor element. The semiconductor element 
includes an MISFET, which includes a silicon carbide semi 
conductor layer that functions as a channel region, a gate 
electrode and a source electrode that are arranged on the 
principal Surface of a Substrate, and a drain electrode that is 
arranged on the back surface of the substrate. The potential 
setting section applies a potential, which is defined with 
respect to the potential of the source electrode to be equal to 
or higher than 0 V but less than the threshold voltage Vth of 
the transistor, to the gate electrode, thereby making the MIS 
FET operate as a diode that makes current flow from the 
source electrode toward the drain electrode by way of the 
channel region. 
0146 The semiconductor element of the present invention 
further includes an MISFET, which includes a silicon carbide 
semiconductor layer that functions as a channel region, a gate 
electrode and a source electrode that are arranged on the 
principal Surface of a Substrate, and a drain electrode that is 
arranged on the back surface of the substrate. If the potential 
of the gate electrode with respect to the source electrode 
potential is equal to or higher than 0 V but less than the 
threshold voltage Vth of the transistor, this MISFET operates 
as a diode that makes current flow from the source electrode 
toward the drain electrode by way of the channel region. 
0147 Hereinafter, preferred embodiments of a semicon 
ductor element according to the present invention will be 
described with reference to the accompanying drawings. It 
should be noted, however, that the present invention is in no 
way limited to the specific preferred embodiments to be 
described below. 

0148. A semiconductor element 100 as a preferred 
embodiment of the present invention will now be described 
with reference to FIGS. 5(a) and 5(b). FIG. 5(a) is a cross 
sectional view schematically illustrating the structure of the 
semiconductor element 100 of this preferred embodiment. 
On the other hand, FIG. 5(b) illustrates the semiconductor 
element 100 of this preferred embodiment by a circuit sym 
bol. Specifically, the diode symbol shown in FIG. 5(b) repre 
sents a diode that makes a current flow through the channel 
region of the semiconductor element 100. Also, in FIG. 5(b), 
G, S and D denote a gate electrode, a Source electrode and a 
drain electrode, respectively. 
0149. In this description, the potential of the drain elec 
trode D with respect to the potential of the source electrode S 
will be identified herein by Vds. The potential of the gate 
electrode G with respect to the potential of the source elec 
trode S will be identified herein by Vgs. The direction of a 
current flowing from the drain electrode D toward the source 
electrode S is defined to be a “forward direction'. And the 
direction of a current flowing from the source electrode S 
toward the drain electrode D is defined to be a “reverse direc 
tion'. It should be noted that both potentials and voltages are 
expressed in volts (V). 
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0150. The semiconductor element 100 of this preferred 
embodiment is a semiconductor element including an MIS 
FET, of which the channel region functions as a diode under 
a predetermined condition. 
0151. As shown in FIG. 5(a), the semiconductor element 
100 of this preferred embodiment includes a silicon carbide 
semiconductor substrate 10 of a first conductivity type and a 
first silicon carbide semiconductor layer 20 of the first con 
ductivity type, which has been formed on the surface 10a of 
the substrate 10. In this preferred embodiment, the silicon 
carbide semiconductor substrate 10 is ann"-substrate (n-SiC 
substrate) and the first silicon carbide semiconductor layer 20 
is an n-drift layer. That is to say, according to this preferred 
embodiment, the first conductivity type is n type and the 
second conductivity type is p type. However, these n and p 
types may naturally be changed with each other. It should be 
noted that the superscript"+” or '-'added to the conductivity 
type “n” represents the relative concentration of the dopant 
introduced. That is to say, “n” means that the concentration 
of an n-type dopant added is higher than “n”, while “n” 
means that the concentration of an n-type dopant added is 
lower than “n”. 
0152. In the first silicon carbide semiconductor layer 20, 
defined is a body region (well region) 30 of the second con 
ductivity type. And in the body region 30, defined is a source 
region 40 of the first conductivity type. In this preferred 
embodiment, the body region 30 has p-type and the source 
region 40 has n-type. 
0153. A p-type contact region 32 is further defined in the 
body region 30. And a source electrode 45 is arranged on the 
source region 40. Specifically, the source electrode 45 covers 
the surface of both the n-source region 40 and the p-contact 
region 32 and is electrically in contact with both of the 
n"-source region 40 and the p-contact region 32. 
0154) A surface region of the first silicon carbide semicon 
ductor layer (n-drift layer) 20, which is interposed between 
the right- and left-hand side portions of the body region 30, 
functions as a JFET (junction field effect transistor) region. 
0155 On the first silicon carbide semiconductor layer 20, 
a second silicon carbide semiconductor layer 50 has been 
formed so as to be at least partially in contact with the p-body 
region 30 and the n-source region 40. In this preferred 
embodiment, the second silicon carbide semiconductor layer 
50 has been grown epitaxially on the n-drift layer 20 in 
which the p-body region 30 and the n-source region 40 have 
been defined. A portion of the second silicon carbide semi 
conductor layer 50, which is located over the p-body region 
30, functions as a channel region 55. In this description, the 
second silicon carbide semiconductor layer 50 will be 
referred to herein as an “epitaxial channel layer. The length 
of the channel region 55 (which will be referred to herein as a 
“channel length') is as indicated by each of the two double 
headed arrows shown in FIG. 5(a). That is to say, the “channel 
length of the MISFET is defined by a horizontal size mea 
sured on the upper surface of the p-body region 30 (i.e., the 
surface that contacts with the epitaxial channel layer 50) on 
the paper. 
0156. A gate insulating film 60 has been formed on the 
epitaxial channel layer 50. A gate electrode 65 is arranged on 
the gate insulating film 60. And a drain electrode 70 is 
arranged on the back surface 10b of the substrate 10. 
(O157. The threshold voltage of the MISFET as a semicon 
ductor element 100 (i.e., the threshold voltage of its forward 
current) is identified by Vith. If Vgs-Vth is satisfied (i.e., in a 



US 2014/01523.74 A1 

transistor turned-ON mode), the MISFET makes the drain 
electrode 70 and the source electrode 45 electrically conduc 
tive with each other through the epitaxial channel layer 50 
(because an ON-state current flows from the drain electrode 
70 toward the source electrode 45 when Vds>0 V). On the 
other hand, if Vgs<Vth is satisfied, then the transistor turns 
OFF. 

0158. However, even if 0 V-Vgs<Vth is satisfied in the 
transistorturned-OFF mode, this MISFET does function as a 
diode that makes a current flow from the source electrode 45 
toward the drain electrode 70 through the epitaxial channel 
layer 50 when Vds<0V. In this description, such a diode that 
makes a current flow from a source electrode toward a drain 
electrode through a channel layer will sometimes be referred 
to hereinas a “channel diode'. Since the direction of a current 
flowing from the drain electrode 70 toward the source elec 
trode 45 is defined herein to be the "forward direction' and 
the direction of a current flowing from the source electrode 45 
toward the drain electrode 70 is defined herein to be the 
“reverse direction', the direction in which current flows in 
that diode is the “reverse direction'. 

0159. This diode (channel diode) that uses the channel 
region of the MISFET as a current path has such a character 
istic that does not make a current of 1 mA or more flow if 
Vds>Vf0 (where Vft) is a negative value) is satisfied but does 
make a current of 1 mA or more flow if VdssVf) is satisfied. 
In other words, the current that flows through this diode is 
almost zero (i.e., less than 1 mA) if Vds>Vf0 (where Vf) is a 
negative value) is satisfied. However, as Vds is gradually 
decreased from Zero (i.e., as the absolute value of Vds is 
gradually increased), Vds will soon get equal to Vfo, when 
this diode will start to make a current of 1 mA flow. And as the 
absolute value of Vds is further increased, the amount of the 
current flowing will further increase. In this sense, Vfo cor 
responds to the “turn-on voltage' as defined in the current 
Voltage characteristic of a diode. 
0160. In this description, the “turn-on voltage' in the cur 
rent-Voltage characteristic of a diode is defined separately for 
a semiconductor element with a big current-carrying capacity 
in which a current of 1 A or more flows through an MISFET 
in ON state (when Vgs is sufficiently greater than Vth and Vds 
is equal to 1 V so that a rated current flows) and for a semi 
conductor element with a small current-carrying capacity in 
which a current of less than 1 A flows. 

0161 In the former semiconductor element (i.e., a semi 
conductor element with a big current-carrying capacity), a 
Voltage that is a forward bias Voltage for a diode is Supposed 
to be applied to the diode. If the absolute value of the current 
flowing through the diode becomes equal to or greater than 1 
mA, the diode current is supposed to be “turned ON. And the 
voltage V fo applied to the diode when the absolute value of 
the current flowing through the diode becomes equal to or 
greater than 1 mA is defined herein to be the “turn-on volt 
age'. As for the latter semiconductor element (i.e., a semi 
conductor element with a small current-carrying capacity), 
on the other hand, the voltage Vft) applied to the diode when 
the amount of current flowing through the diode is one-thou 
sandth of that of current flowing through the MISFET in ON 
state where Vds is 1 V is defined herein to be its “turn-on 
Voltage'. 
0162 According to the present invention, the potential 
setting section applies a predetermined potential to the gate 
electrode of the semiconductor element 100. And the process 
step of making the drain electrode 70 and the source electrode 
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45 electrically conductive with each other through the epi 
taxial channel layer 50 by raising Vgs to Vth or more in this 
manner is carried out. In addition, the process step of making 
the MISFET function as a “diode' that makes a current flow 
in the reverse direction from the source electrode 45 toward 
the drain electrode 70 through the epitaxial channel layer 50 
by having the potential setting section set Vgs to be equal to 
or higher than 0V but less than the gate threshold voltage Vith 
is also carried out. 
0163 Also, according to the present invention, the abso 
lute value of Vfo (representing the turn-on voltage of the 
diode) is set to be smaller than 2.7 V for the reasons to be 
described later. 
0164. As the semiconductor element 100 of this preferred 
embodiment has such a structure, the diode current 90 when 
the semiconductor element 100 functions as a diode flows 
from the source electrode 45 toward the drain electrode 70 
through the epitaxial channel layer 50. The path of the diode 
current 90 is quite different from that of a current 92 that flows 
through a parasitic body diode (which is formed by the pn 
junction between the body region 30 and the semiconductor 
layer 20). 
0.165. In the semiconductor element 100 of this preferred 
embodiment, the diode current is made to flow through the 
channel region, not the body diode formed by the pnjunction, 
and therefore, the diode can have a lower turn-on voltage than 
the body diode. Consequently, the conduction loss can be cut 
down. 
0166 The turn-on voltage of a pnjunction diode depends 
on the magnitude of the bandgap of its semiconductor mate 
rial. With a wide bandgap semiconductor Such as a silicon 
carbide semiconductor, the diode has a particularly high turn 
on Voltage, and therefore, the turn-on voltage can be reduced 
particularly effectively by the present invention. 
0167. In the semiconductor element 100 of this preferred 
embodiment, the diode current 90 is made to flow through the 
epitaxial channel layer 50. As a result, the increase in the 
number of crystal imperfections that would otherwise be 
caused by Supplying a forward current to the pnjunction of a 
silicon carbide semiconductor can be avoided. On top of that, 
since the diode that makes a current flow through the epitaxial 
channel layer performs a unipolar operation, not a bipolar 
operation using holes and electrons that move through a pn 
junction, the reverse recovery current can be reduced. As a 
result, the loss involved by the reverse recovery current and 
the switching loss can both be reduced, and the diode can be 
Switched at increased rates. 
0168 If the switching loss can be reduced, the switching 
frequency can be increased. Then, the capacitance value of a 
capacitor as a passive component and the inductance value of 
a reactor as a passive component can be both reduced. Con 
sequently, the sizes of the capacitor and the reactor and their 
cost can be cut down. On top of that, since the number of 
members required can be decreased, the parasitic inductance, 
parasitic reactance and parasitic resistance of the circuit can 
all be reduced. As a result, the loss can be cut down. What is 
more, since the noise can also be reduced, the sizes and cost 
of a capacitor and a reactor that form a noise filter can also be 
reduced. 
(0169. In addition, with the semiconductor element 100 of 
this preferred embodiment, there is no need to use the free 
wheeling diode element 1200 of the inverter circuit 1000 and 
the number of members required can be reduced. As a result, 
the circuit cost can be cut down significantly. 
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(0170 Hereinafter, it will be further described with refer 
ence to FIG. 6 how the semiconductor element 100 of this 
preferred embodiment operates. 
0171 FIG. 6 illustrates the conduction band energy distri 
bution at the interface between the epitaxial channel layer 50 
and the gate insulating film 60. Specifically, FIG. 6(a) illus 
trates a structural model for use to calculate the conduction 
band energy distribution. And the line A-A shown in FIG. 
6(a) corresponds to the axis of abscissasum shown in FIGS. 
6(b) and 6(c), which show conduction band energy distribu 
tions in the channel width direction when current flows in the 
forward direction and when current flows in the reverse direc 
tion, respectively. In FIGS. 6(b) and 6(c), the ordinate repre 
sents the conduction band energy eV. 
0172 First of all, a situation where current flows in the 
forward direction (i.e., a situation where Vds is greater than 0 
V) will be described. As shown in FIG. 6(b), in the forward 
direction, a region of the epitaxial channel layer 50 that con 
tacts with the p-body region (or p-well) 30 has a higher 
conduction band energy (i.e., the conduction band energy of 
the channel region 55) than other regions of the epitaxial 
channel layer 50 that are located over the source region 40 and 
the JFET region (i.e., drain region) 22, and therefore, no 
carriers flow in Such a situation. 

0173 Thereafter, as Vgs is increased from 0 V in the 
positive direction, the channel region 55 comes to have 
decreased conduction band energy, and eventually the barrier 
between the region of the epitaxial channel layer 50 that is 
located over the source region 40 and the channel region 55 
disappears. As a result, carriers flow from the source region 
40 into the channel region 55. 
0174 Next, a situation where current flows in the reverse 
direction (i.e., a situation where Vds is less than OV) will be 
described. As Vds, which is initially equal to OV, is gradually 
decreased from OV, a region of the epitaxial channel layer 50. 
which is located over the JFET region (drain region) 22, 
comes to have an increased conduction band energy as shown 
in FIG. 6(c), and the barrier between the JFET region 22 and 
the channel region 55 decreases its height. As a result, carriers 
(electrons) flow from the region over the JFET region (drain 
region) 22. 
0.175. That is to say, the reverse current starts to flow 
through the epitaxial channel layer 50 (or the channel region 
55) before flowing through the body diode. Since the reverse 
current flows through the epitaxial channel layer 50, this 
semiconductor element 100 performs a unipolar operation as 
in the situation where a forward current flows through the 
MISFET (or MOSFET). Consequently, no reverse recovery 
current is generated and no recovery loss is caused, either. 
Also, the semiconductor element 100 can have a lower turn 
on voltage than what is defined by the diffusion potential of 
the pnjunction of SiC that is a wide bandgap semiconductor. 
0176). In sum, in the semiconductor element 100 of this 
preferred embodiment, in the forward direction, the conduc 
tion band energy of the channel region 55 decreases and 
current flows upon the application of a gate Voltage as shown 
in FIG. 6(b). In the reverse direction, on the other hand, as the 
conduction band energy rises on the drain side, the energy 
barrier between the channel and drain decreases its height as 
shown in FIG. 6(c), and current flows as a result. 
0177 Next, a characteristic of the semiconductor element 
100 will be described with reference to FIG. 7, which shows 
the I-V characteristic (at room temperature) of a sample semi 
conductor element 100 that was made by the present inven 
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tors. The sample semiconductor element 100 was a DMOS 
FET (doubled implanted MOSFET) of SiC, which is a kind of 
MISFET, and had the same structure as the counterpart shown 
in FIG. 5. In the graph shown in FIG. 7, the abscissa repre 
sents Vds and the ordinate represents the value of current 
flowing in the forward direction from the drain electrode 
toward the source electrode. If current flows in the reverse 
direction from the source electrode toward the drain elec 
trode, the current is Supposed to have a negative value. 
0.178 The I-V characteristics in the case of the forward 
direction (where Vds>OV) are represented by curves that 
were plotted when Vgs=0 V. 5 V. 10 V, 15 V and 20 V. 
respectively. On the other hand, the I-V characteristic in the 
case of the reverse direction (where Vdss0V) is represented 
by a curve that was plotted when Vgs=0 V. 
0179. As can be seen from FIG. 7, in the semiconductor 
element 100, the turn-on voltage (e.g., around 1 V) of the 
reverse current (represented by the absolute value of Vfo) is 
smaller than 2.7 V that is the pn diffusion potential of SiC. It 
can be seen that since the turn-on Voltage of the reverse 
current (represented by the absolute value of Vf)) is lower 
than that of the body diode, the diode current flows through 
the channel region of the MISFET, not the body diode formed 
by the pnjunction. Consequently, by using this semiconduc 
tor element 100, the conduction loss can be reduced. The 
turn-on Voltage of a pnjunction diode depends on the mag 
nitude of the bandgap of its semiconductor material. With a 
wide bandgap semiconductor Such as a silicon carbide semi 
conductor, the body diode has a particularly high turn-on 
Voltage, and therefore, the turn-on voltage can be reduced 
particularly effectively by the present invention. 
0180 FIG. 8 shows, as a comparative example, the I-V 
characteristic of an Si-MOSFET at room temperature. In this 
comparative example, the threshold value Vf) of the reverse 
current has an absolute value of 0.6 V. In this case, the reverse 
current flows through the body diode, and the turn-on voltage 
of the reverse current is the turn-on Voltage of the pnjunction 
that functions as a body diode. Si has a lower dielectric 
breakdown voltage than SiC. That is why to achieve a break 
down Voltage as high as that of SiC in this comparative 
example, at least the drift layer needs to have an increased 
thickness and a decreased dopant concentration. As a result, 
the Si-MOSFET will cause more conduction loss than an 
SiC-MISFET that has the same breakdown voltage as the 
Si-MOSFET. On top of that, since Si has a small bandgap of 
1.1 eV, the leakage current to flow through the pnjunction 
increases at approximately 150° C. Consequently, when an 
Si-MOSFET is used, the MOSFET can operate only within a 
limited temperature range. 
0181 FIG. 9 shows a correlation between the threshold 
voltage Vth of the forward current and the turn-on voltage V fo 
of the reverse current. Specifically, the correlation shown in 
FIG. 9(a) was plotted based on the data that was obtained by 
making actual measurements on samples. In this graph, a 
Voltage when the amount of current Id flowing reached 2 mA 
was adopted as the turn-on voltage Vfo of the reverse current. 
The dopant concentration in the body region and the thickness 
of the gate insulating film were supposed to be fixed. On the 
other hand, FIG. 9(b) shows a correlation that was obtained 
by carrying out simulations on multiple structures that had 
some MOSFET element parameters (such as the thickness of 
the epitaxial channel layer 50 or its concentration) changed. 
0182. As can be seen from FIG. 9(a), the lower Vith, the 
smaller Vfol. The same trend is observed in FIG.9(b), too. In 



US 2014/01523.74 A1 

this case, the semiconductor element 100 of this preferred 
embodiment preferably has as small Vfolas possible but it is 
still preferred that the threshold voltage Vth of the forward 
current be equal to or greater than 2 V. The reasons are as 
follows. 
0183. It is preferred that semiconductor elements (MIS 
FETs) 1100, which are generally used in the inverter circuit 
1000 that is a power circuit as shown in FIG.1, be in Normally 
OFF state (Vth-0 V). This is because even if the gate control 
ler went out of order for some reason to have a gate Voltage of 
0 V, the drain current could still be shut off and it would be 
safer then. In addition, the threshold voltage of an MISFET 
decreases at high temperatures. As for an SiC-MOSFET, for 
example, its threshold voltage decreases by about 1 V as the 
temperature rises by 100°C. In this case, if the noise margin 
is Supposed to be 1 V to prevent noise from turning the gate 
ON accidentally, it is preferred that V that room temperature 
be set to be equal to or greater than 2 V (=1 V+1 V). 
0184 Consequently, the threshold voltage Vth of the for 
ward current should be relatively high and yet the absolute 
value Vfol of the turn-on voltage Vft) of the reverse current 
should be as low as possible, although these are mutually 
contradictory requirements. 
0185. The present inventors carried out intensive 
researches to see if those contradictory requirements could be 
satisfied. As a result, the present inventors discovered via 
experiments that the absolute value Vfol of the turn-on volt 
age Vfo of the reverse current could be controlled by adjust 
ing the dopant concentration and thickness of the channel 
layer. Unlike an inverted MISFET with no channel layers, the 
MISFET that is a semiconductor element of the present 
invention has a channel layer. Thus, the present inventors 
discovered that by not only adjusting the dopant concentra 
tion and thickness of the channel layer but also setting the 
dopant concentration of the p-body region and the thickness 
of the gate insulating film to be appropriate values, the thresh 
old voltage Vth of the forward current and the absolute value 
Vft) of the turn-on voltage Vf) of the reverse current could 
be controlled independently of each other. 
0186 FIG. 36 shows a correlation between the threshold 
voltage Vth of the forward current and the absolute value 
Vft) of the turn-on voltage Vfo of the reverse current in the 
semiconductor element of the present invention. In FIG. 36, 
the abscissa represents the threshold voltage Vth of the for 
ward current and the ordinate represents the absolute value 
Vfol of the turn-on voltage Vfo of the reverse current. When 
simulations were carried out to collect the data plotted in this 
graph, the concentration of the p-type body region (well 
region) was fixed at 1x10'cm, and the thickness of the gate 
insulating film was fixed at 70 nm. Other parameters were set 
to fall within the following ranges: 

0187 thickness of the epitaxial channel layer: 20 to 70 

0188 concentration of the epitaxial channel layer: 
1x107 to 4x10 cm 

(0189 The results shown in FIG. 36 reveal that by decreas 
ing the thickness of the epitaxial channel layer and increasing 
the dopant concentration of the epitaxial channel layer, Vth 
can be increased with Vfo fixed. That is why Vth and Vfo 
can be controlled independently of each other by setting the 
dopant concentration and thickness of the epitaxial channel 
layer to be appropriate values. 
0190. As an example, it will be described with reference to 
FIG. 36 how to set the thickness and dopant concentration of 
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the epitaxial channel layer in a situation where Vth is con 
trolled to be 5 V and Vf) is controlled to be 1 V. 
0191 First of all, it needs to be determined what epitaxial 
channel layer thickness is associated with the correlation line 
that passes the intersection between V th=5V and Vfol=1 V. 
According to the data shown in FIG.36, that epitaxial channel 
layer thickness turns out to be approximately 40 nm. For that 
reason, the thickness of the epitaxial channel layer is set to be 
40 nm. Next, it needs to be determined at what dopant con 
centration Vth=5 V is satisfied if the epitaxial channel layer 
has that thickness. In this case, the dopant concentration may 
be set to be approximately 8.5x10'7 cm, which is an inter 
mediate value between the two concentrations at which data 
was collected (i.e., between 7x107 cm and 1x10" cm). 
0.192 By setting the thickness and dopant concentration of 
the second silicon carbide semiconductor layer (i.e., the epi 
taxial channel layer) in this manner, the semiconductor ele 
ment of the present invention can set the absolute value of the 
turn-on voltage of the diode through the channel to be smaller 
than that of the turn-on voltage of the body diode. 
(0193 FIGS. 10A through 10D are graphs showing what 
ranges the thickness d(nm) and dopant (donor) concentration 
N (cm) of the epitaxial channel layer 50 should fall in to 
make the absolute value Vfol of the turn-on voltage Vfo of 
the reverse current fall within the predetermined range. In 
these four graphs, the ordinate represents the dopant concen 
tration (cm) of the epitaxial channel layer and the abscissa 
represents the thickness nm of the epitaxial channel layer. 
For example, the ordinate 1E+20) means 1x10'. The dots 
were put on these graphs by plotting the values obtained by 
simulations. When the simulations were made to obtain the 
results shown in these drawings, the parameters fell within the 
following ranges: 

0194 thickness of the gate insulating film: 60 to 120 
nm, 

0.195 concentration of the p-body region (well region): 
2x10' to 2x10 cm, 

0.196 thickness of the epitaxial channel layer: 10 to 70 
nm, and 

0.197 concentration of the epitaxial channel layer: 
1x107 to 1.5x10 cm 

0.198. In any of these cases, adjustments were made so that 
the threshold voltage Vth of the forward current became equal 
to or higher than 0 V (i.e., so that the MISFET was in Nor 
mally OFF state). 
(0199. In FIGS. 10A through 10D, (i) through (v) are lines 
indicating respective boundary regions. These lines can be 
represented by the following equations: 
0200 Line (i) is represented by: 
0201 N=boxda, 
(0202 b-1.349x10° and 
(0203 a -1.824 
0204 Line (ii) is represented by: 
0205 N=boxdao, 
0206 b =7.609x10', and 
0207 a -1.881 
0208 Line (iii) is represented by: 
(0209 N=bxda, 
0210 b–2.188x10° and 
0211 a-1.683 
0212 Line (iv) is represented by: 
0213 N=bxda, 
0214 b =2.399x10° and 
0215 a -1.774 
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0216 Line (v) is represented by: 
0217 N=bxda, 
0218 b =5.754x10' and 
0219 a -2.380 
where indicates a power. For example, “AB” means A. 
0220. For example, to satisfy 0<Vf0ls2.0 V, the thickness 
d (nm) and dopant concentration N (cm) of the epitaxial 
channel layer 50 should fall within the range that is interposed 
between Lines (i) and (v), i.e., bxclasN<boxdao should be 
satisfied (see FIG. 10A). 
0221) To satisfy 0<IVf0ls1.3 V, the thickness d (nm) and 
dopant concentration N (cm) of the epitaxial channel layer 
50 should fall within the range that is interposed between 
Lines (i) and (iv), i.e., b. xd asN<boxda should be sat 
isfied (see FIG. 10B). 
0222 To satisfy 0<IVf0ls 1.0 V, the thickness d (nm) and 
dopant concentration N (cm) of the epitaxial channel layer 
50 should fall within the range that is interposed between 
Lines (i) and (iii), i.e., bxclasN<boxda should be satisfied 
(see FIG. 10C). 
0223) To satisfy 0<IVf0ls0.6V, the thickness d (nm) and 
dopant concentration N (cm) of the epitaxial channel layer 
50 should fall within the range that is interposed between 
Lines (i) and (ii), i.e., boxdalsn-boxda should be sat 
isfied (see FIG. 10D). 
0224. These graphs were plotted within the ranges of the 
simulation parameters. However, even if there are any data 
points that are outside of the simulation parameter ranges but 
if N and dfall within the ranges indicated by those mathemati 
cal equations, then 0<IVfols2.0 V, 0<IVf0ls 1.3 V, 
0<IVf0s1.OV, and 0<IVf0ls0.6V should still be satisfied. 
0225. For example, if 0<Vf0ls0.6V should be satisfied, 
the thickness d and dopant concentration N of the epitaxial 
channel layer 50 that fall within the range that is interposed 
between Lines (i) and (ii) are selected. For example, the 
dopant concentration and thickness of the epitaxial channel 
layer 50 may be set to be 4x10" cm and 20 nm, respec 
tively. Furthermore, to obtain an intended Vth (which may be 
within the range of 2 V through 8 V in this example), the 
concentration of the p-body region 30 and the thickness of the 
gate insulating film 60 are set. For example, by setting the 
dopant (acceptor) concentration of the p-body region 30 to be 
1x10" cm and the thickness of the gate insulating film 60 to 
be 70 nm, Vfo can be approximately equal to 0.5 V. As a 
result, Vth can also be approximately equal to 3.8 V. 
0226. The concentration of the p-body region 30 and the 
thickness of the gate insulating film 60 may be appropriately 
determined in view of the device performance required and 
various constraints imposed on the manufacturing process. 
0227. It is preferred that the epitaxial channel layer have a 
thickness d of at least 5 nm. The reason is that by setting the 
thickness d of the epitaxial channel layer to be 5 nm or more, 
no part of the epitaxial channel layer would disappear even if 
any variation were caused in the film deposition or patterning 
process. 
0228. It is more preferred that the epitaxial channel layer 
have a thickness d of 10 nm or more. This is because by setting 
the thickness d of the epitaxial channel layer to be 10 nm or 
more, the uniformity in the thickness of the epitaxial channel 
layer can be increased. 
0229. It is even more preferred that the epitaxial channel 
layer have a thickness d of 20 nm or more. This is because by 
setting the thickness d of the epitaxial channel layer to be 20 
nm or more, the uniformity in the thickness of the epitaxial 
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channel layer can be further increased. That is to say, the 
epitaxial channel layer can be deposited with more stability. 
0230 Nevertheless, the thickness d of the epitaxial chan 
nel layer is preferably at most equal to 200 nm. The reason is 
that if the thickness d of the epitaxial channel layer is 200 nm 
or less, it will not take so long a time to get the process step of 
etching the epitaxial channel layer to form a source electrode 
done. 
0231. It is more preferred that the epitaxial channel layer 
have a thickness d of 100 nm or less. This is because by setting 
the thickness d of the epitaxial channel layer to be 100 nm or 
less, an adequate threshold Voltage Vth and a small turn-on 
voltage IVfol for the freewheeling diode can be easily 
obtained at the same time when the semiconductor element of 
the present invention is used as an MISFET. 
0232. It is even more preferred that the epitaxial channel 
layer have a thickness d of 75 nm or less. This is because by 
setting the thickness d of the epitaxial channel layer to be 75 
nm or less, an adequate threshold Voltage Vth and a small 
turn-on voltage IV fol for the freewheeling diode can be 
obtained more easily at the same time when the semiconduc 
tor element of the present invention is used as an MISFET. 
0233. The turn-on voltage of the channel diode at room 
temperature is preferably as Small as possible. This is because 
in that case, the Voltage directly applied to the pnjunction of 
the silicon carbide semiconductor can be kept equal to or 
lower than 2.7 V, which is the turn-on voltage of the body 
diode, and the increase in the number of crystal imperfections 
that would be caused by supplying a forward current to the pn 
junction of the silicon carbide semiconductor can be avoided. 
This point will be described with reference to FIG. 5. For 
example, if Vft) is about 0.6 V and if a potential of 0 V and 
a potential of -0.6 V or less are applied to the source and 
drain, respectively, then the semiconductor element functions 
as a diode. In that case, the current flows along the path 90 
through the channel region 55. Next, even if a potential of OV 
and a potential of -2.7 V are applied to the Source and drain, 
respectively, the diode current also flows along the path 90. 
not along the path 92. The reason will be described below. 
Specifically, if a potential of 0 V and a potential greater than 
-2.7 V are applied to the source and drain, respectively, the 
diode current flows along the path 90 first. In this case, the 
path 90 includes the substrate 10 and the drift layer 20. Sup 
posing the current flowing is identified by I, the substrate 
resistance is identified by RSub, and the resistance in a portion 
of the drift layer 20 that is located under the p-well region 30 
is identified by Rd, the voltage drops by Ix(RSub--Rd) 
between the p-well region 30 and the drain. The voltage 
applied to between the p-well region 30 and the drift layer 20 
is obtained by subtracting Ix(RSub--Rd) from the source 
drain voltage. That is to say, evenifa Voltage of 2.7V, at which 
current could flow through the body diode, is applied as the 
Source-drain Voltage, 

(where IVds represents the source-drain voltage and Vpn 
represents the Voltage applied to the pnjunction of the body 
diode) is satisfied because there is a channel diode in parallel 
with the body diode. The smaller Vf) of the channel diode 
represented by the path 90, the greater the ratio of I to the 
same IVds and the smaller the voltage V pn applied to the pn 
junction of the body diode. Consequently, the Voltage V pn 
applied to the pnjunction of the body diode fails to reach 2.7 
V, at which current should start to flow through the body 
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diode. As a result, no current flows through the body diode. 
That is to say, the increase in the number of crystal imperfec 
tions that would be caused by Supplying a forward current to 
the pnjunction of the silicon carbide semiconductor can be 
avoided. 
0234 Since SiC is a wide bandgap semiconductor, Vfolat 
room temperature is preferably 1.3 V or less in order to 
prevent current from flowing through the body diode even in 
a high-temperature environment in which SIC can be used at 
an environmental temperature of 300° C. or more, which is 
much higher than that of Si. 
0235 Also, IV fol at room temperature is preferably less 
than 1.0 V, and more preferably less than 0.6 V. The reasons 
are as follows. If V foat room temperature is less than 1.0 V. 
the performance achieved will be better than that of an SiC 
SBD (of which the reverse current has a turn-on voltage of 
about 1.0 V and which is) used as a freewheeling diode 
element. Also, if IVfol at room temperature is less than 0.6 V. 
the performance achieved will be better than that of an Si-pin 
diode (of which the reverse current has a turn-on voltage of 
about 0.6 V and which is) used as a freewheeling diode 
element. 

0236 FIG. 11 illustrates a power converter 200 (which is 
implemented as an inverter circuit and) which uses the semi 
conductor elements 100 of this preferred embodiment, a load 
500, a power supply 2000 and a controller. Since the semi 
conductor element 100 of this preferred embodiment is an 
MISFET that also functions as a freewheeling diode, the 
freewheeling diode element 1200 shown in FIG. 1 is no 
longer necessary. That is why although the single inverter 
circuit 1000 shown in FIG. 1 needs six semiconductor ele 
ments 1100 and six freewheeling diode elements 1200 (i.e., 
twelve elements in total), the inverter circuit 200 can be 
formed of only six elements if the semiconductor elements 
100 of this preferred embodiment shown in FIG. 11 are used. 
In this case, the controller is equivalent to the potential setting 
section of the present invention. The controller controls the 
potential applied to the gate of each semiconductor element 
100. For example, the controller controls the gate potential of 
each semiconductor element so that the gate potential 
changes from Vgs>Vth into Vgs=0 V and vice versa. 
0237 Also, the semiconductor elements 100 and the con 
troller are equivalent to the semiconductor device of the 
present invention. The semiconductor device of the present 
invention includes a terminal that is electrically connected to 
the power supply 2000 and further includes a terminal to be 
electrically connected to an inductive load 500. 
0238. The inverter circuit 200 of this preferred embodi 
ment needs only a half as many parts as the conventional 
inverter circuit 1000, and therefore, can cut down the cost 
significantly. In addition, since the number of parts required 
can be reduced, the loss (such as the connection loss) caused 
by each element can be reduced, and the inverter circuit 200 
can have improved performance, compared to the conven 
tional inverter circuit 1000. On top of that, according to the 
configuration of this preferred embodiment, since the number 
of parts required can be only a half as many as the inverter 
circuit 1000, the inverter circuit 200 can have a smaller size 
and a lighter weight than the inverter circuit 1000 or can 
reduce the noise significantly. 
0239 What is more, as the number of parts required can be 
reduced, the parasitic capacitance C and/or the parasitic 
inductance L can be reduced. As a result, the loss can be cut 
down for that reason, too, and the problem of electromagnetic 
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interference (i.e., a noise problem) can be relieved. Further 
more, since the loss can be cut down, the quantity of heat 
generated by the inverter circuit 200 can be smaller than the 
conventional one. As a result, the heat sink can have a smaller 
size or the cooling means measure to take can be a simpler 
one. On top of that, once the loss can be cut down, the 
frequency can be increased (e.g., doubled), and the Volumes 
of the conductor element C and the inductor element L used 
can be halved. Consequently, the size and weight of the ele 
ments to use can be reduced and the overall cost can be cut 
down. 
0240. In the preferred embodiment described above, the 
present invention is supposed to be implemented as an 
inverter circuit. However, the semiconductor elements 100 of 
this preferred embodiment can be used extensively to make 
any power converter including an inverter, a converter and a 
matrix converter. Furthermore, as long as the semiconductor 
elements 100 can be used, the present invention does not have 
to be implemented as such a power converter but may also be 
applied to any other kind of circuit (e.g., a digital circuit Such 
as a logic circuit) as well. The power Supply does not have to 
be a DC power Supply but may also be an AC power Supply as 
well. Any appropriate power Supply may be selected accord 
ing to the intended application of the circuit. 
0241 Hereinafter, the semiconductor element 100 of the 
present invention will be further described with reference to 
FIGS. 12 through 16. 
0242. The present inventors carried out simulations and 
analysis to see how the characteristic would change with the 
addition of the epitaxial channel layer 50 compared to the 
situation where there is no epitaxial channel layer 50. 
0243 FIG. 12 is a cross-sectional view illustrating a semi 
conductor element with no epitaxial channel layer 50 (which 
is implemented as an inverted MISFET and) which was used 
in the simulations. 

0244 FIG. 13 shows the Id-Vds characteristic (where Id 
denotes the drain current and Vds denotes a drain Voltage) of 
the reverse current that was analyzed through those simula 
tions. In this case, Vgs is supposed to be 0 V. Specifically, the 
data shown in FIG. 13(a) is plotted on a linear scale, while the 
data shown in FIG. 13(b) is plotted on a (semi-) logarithmic 
scale. Also, in FIG. 13, the curve I indicates the results 
obtained from the semiconductor element with the epitaxial 
channel layer, while the curve II indicates the results obtained 
from the semiconductor element with no epitaxial channel 
layer. 
0245 Both of the two semiconductor elements 100 repre 
sented by these curves I and II were designed to have 
Vth about 3.5 V. Also, in both of these elements 100, the gate 
insulating film 60 had a thickness of 70 nm and the channel 
length Lg thereof was 0.5um. Furthermore, the JFET region 
22 had a dopant concentration of 1x10'7 cm. 
0246. As can be seen from FIG. 13, even if the threshold 
voltages Vth of their forward currents are substantially the 
same, the reverse current flows more easily in the element 
with the epitaxial channel layer (as indicated by the curve I). 
For that reason, according to the present invention, the chan 
nel region of the MISFET is defined in the channel layer. 
0247 The semiconductor element of the present invention 
will be further described with reference to FIGS. 14 and 15. 
FIG. 14 is a graph showing a channel width direction Ec 
distribution of an element with a reverse characteristic (which 
is a characteristic of an element in which a reverse current 
flows). In this case, Ecstands for conduction band energy. In 
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FIG. 14, Ø indicates an energy barrier representing a differ 
ence between Ec in the JFET region and the maximum Ec in 
the channel region. FIGS. 14(a) and 15(a) show the results 
obtained from an element with no epitaxial channel layer, 
while FIGS. 14(b) and 15(b) show the results obtained from 
an element with an epitaxial channel layer. Both of the semi 
conductor element 100 with an epitaxial channel layer and the 
semiconductor element with no epitaxial channel layer are 
supposed to have Vith-approximately 3.5 V. 
0248 Electrons flowing in the reverse direction flow from 
the JFET region to the source region by going over Ec at the 
channel region. As shown in FIGS. 14 and 15, if Vds is 
decreased, Ec in the JFET region increases and the energy 
barrier Ø decreases its height. And if Vds becomes equal to or 
smaller than V fo, the electrons start to flow over the energy 
barrier Ø. 
0249 FIG. 15 is a graph showing a channel lateral direc 
tion Ec distribution of an element with a forward character 
istic. In FIG. 15, Ø indicates an energy barrier representing a 
difference between Ec in the Source region and the maximum 
Ec in the channel region. Electrons flowing in the forward 
direction flow from the source region to the JFET region by 
going over the maximum Ec at the channel region. As shown 
in FIG. 15, if Vds is increased, Ec in the channel region 
decreases and the energy barrier Ø decreases its height. And if 
Vgs becomes equal to or greater than Vth, the electrons start 
to flow over the energy barrier o. 
0250 Comparing the results shown in FIGS. 14(a) and 
14(b) to each other, it can be seen that if Vth is the same, the 
semiconductor element without an epitaxial channel layer 
shown in FIG. 14(a) has a higher energy barrier Ø than the 
semiconductor element with an epitaxial channel layer shown 
in FIG. 14(b). Consequently, the reverse current flows more 
easily in the semiconductor element 100 with an epitaxial 
channel layer. 
0251 FIG. 16 is a graph showing the Vgs dependence of a 
channel interface Ec. In FIG. 16, the curve I indicates the 
results obtained from an element with an epitaxial channel 
layer, while the curve II indicates the results obtained from an 
element with no epitaxial channel layers. As can be seen from 
the results shown in FIG. 16, Ec represented by the curve I is 
lower than the one represented by the curve II, and therefore, 
Vft) is so low that the reverse current flows easily in the 
element with an epitaxial channel layer. 
0252. The semiconductor element 100 has the same Vithas 
the other semiconductor element, but does have an epitaxial 
channel layer. Thus, the semiconductor element 100 has a 
lower conduction band energy barrier Ø at the channel region 
when Vgs=0 V, and therefore, the reverse current flows more 
easily in the element 100, than the other semiconductor ele 
ment. 

0253) The power converter of the present invention shown 
in FIG. 11 (which is implemented as an inverter circuit 200) 
is realized by replacing the high-side MISFET H and the 
low-side MISFETL, which are connected to the freewheeling 
diode element in the conventional circuit configuration 
shown in FIG. 17, with the semiconductor elements 100 of 
this preferred embodiment. The power converter of the 
present invention can have a lower reverse recovery current 
peak value (as indicated by the reference numeral 98 in FIG. 
18) than the body diode of the MISFET. As a result, the power 
converter of the present invention can reduce the Switching 
loss significantly and can also minimize the generation of 
noise. The power converter of the present invention has a 
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smaller absolute value Vft) of the threshold voltage than a 
situation where the pnjunction diode of an MISFET (body 
diode) is used as a freewheeling diode, and therefore, can cut 
down the conduction loss. 

0254. In the preferred embodiment described above, the 
power converteris Supposed to be implemented as the inverter 
circuit 200. However, the present invention is in no way 
limited to that specific preferred embodiment. FIG. 19 is a 
circuit diagram illustrating a Voltage step-up/down converter 
210 including the semiconductor elements 100 of this pre 
ferred embodiment. In this example, the controller is also 
equivalent to the potential setting section of the present inven 
tion. 

0255. This voltage step-up/down converter 210 is made up 
of the semiconductor elements 100, and therefore, can also 
achieve the effects described above. That is to say, the con 
verter 210 can also reduce the reverse recovery current com 
pared to the body diode, and therefore, can reduce the switch 
ing loss significantly and can minimize the generation of 
noise. On top of that, the converter 210 has a smaller absolute 
value Vfol of the threshold voltage than the body diode of the 
MISFET, and can cut down the conduction loss. The timing 
diagram of this voltage step-up/down converter 210 is either 
the same as, or at least similar to, the timing diagram shown in 
FIG. 18 with a reduced peak current 98. 
0256 FIG. 20 is a circuit diagram illustrating a voltage 
step-up converter 220 including the semiconductor elements 
100 of this preferred embodiment. In FIG. 20, the semicon 
ductor element 100 of the upper arm in the configuration 
shown in FIG. 19 has its gate and source short-circuited with 
each other. Specifically, this converter 220 is a voltage step-up 
converter, of which the upper arm is a diode and the lower arm 
is a Switch. In this example, the controller is also equivalent to 
the potential setting section of the present invention. 
0257 Hereinafter, the structure and the manufacturing 
process of the semiconductor element 100 of this preferred 
embodiment will be described with reference to FIG. 21 and 
FIGS. 22 through 25. 
0258. The semiconductor element 100 shown in FIG. 21 
has a vertical DMISFET (which is an abbreviation of double 
implanted MISFET) structure, which is basically the same as 
what is illustrated in FIG. 5. 

0259. However, unlike the structure shown in FIG. 5, an 
interlevel dielectric film 67 has been deposited in FIG. 21 on 
the gate electrode 65 and a source line (or source pad) 47 has 
been formed on the source electrode 45 and the interlevel 
dielectric film 67. A die-bonding back surface electrode 72 is 
also arranged on the back surface of the drain electrode 70, 
which is another difference from the structure shown in FIG. 
5. The die-bonding back surface electrode 72 may be a stack 
of Ti, Ni and Aglayers, for example. 
0260 Hereinafter, it will be described how to fabricate the 
semiconductor element 100 shown in FIG. 21. First of all, as 
shown in FIG. 22(a), a substrate 10 is provided. The substrate 
10 may be a low-resistance n-type 4H SiC off-axis cut 
Substrate, for example. 
0261 Next, as shown in FIG. 22(b), a high-resistance drift 
region 20 is grown epitaxially on the substrate 10. The drift 
region 20 may be made of n-type 4H SiC., for example. 
Thereafter, as shown in FIG. 22(c), the drift region 20 is 
partially covered with a mask 81 of SiO, for example, 
through which ions 82 of Al or B are implanted into the drift 
region 20. 
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0262. After the ions have been implanted, the mask 81 is 
removed and then the remaining structure is annealed within 
an inert gas atmosphere at a high temperature of about 1700° 
C. As a result, a p-well region (body region) 30 is defined as 
shown in FIG. 23(a). 
0263 Subsequently, ions of nitrogen, for example, are 
implanted into the p-well region 30 through a mask (not 
shown), thereby defining a source region 40, and ions of Al, 
for example, are further implanted into the p-well region 30 
through another mask (not shown, either), thereby defining a 
contact region 32. After these ion implantation processes are 
finished, the masks are removed and the Substrate is annealed 
to have those dopants activated. 
0264. Although the annealing process is Supposed to be 
carried out in the process step shown in FIG. 23(a), the 
annealing process does not have to be performed in the pro 
cess step shown in FIG. 23(a). But the annealing process may 
be carried out only in the process step shown in FIG. 23(b) to 
activate at a time all of those dopants introduced. 
0265 Next, as shown in FIG. 23(c), an epitaxial layer (to 
be an epitaxial channel layer) 50 of silicon carbide is grown 
over the entire surface of the drift region 20 including the 
p-well region 30, the source region 40 and the contact region 
32. In this preferred embodiment, the dopant concentration N 
(cm) and thickness d(nm) of the epitaxial channel layer 50 
are controlled so as to satisfy the following conditions: 
0266 bxclasN<boxdao, 
0267 b-1.349x10', 
0268 ao-1.824, 
0269 b=2.188x10' and 
(0270 a-1.683 
0271 Subsequently, after a predetermined part of the epi 

taxial channel layer 50 has been removed by dry etching, a 
gate insulating film 60 is formed on the surface of the epi 
taxial channel layer 50 by thermal oxidation process, for 
example, as shown in FIG. 24(a). Thereafter, as shown in 
FIG. 24(b), a polysilicon film 64, which is doped with phos 
phorus to about 7x10 cm, is deposited to a thickness of 
about 500 nm on the surface of the gate insulating film 60. 
0272. Next, as shown in FIG. 24(c), the polysilicon film 64 

is dry-etched through a mask (not shown), thereby forming 
gate electrodes 65 on predetermined regions. Then, as shown 
in FIG. 25(a), an interlevel dielectric film 67 of SiO, for 
example, is deposited by CVD process over the surface of the 
gate electrodes 65 and the drift region 20. The interlevel 
dielectric film 67 may have a thickness of 1.5 lum, for 
example. 
0273 Subsequently, as shown in FIG. 25(b), portions of 
the interlevel dielectric film 67 are dry-etched away through a 
mask (not shown) from over the Surface of the contact regions 
32 and from over a part of the surface of the source region 40, 
thereby cutting via holes 68. 
0274 Thereafter, as shown in FIG. 25(c), a nickel film is 
deposited to a thickness of about 50 nm over the interlevel 
dielectric film 67 and then selectively etched away so as to 
remain only inside and surrounding the via holes 68. After the 
etching process gets done, the Substrate is thermally treated at 
950° C. for 5 minutes within an inert gas atmosphere, thereby 
making the nickel react with the Surface of silicon carbide and 
forming source electrodes 45 of nickel silicide there. In the 
meantime, nickel, for example, is deposited over the entire 
back surface of the substrate 10 and is also thermally treated 
and caused to react with silicon carbide, thereby forming a 
drain electrode 70 there. 

Jun. 5, 2014 

0275 Subsequently, aluminum is deposited to a thickness 
of about 4 um over the interlevel dielectric film 67 and the via 
holes 68 and then etched into a predetermined pattern, 
thereby forming a source line (or source pad) 47 as shown in 
FIG. 21. Although not shown, a gate line (or gate pad) to 
contact with the gate electrode is also formed somewhere else 
at an end of the chip. Furthermore, Ti, Niand Ag, for example, 
may be deposited one upon the other to make a die-bonding 
back surface electrode 72 on the back surface of the drain 
electrode 70. In this manner, the semiconductor element 100 
shown in FIG. 21 is completed. 
0276. Hereinafter, the structure and manufacturing pro 
cess of another semiconductor element 100' according to this 
preferred embodiment will be described in detail with refer 
ence to FIG. 26 and FIGS. 27 through 30. 
(0277. The semiconductor element 100' shown in FIG. 26 
has a vertical trench MISFET structure. A major difference in 
structure between the semiconductor element 100' shown in 
FIG. 26 and the semiconductor element 100 shown in FIG.5 
or 21 lies in that trench (recess). However, the effects of the 
preferred embodiment described above can also be achieved 
even by the semiconductor element 100' with the structure 
shown in FIG. 26. 
0278 Hereinafter, a manufacturing process for fabricating 
the semiconductor element 100' shown in FIG. 26, as well as 
its structure, will be described. 
(0279 First of all, as shown in FIG. 27(a), a substrate 10 is 
provided. The substrate 10 may be a low-resistance n-type 
4H SiC off-axis cut substrate, for example. Next, as shown 
in FIG. 27(b), a high-resistance drift region 20 is grown 
epitaxially on the substrate 10. The drift region 20 may be 
made of n-type 4H SiC., for example. 
0280 Subsequently, as shown in FIG. 27(c), a p-base layer 
(to be a body region) 30 is grown epitaxially to a thickness of 
about 0.5um to about 1 um, for example, on the surface of the 
drift region 20. Next, as shown in FIG. 28(a), an n-source 
region 40 is defined on the surface of the p-base layer either by 
implanting nitrogenions or epitaxy. Furthermore, by implant 
ing ions of Al, for example, p-type contact regions 32 are 
defined so as to reach the p-base layer 30 from the surface of 
the source region 40. After that, an annealing process is car 
ried out at about 1700° C. to 1800° C. for approximately 30 
minutes within an inert gas atmosphere to activate those 
dopant atoms introduced. 
0281. Thereafter, as shown in FIG.28(b), silicon carbide is 
dry-etched through a mask (not shown), thereby cutting 
trenches 69 at predetermined regions. The trenches 69 are 
recesses that extend through the n-source region 40 and the 
p-base layer 30 to reach the drift region 20. 
0282 Next, as shown in FIG. 28(c), a silicon carbide layer 
(to be an epitaxial channel layer) 50 is grown epitaxially over 
the entire surface as well as the inner side surface of the 
trenches 69. In this preferred embodiment, the dopant con 
centration N (cm) and thickness d (nm) of the epitaxial 
channel layer 50 are controlled so as to satisfy the following 
conditions: 
(0283 bxdasN<boxda, 
0284 b-1.349x10', 
(0285 a -1.824, 
(0286 b =2.188x10° and 
(0287 a -1.683 
0288 Optionally, the epitaxial channel layer 50 may have 
a structure in which its dopant concentration varies in the 
thickness direction as described above. 
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0289 Subsequently, after the epitaxial channel layer 50 
has been dry-etched into a predetermined pattern, a gate insu 
lating film 60 is formed thereon by thermal oxidation process, 
for example, as shown in FIG. 29(a). 
0290. Thereafter, as shown in FIG. 29(b), a polysilicon 
film 64, which is doped with phosphorus to about 7x10' 
cm, is deposited to a thickness of about 500 nm on the 
surface of the gate insulating film 60. Next, the polysilicon 
film 64 is dry-etched to have an intended pattern, thereby 
forming gate electrodes 65 thereon. 
0291. Then, as shown in FIG.30(a), SiO, is deposited to a 
thickness of 1.5 um, for example, as an interlevel dielectric 
film over the surface of the gate electrodes 65, and then 
selectively dry-etched, thereby removing portions of the 
interlevel dielectric film 67 from over the surface of the con 
tact regions 32 and from over a part of the surface of the 
Source region 40. In this manner, via holes are cut so as to 
expose the contact regions 32 and that part of the Source 
region 40. 
0292. Thereafter, as shown in FIG. 30(b), a nickel film is 
deposited to a thickness of about 50 nm over the interlevel 
dielectric film 67 and then selectively etched away so as to 
remain only inside and Surrounding the via holes. After the 
etching process gets done, the Substrate is thermally treated at 
950° C. for 5 minutes within an inert gas atmosphere, thereby 
making the nickel react with the Surface of silicon carbide and 
forming source electrodes 45 of nickel silicide there. In the 
meantime, nickel, for example, is deposited over the entire 
back surface of the substrate 10 and is also thermally treated 
and caused to react with silicon carbide, thereby forming a 
drain electrode 70 there. 
0293 Subsequently, aluminum is deposited to a thickness 
of about 4 um over the interlevel dielectric film 67 and the via 
holes and then etched into a predetermined pattern, thereby 
forming a source line (or source pad) 47 as shown in FIG. 26. 
Although not shown, a gate line (or gate pad) to contact with 
the gate electrode is also formed somewhere else at an end of 
the chip. Furthermore, Ti, Ni and Ag, for example, may be 
deposited one upon the other to make a die-bonding back 
surface electrode 72 on the back surface of the drain electrode 
70. In this manner, the semiconductor element 100' shown in 
FIG. 26 is completed. 
0294 Various combinations of conventional semiconduc 
tor elements and diode elements are shown in FIGS. 31 
through 34 and will be compared to the present invention in 
order to demonstrate the effects of the present invention. 
0295 FIG.31 is an equivalent circuit diagram illustrating 
a circuit consisting of an Si-MOSFET alone. In FIGS. 31, D. 
S and G denoted drain, Source and gate terminals, respec 
tively. If denotes a forward current, and Ir denotes a reverse 
current. In this circuit, a return current flows as the reverse 
current Ir through a body diode inside of the Si-MOSFET. 
Since the body diode is a bipolar element, a reverse recovery 
current flows through it, thus causing a lot of Switching loss 
and taking a long Switching time, too. On the other hand, in 
the semiconductor element of the present invention, the 
reverse current flows through a channel layer that performs a 
unipolar operation, and therefore, the amount of reverse 
recovery current to flow becomes very Small. Consequently, 
only a minimum Switching loss is involved and it takes just a 
short Switching time. 
0296 FIG. 32 is an equivalent circuit diagram illustrating 
a circuit including an Si-MOSFET and a freewheeling diode 
element in combination. The freewheeling diode element 
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shown in FIG. 32 is an Si-pin diode. Since the freewheeling 
diode element is a bipolar element, a reverse recovery current 
also flows through it as in the circuit shown in FIG. 31. As a 
result, a lot of Switching loss is caused and it takes a long 
Switching time. 
0297. On the other hand, in the semiconductor element of 
the present invention, very little reverse recovery current 
flows and it takes just a short Switching time as described 
above. In addition, in the circuit configuration shown in FIG. 
32, the freewheeling diode element needs to be provided as a 
separate part and connected to the Si-MOSFET, and there 
fore, the number of parts required is two. According to the 
present invention, however, no such freewheeling diode ele 
ments are needed, and therefore, the number of parts required 
can be cut down. 

0298 FIG.33 is an equivalent circuit diagram illustrating 
a circuit including an Si-MOSFET and an SiC-SEBD in com 
bination. The freewheeling diode element shown in FIG.33 is 
an SiC-SED. A Zener diode is connected in series to the drain 
of the Si-MOSFET. The Zener diode is needed to make a 
reverse current flow through the freewheeling diode. A pn 
junction body diode is included in the Si-MOSFET and has a 
Vf0l of about 0.6 V. On the other hand, the freewheeling 
diode has a Vf) of about 1 V. 

0299 Were it not for the Zener diode, the reverse current 
would flow through the body diode of the Si-MOSFET, not 
through the freewheeling diode, because a reverse current 
will flow through one of the two diodes that has the smaller 
absolute value of Vf). That is to say, the Zener diode is 
provided in order to prevent the reverse current from flowing 
through the body diode of the Si-MOSFET. 
0300 When a forward current flows, the Zener diode will 
cause conduction loss. In addition, the Zener diode will also 
cause Some Switching loss at the time of Switching. Since the 
freewheeling diode has parasitic capacitance, the energy 
stored in the parasitic capacitance will increase the Switching 
loss at the time of Switching. 
0301 Meanwhile, neither such conduction loss and 
Switching loss to be caused by the Zener diode nor Such loss 
to be caused by the parasitic capacitance of the freewheeling 
diode as seen in the combination of conventional Si-MOS 
FET and SiC-SBD ever happens in the semiconductor ele 
ment of the present invention. Consequently, all of those 
losses can be cut down. On top of that, although the number of 
parts required is three in the configuration shown in FIG.33, 
only one part is required according to the present invention. 
As a result, the number of parts required can be cut down to 
one-third according to the present invention. 
0302 FIG. 34 is an equivalent circuit diagram illustrating 
a circuit including an Si-IGBT and a freewheeling diode in 
combination. The freewheeling diode shown in FIG. 34 is an 
Si-pin diode. According to this combination, both the semi 
conductor element and the diode element are bipolar ele 
ments, a tail current will flow through the semiconductor 
element at the time of switching, thus causing a lot of Switch 
ing loss and taking a long Switching time. In addition, since 
the diode has a large reverse recovery current, a lot of Switch 
ing loss will also be caused and it will take a long Switching 
time, too. 
0303. On the other hand, the semiconductor element of the 
present invention will cause very little switching loss and will 
need just a short Switching time. On top of that, although the 
number of parts required in the prior art is two, only one part 
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is required according to the present invention. As a result, the 
number of parts required can be cut down according to the 
present invention. 
0304. As described above, no freewheeling diodes are 
needed anymore by adopting the semiconductor device of the 
present invention. However, if the load current required is 
greater than the current-carrying capacity of the diode current 
that flows through the channel region inside the semiconduc 
tor device of the present invention, then a freewheeling diode 
element may be added. In that case, the load current will flow 
through both the semiconductor device of the present inven 
tion and the freewheeling diode elementalike. That is why the 
current-carrying capacity of the freewheeling diode element 
may be smaller than that of the conventional freewheeling 
diode element. Consequently, the chip area occupied by the 
additional freewheeling diode will be smaller than the con 
ventional one, and therefore, the cost can be cut down. 
0305 While the present invention has been described with 
respect to preferred embodiments thereof, the present inven 
tion is in no way limited to those specific preferred embodi 
ments but the disclosed invention may be modified in numer 
ous ways and may assume many embodiments other than the 
ones specifically described above. 
(0306 FIG.35 is a cross-sectional view illustrating a modi 
fied example for the configuration shown in FIG. 5. In the 
example illustrated in FIG. 35, the upper surface of the epi 
taxial channel layer 50 is level with that of the n-source 
region 40 and the p-contact regions 32, which is a major 
difference from the configuration shown in FIG. 5. The semi 
conductor element 101 of this modified example is obtained 
by sequentially performing the process step of forming an 
epitaxial channel layer 50 after the body region 30 has been 
defined and then the process step of defining an n-source 
region 40 and p-contact regions 32 in predetermined regions. 
0307 Optionally, the epitaxial channel layer 50 may be 
replaced with an ion implanted layer, which is formed by 
implanting an n-type dopant into a target region. That is to 
say, according to the present invention, the 'second silicon 
carbide semiconductor layer” that has been formed so as to be 
at least partially in contact with the body region and the 
source region does not have to be the layer that has been 
grown epitaxially on the drift layer (first silicon carbide semi 
conductor layer) but may also be a surface region of the first 
silicon carbide semiconductor layer to which dopant ions 
have been implanted. For example, after the process step 
shown in FIG. 23(b) has been performed, ions of nitrogen or 
phosphorus are implanted into the surface of the first silicon 
carbide semiconductor layer (drift layer) 20, which is not the 
surface in contact with the substrate 10 but the opposite 
surface thereof. In this case, a surface region of the first silicon 
carbide semiconductor layer 20, which is located inside of the 
body region 30 and which is not covered with the body 
contact region 32 or the source region 40, becomes a channel 
region. By implanting ions of nitrogen orphosphorus into that 
channel region, donors that are an n-type dopant and accep 
tors that areap-type dopant will be both included there. In this 
case, the ion implant dose and implant energy are determined 
so that the difference between the donor and acceptor con 
centrations Nd and Na (where Nd-Na-N) satisfy the follow 
ing conditions: 
0308 bxdasN<boxdao, 
0309 b-1.349x10', 
0310 a-1.824, 
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0311 b–2.188x10' and 
0312 at-1.583 
0313 d denotes the thickness of the second silicon carbide 
semiconductor layer that has been formed by ion implanta 
tion. According to this preferred embodiment, "d" is defined 
to be the thickness of an implanted region that satisfies 
Ndd-Na. That is to say, d is a size of the implanted region that 
satisfies the relation Ndi-Na as measured perpendicularly to 
the substrate 10, and is substantially equal to a distance from 
the surface of the first silicon carbide semiconductor layer 
(drift layer) 20 to a point where Nd-Na is satisfied. 
0314. In the semiconductor element of the present inven 

tion, the turn-on voltage of the diode, in which current flows 
from the source electrode toward the drain electrode through 
the channel layer, may be measured when Vgs is 0 V, for 
example. 
0315. In the semiconductor device and semiconductor ele 
ment of the present invention, current can flow through the 
body diode by applying a voltage that makes Vds<0 when the 
channel region of the MISFET is in totally OFF state (i.e., not 
electrically conductive) by setting Vgs to be sufficiently 
under Zero (e.g., Vgs -20 V). In that state, the turn-on Voltage 
of the body diode can be measured. 
0316. In a MISFET that uses a silicon carbide layer as a 
channel layer, if the absolute value IVfol of the turn-on volt 
age V fo of a reverse current when Vgs is equal to 0 V is 
smaller than the turn-on voltage of the body diode obtained by 
the measuring method described above in a situation where 0 
VsVgs<Vth is satisfied at room temperature, then the MIS 
FET may be regarded as functioning as a diode in which 
current flows from the source electrode to the drain electrode 
through the channel layer. 
0317. Although the body diode is supposed to have a turn 
on voltage of 2.7 V in the foregoing description, the turn-on 
voltage actually varies slightly according to some parameter 
of the element fabricated, and therefore, should be modified 
appropriately as needed. Also, even if a Voltage Vgs=0 is 
applied to the MISFET, leakage current may still flow 
between the drain and source in a situation where the channel 
cannot be turned OFF sufficiently or where the pnjunction of 
the body diode is defective. In that case, even in a voltage 
range that is smaller than the absolute value of the turn-on 
voltage of the body diode, some leakage current may be 
observed and the apparent value of the turn-on Voltage may 
change. 
0318. To determine whether or not the element is working 
properly as a channel diode when there is such leakage cur 
rent, the following method can be used effectively. Specifi 
cally, if the voltage at which a diode current of 1 A flows from 
the source electrode to the drain electrode when Vgs-OV is 
greater than the turn-on voltage (that has been determined by 
supplying such current with Vgs defined to be sufficiently 
under Zero and with a voltage that makes Vds<0 applied). 
then it can be determined that current is flowing through the 
body diode. On the other hand, if the voltage at which a diode 
current of 1 A flows from the source electrode to the drain 
electrode when Vgs-OV is smaller than the turn-on voltage 
(that has been determined by supplying such current with Vgs 
defined to be sufficiently under Zero and with a voltage that 
makes Vds<0 applied), then it can be determined that current 
is flowing through the channel diode. 

INDUSTRIAL APPLICABILITY 

0319. The present invention provides a semiconductor ele 
ment that can hinder the progress of deterioration of crystal 
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linity of an SiC semiconductor device even without increas 
ing the number of parts to use. 

REFERENCE SIGNS LIST 

0320 10, 110 substrate (silicon carbide semiconductor 
substrate) 

0321 20, 120 first silicon carbide semiconductor layer 
(drift layer) 

0322 22 JFET region 
0323 30, 130 body region (well region) 
0324, 32,132 body contact region (contact region) 
0325 40,140 source region 
0326 45, 145 source electrode 
0327 47 source line (source pad) 
0328 50, 150 second silicon carbide semiconductor layer 
or channel layer (epitaxial channel layer) 

0329. 55 channel region 
0330 60, 160 gate insulating film 
0331) 64 polysilicon film 
0332) 65, 165 gate electrode 
0333 67 interlevel dielectric film 
0334 68 via hole 
0335 69 trench 
0336 70, 170 drain electrode 
0337 72 back surface electrode 
0338 81 mask 
0339 90 diode current 
0340 100 semiconductor element 
0341 100' semiconductor element 
0342 101 semiconductor element 
0343 102 semiconductor element 
0344) 112 substrate 
(0345 180, 181, 182 body diode 
(0346 200 power converter (inverter circuit) 
0347 210 voltage step-up/down converter 
0348 220 voltage step-up converter 
0349 500 load 
0350 1000 inverter circuit 
0351. 1100 semiconductor element 
0352 1110 semiconductor element 
0353) 1200 freewheeling diode element 
0354 1500 load 
0355 2000 DC power supply 
0356. 2100 inductive load 
0357 2200 controller 

1. A semiconductor device comprising 
a semiconductor element including a metal-insulator 

semiconductor field effect transistor, and 
a potential setting section for setting a potential at the 

semiconductor element, 
wherein the metal-insulator-semiconductor field effect 

transistor includes: 
a semiconductor Substrate of a first conductivity type; 
a first silicon carbide semiconductor layer of the first con 

ductivity type, which is arranged on the principal Surface 
of the semiconductor substrate; 

a body region of a second conductivity type, which is 
defined in the first silicon carbide semiconductor layer; 

a source region of the first conductivity type, which is 
defined in the body region; 

a second silicon carbide semiconductor layer of the first 
conductivity type, which is arranged on the first silicon 
carbide semiconductor layer so as to be at least partially 
in contact with the body region and the Source region; 
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a gate insulating film, which is arranged on the second 
silicon carbide semiconductor layer; 

a gate electrode, which is arranged on the gate insulating 
film; 

a source electrode, which contacts with the source region; 
and 

a drain electrode, which is arranged on the back Surface of 
the semiconductor Substrate, and 

wherein supposing the potential of the drain electrode with 
respect to the potential of the source electrode is identi 
fied by Vds, 

the potential of the gate electrode with respect to the poten 
tial of the source electrode is identified by Vgs, 

the gate threshold Voltage of the metal-insulator-semicon 
ductor field effect transistor is identified by Vith, 

the direction of a current flowing from the drain electrode 
toward the source electrode is defined to be a forward 
direction, and 

the direction of a current flowing from the source electrode 
toward the drain electrode is defined to be a reverse 
direction, and 

Vth is equal to or higher than 2 V at room temperature, 
in a transistor turned-ON mode, the potential setting sec 

tion raises the potential Vgs of the gate electrode with 
respect to the potential of the source electrode to a level 
that is equal to or higher than the gate threshold Voltage 
Vth, thereby making the drain electrode and the source 
electrode electrically conductive with each other, and 

in a transistor turned-OFF mode, the potential setting sec 
tion sets the potential Vgs of the gate electrode with 
respect to the potential of the source electrode to be 
equal to or higher than Zero Volts but less than the gate 
threshold voltage Vith, thereby making the metal-insula 
tor-semiconductor field effect transistor function as a 
diode that makes a current flow in the reverse direction 
from the source electrode toward the drain electrode, 
and 

wherein the absolute value of a turn-on voltage of the diode 
is smaller than the absolute value of a turn-on voltage of 
a body diode that is formed by the body region and the 
first silicon carbide semiconductor layer, and 

wherein the difference in the absolute value of the turn-on 
voltage between the diode and the body diode is 0.7 V or 
more, and 

wherein the absolute value of the turn-on voltage of the 
diode is less than 1.0 V at room temperature. 

2. The semiconductor device of claim 1, wherein the sec 
ond silicon carbide semiconductor layer contacts with, and is 
arranged on, at least a portion of the Source region, and 

wherein the second silicon carbide semiconductor layer 
has a thickness of 40 nm or less. 

3. The semiconductor device of claim 2, wherein the sec 
ond silicon carbide semiconductor layer has an average 
dopant concentration of 1x10" cm or more. 

4. The semiconductor device of claim 1, wherein the abso 
lute value of the turn-on voltage of the diode is less than 0.6 V 
at room temperature. 

5. The semiconductor device of claim 1, further comprising 
a terminal to be electrically connected to a power Supply. 

6. The semiconductor device of claim 5, further comprising 
a terminal to be electrically connected to an inductive load. 

7. The semiconductor device of claim 1, wherein the sec 
ond silicon carbide semiconductor layer is doped with a 
dopant of the first conductivity type by ion implantation. 
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8. A semiconductor element comprising a metal-insulator 
semiconductor field effect transistor, 

wherein the metal-insulator-semiconductor field effect 
transistor comprises: 

a semiconductor Substrate of a first conductivity type; 
a first silicon carbide semiconductor layer of the first con 

ductivity type, which is arranged on the principal Surface 
of the semiconductor substrate; 

a body region of a second conductivity type, which is 
defined in the first silicon carbide semiconductor layer; 

a source region of the first conductivity type, which is 
defined in the body region; 

a second silicon carbide semiconductor layer of the first 
conductivity type, which is arranged on the first silicon 
carbide semiconductor layer so as to be at least partially 
in contact with the body region and the Source region; 

a gate insulating film, which is arranged on the second 
silicon carbide semiconductor layer, 

a gate electrode, which is arranged on the gate insulating 
film; 

a source electrode, which contacts with the source region; 
and 

a drain electrode, which is arranged on the back Surface of 
the semiconductor Substrate, and 

wherein supposing the potential of the drain electrode with 
respect to the potential of the source electrode is identi 
fied by Vds, 

the potential of the gate electrode with respect to the poten 
tial of the source electrode is identified by Vgs, 

the gate threshold Voltage of the metal-insulator-semicon 
ductor field effect transistor is identified by Vith, 

the direction of a current flowing from the drain electrode 
toward the source electrode is defined to be a forward 
direction, and 

the direction of a current flowing from the source electrode 
toward the drain electrode is defined to be a reverse 
direction, 

Vth is equal to or higher than 2 V at room temperature, 
if Vgs-Vth is satisfied, 
then the metal-insulator-semiconductor field effect transis 

tor makes the drain electrode and the source electrode 
electrically conductive with each other, and 

if 0 VsVgs<Vth is satisfied, 
then the metal-insulator-semiconductor field effect transis 

tor does not make a current flow in the forward direction 
but functions as a diode that makes a current flow in the 
reverse direction from the source electrode toward the 
drain electrode when Vds<0 V, and 

wherein the absolute value of a turn-on voltage of the diode 
is smaller than the absolute value of a turn-on voltage of 
a body diode that is formed by the body region and the 
first silicon carbide semiconductor layer, and 

wherein the difference in the absolute value of the turn-on 
voltage between the diode and the body diode is 0.7V or 
more, and 

wherein the absolute value of the turn-on voltage of the 
diode is less than 1.0 V at room temperature. 

9. The semiconductor element of claim 8, wherein the 
second silicon carbide semiconductor layer contacts with, 
and is arranged on, at least a portion of the Source region, and 

wherein the second silicon carbide semiconductor layer 
has a thickness of 40 nm or less. 
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10. The semiconductor element of claim 9, wherein the 
second silicon carbide semiconductor layer has an average 
dopant concentration of 1x10" cm or more. 

11. The semiconductor element of claim 8, wherein the 
absolute value of the turn-on voltage of the diode is less than 
0.6 V at room temperature. 

12. The semiconductor element of claim 8, wherein the 
semiconductor element is used in a semiconductor device that 
comprises 

a semiconductor element including a transistor that has a 
gate electrode, a source electrode, a drain electrode and 
a channel region, and 

a potential setting section for setting the potential of the 
gate electrode, and 

wherein supposing the potential of the drain electrode with 
respect to the potential of the source electrode is identi 
fied by Vds, 

the potential of the gate electrode with respect to the poten 
tial of the source electrode is identified by Vgs, 

the gate threshold voltage of the transistor is identified by 
Vth, 

the direction of a current flowing from the drain electrode 
toward the source electrode is defined to be a forward 
direction, and 

the direction of a current flowing from the source electrode 
toward the drain electrode is defined to be a reverse 
direction, 

in a transistor turned-ON mode, the potential setting sec 
tion raises the potential Vgs of the gate electrode with 
respect to the potential of the source electrode to a level 
that is equal to or higher than the gate threshold Voltage 
Vth, thereby making the drain electrode and the source 
electrode electrically conductive with each other, and 

in a transistor turned-OFF mode, the potential setting sec 
tion sets the potential Vgs of the gate electrode with 
respect to the potential of the source electrode to be 
equal to or higher than Zero Volts but less than the gate 
threshold voltage Vith, thereby making the transistor 
function as a diode that makes a current flow in the 
reverse direction from the source electrode toward the 
drain electrode. 

13. The semiconductor element of claim 8, 
wherein the second silicon carbide semiconductor layer 

includes at least one dopant doped layer, which is doped 
with a dopant of the first conductivity type, and 

wherein if the second silicon carbide semiconductor layer 
has an average dopant concentration of N (cm) and a 
thickness of d (nm), then N and d satisfy 

bxda<N<boxdao, 
b=1.349x10', 
a -1.824, 
b=2.188x10°, and 
a=-1.683. 
14. The semiconductor element of claim 13, wherein Nand 

d further satisfy 
Nebogxdao.6. 
b=7.609x10° and 
a -1.881. 
15. The semiconductor element of claim 13, wherein d is 

within the range of 5 nm to 200 nm. 
16. The semiconductor element of claim 13, wherein d is 

within the range of 10 nm to 100 nm. 
17. The semiconductor element of claim 13, wherein d is 

within the range of 20 nm to 75 nm. 
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18. The semiconductor element of claim 8, wherein the 
second silicon carbide semiconductor layer is doped with a 
dopant of the first conductivity type by ion implantation. 

19. A power converter comprising: 
the semiconductor element of claim 8: 
a first line for applying at least a part of a Supply Voltage to 

between the source and drain electrodes of the semicon 
ductor element; and 

a second line for applying a Voltage from a controller, 
which controls Switching of the semiconductor element, 
to the gate electrode of the semiconductor element, 

wherein the power converter outputs power to be supplied 
to a load. 

20. A method for controlling a semiconductor element 
comprising a metal-insulator-semiconductor field effect tran 
sistor, 

wherein the metal-insulator-semiconductor field effect 
transistor includes: 

a semiconductor Substrate of a first conductivity type; 
a first silicon carbide semiconductor layer of the first con 

ductivity type, which is arranged on the principal Surface 
of the semiconductor substrate; 

a body region of a second conductivity type, which is 
defined in the first silicon carbide semiconductor layer; 

a source region of the first conductivity type, which is 
defined in the body region; 

a second silicon carbide semiconductor layer of the first 
conductivity type, which is arranged on the first silicon 
carbide semiconductor layer so as to be at least partially 
in contact with the body region and the Source region; 

a gate insulating film, which is arranged on the second 
silicon carbide semiconductor layer, 

a gate electrode, which is arranged on the gate insulating 
film; 

a source electrode, which contacts with the source region; 
and 

a drain electrode, which is arranged on the back Surface of 
the semiconductor Substrate, and 

wherein supposing the potential of the drain electrode with 
respect to the potential of the source electrode is identi 
fied by Vds, 

the potential of the gate electrode with respect to the poten 
tial of the source electrode is identified by Vgs, 

the gate threshold Voltage of the metal-insulator-semicon 
ductor field effect transistor is identified by Vith, 

the direction of a current flowing from the drain electrode 
toward the source electrode is defined to be a forward 
direction, and 

the direction of a current flowing from the source electrode 
toward the drain electrode is defined to be a reverse 
direction, 

Vth is equal to or higher than 2 V at room temperature, 
the method comprising: 
turn-ON step for making electrically conductive between 

the drain electrode and the source electrode by adjusting 
the potentialVgs of the gate electrode with respect to the 
potential of the source electrode to a level that is equal to 
or higher than the gate threshold voltage Vith, and 

turn-OFF step for allowing the metal-insulator-semicon 
ductor field effect transistor to function as a diode that 
makes a current flow in the reverse direction from the 
Source electrode toward the drain electrode by adjusting 
the potentialVgs of the gate electrode with respect to the 
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potential of the source electrode to be equal to or higher 
than Zero volts but less than the gate threshold voltage 
Vth, and 

wherein the absolute value of the turn-on voltage of the 
diode is less than 1.0 V at room temperature. 

21. A semiconductor device comprising 
a semiconductor element including a metal-insulator 

semiconductor field effect transistor, and 
a potential setting section for setting a potential at the 

semiconductor element, 
wherein the metal-insulator-semiconductor field effect 

transistor includes: 
a semiconductor Substrate of a first conductivity type; 
a first silicon carbide semiconductor layer of the first con 

ductivity type, which is arranged on the principal Surface 
of the semiconductor substrate; 

a body region of a second conductivity type, which is 
arranged on the first silicon carbide semiconductor 
layer; 

a source region of the first conductivity type, which is 
arranged on the body region; 

a recess, which extends through the body region and the 
Source region to reach the first silicon carbide semicon 
ductor layer; 

a second silicon carbide semiconductor layer of the first 
conductivity type, which defines the side surface of the 
recess and which is arranged so as to be at least partially 
in contact with the body region and the source region; 

a gate insulating film, which is arranged on the second 
silicon carbide semiconductor layer; 

a gate electrode, which is arranged on the gate insulating 
film; 

a source electrode, which contacts with the source region; 
and 

a drain electrode, which is arranged on the back Surface of 
the semiconductor Substrate, and 

wherein supposing the potential of the drain electrode with 
respect to the potential of the source electrode is identi 
fied by Vds, 

the potential of the gate electrode with respect to the poten 
tial of the source electrode is identified by Vgs, 

the gate threshold Voltage of the metal-insulator-semicon 
ductor field effect transistor is identified by Vith, 

the direction of a current flowing from the drain electrode 
toward the source electrode is defined to be a forward 
direction, and 

the direction of a current flowing from the source electrode 
toward the drain electrode is defined to be a reverse 
direction, 

Vth is equal to or higher than 2V at room temperature, and 
in a transistor turned-ON mode, the potential setting sec 

tion raises the potential Vgs of the gate electrode with 
respect to the potential of the source electrode to a level 
that is equal to or higher than the gate threshold Voltage 
Vth, thereby making the drain electrode and the source 
electrode electrically conductive with each other, and 

in a transistor turned-OFF mode, the potential setting sec 
tion sets the potential Vgs of the gate electrode with 
respect to the potential of the source electrode to be 
equal to or higher than Zero Volts but less than the gate 
threshold voltage Vith, thereby making the metal-insula 
tor-semiconductor field effect transistor function as a 
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diode that makes a current flow in the reverse direction 
from the source electrode toward the drain electrode, 
and 

wherein the absolute value of a turn-on voltage of the diode 
is smaller than the absolute value of a turn-on voltage of 
a body diode that is formed by the body region and the 
first silicon carbide semiconductor layer, and 

wherein the difference in the absolute value of the turn-on 
voltage between the diode and the body diode is 0.7V or 
more, and 

wherein the absolute value of the turn-on voltage of the 
diode is less than 1.0 V at room temperature. 

22. The semiconductor device of claim 21, wherein the 
second silicon carbide semiconductor layer contacts with, 
and is arranged on, at least a portion of the Source region, and 

wherein the second silicon carbide semiconductor layer 
has a thickness of 40 nm or less. 

23. The semiconductor device of claim 22, wherein the 
second silicon carbide semiconductor layer has an average 
dopant concentration of 1x10" cm or more. 

24. The semiconductor device of claim 21, wherein the 
absolute value of the turn-on voltage of the diode is less than 
0.6 V at room temperature. 

25. The semiconductor device of claim 21, further com 
prising a terminal to be electrically connected to a power 
Supply. 

26. The semiconductor device of claim 25, further com 
prising a terminal to be electrically connected to an inductive 
load. 

27. The semiconductor element of claim 21, wherein the 
second silicon carbide semiconductor layer is doped with a 
dopant of the first conductivity type by ion implantation. 

28. A semiconductor element comprising a metal-insula 
tor-semiconductor field effect transistor, 

wherein the metal-insulator-semiconductor field effect 
transistor comprises: 

a semiconductor Substrate of a first conductivity type; 
a first silicon carbide semiconductor layer of the first con 

ductivity type, which is arranged on the principal Surface 
of the semiconductor substrate; 

a body region of a second conductivity type, which is 
arranged on the first silicon carbide semiconductor 
layer; 

a source region of the first conductivity type, which is 
arranged on the body region; 

a recess, which extends through the body region and the 
Source region to reach the first silicon carbide semicon 
ductor layer; 

a second silicon carbide semiconductor layer of the first 
conductivity type, which defines the side surface of the 
recess and which is arranged so as to be at least partially 
in contact with the body region and the Source region; 

a gate insulating film, which is arranged on the second 
silicon carbide semiconductor layer, 

a gate electrode, which is arranged on the gate insulating 
film; 

a source electrode, which contacts with the source region; 
and 

a drain electrode, which is arranged on the back Surface of 
the semiconductor Substrate, and 

wherein supposing the potential of the drain electrode with 
respect to the potential of the source electrode is identi 
fied by Vds, 
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the potential of the gate electrode with respect to the poten 
tial of the source electrode is identified by Vgs, 

the gate threshold Voltage of the metal-insulator-semicon 
ductor field effect transistor is identified by Vith, 

the direction of a current flowing from the drain electrode 
toward the source electrode is defined to be a forward 
direction, and 

the direction of a current flowing from the source electrode 
toward the drain electrode is defined to be a reverse 
direction, 

Vth is equal to or higher than 2V at room temperature, and 
if Vgs-Vth is satisfied, 
then the metal-insulator-semiconductor field effect transis 

tor makes the drain electrode and the source electrode 
electrically conductive with each other, and 

if 0 VsVgs<Vth is satisfied, 
then the metal-insulator-semiconductor field effect transis 

tor does not make a current flow in the forward direction 
but functions as a diode that makes a current flow in the 
reverse direction from the source electrode toward the 
drain electrode when Vds<0 V, and 

wherein the absolute value of a turn-on voltage of the diode 
is smaller than the absolute value of a turn-on voltage of 
a body diode that is formed by the body region and the 
first silicon carbide semiconductor layer, and 

wherein the difference in the absolute value of the turn-on 
voltage between the diode and the body diode is 0.7 V or 
more, and 

wherein the absolute value of the turn-on voltage of the 
diode is less than 1.0 V at room temperature. 

29. The semiconductor element of claim 28, wherein the 
second silicon carbide semiconductor layer contacts with, 
and is arranged on, at least a portion of the source region, and 

wherein the second silicon carbide semiconductor layer 
has a thickness of 40 nm or less. 

30. The semiconductor element of claim 29, wherein the 
second silicon carbide semiconductor layer has an average 
dopant concentration of 1x10" cm or more. 

31. The semiconductor element of claim 28, wherein the 
absolute value of the turn-on voltage of the diode is less than 
0.6 V at room temperature. 

32. The semiconductor element of claim 28, wherein the 
semiconductor element is used in a semiconductor device that 
comprises 

a semiconductor element including a transistor that has a 
gate electrode, a source electrode, a drain electrode and 
a channel region, and 

a potential setting section for setting the potential of the 
gate electrode, and 

wherein supposing the potential of the drain electrode with 
respect to the potential of the source electrode is identi 
fied by Vds, 

the potential of the gate electrode with respect to the poten 
tial of the source electrode is identified by Vgs, 

the gate threshold voltage of the transistor is identified by 
Vth, 

the direction of a current flowing from the drain electrode 
toward the source electrode is defined to be a forward 
direction, and 

the direction of a current flowing from the source electrode 
toward the drain electrode is defined to be a reverse 
direction, 

in a transistor turned-ON mode, the potential setting sec 
tion raises the potential Vgs of the gate electrode with 
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respect to the potential of the source electrode to a level 
that is equal to or higher than the gate threshold Voltage 
Vth, thereby making the drain electrode and the source 
electrode electrically conductive with each other, and 

in a transistor turned-OFF mode, the potential setting sec 
tion sets the potential Vgs of the gate electrode with 
respect to the potential of the source electrode to be 
equal to or higher than Zero Volts but less than the gate 
threshold voltage Vith, thereby making the transistor 
function as a diode that makes a current flow in the 
reverse direction from the source electrode toward the 
drain electrode. 

33. The semiconductor element of claim 28, 
wherein the second silicon carbide semiconductor layer 

includes at least one dopant doped layer, which is doped 
with a dopant of the first conductivity type, and 

wherein if the second silicon carbide semiconductor layer 
has an average dopant concentration of N (cm) and a 
thickness of d (nm), then N and d satisfy 

bxdalsn-boxdao, 
b=1.349x10', 
a -1.824, 
b=2.188x10', and 
a=-1.683. 
34. The semiconductor element of claim33, wherein Nand 

d further satisfy 
Nebogxdao.g. 
b=7.609x10' and 
a -1.881. 
35. The semiconductor element of claim 33, wherein d is 

within the range of 5 nm to 200 nm. 
36. The semiconductor element of claim 33, wherein d is 

within the range of 10 nm to 100 nm. 
37. The semiconductor element of claim 33, wherein d is 

within the range of 20 nm to 75 nm. 
38. The semiconductor element of claim 28, wherein the 

second silicon carbide semiconductor layer is doped with a 
dopant of the first conductivity type by ion implantation. 

39. A power converter comprising: 
the semiconductor element of claim 28; 
a first line for applying at least a part of a Supply Voltage to 

between the source and drain electrodes of the semicon 
ductor element; and 

a second line for applying a Voltage from a controller, 
which controls Switching of the semiconductor element, 
to the gate electrode of the semiconductor element, 

wherein the power converter outputs power to be supplied 
to a load. 

40. A method for controlling a semiconductor element 
comprising a metal-insulator-semiconductor field effect tran 
sistor, 

wherein the metal-insulator-semiconductor field effect 
transistor includes: 
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a semiconductor Substrate of a first conductivity type; 
a first silicon carbide semiconductor layer of the first con 

ductivity type, which is arranged on the principal Surface 
of the semiconductor substrate; 

a body region of a second conductivity type, which is 
arranged on the first silicon carbide semiconductor 
layer; 

a source region of the first conductivity type, which is 
arranged on the body region; 

a recess, which extends through the body region and the 
Source region to reach the first silicon carbide semicon 
ductor layer; 

a second silicon carbide semiconductor layer of the first 
conductivity type, which defines the side surface of the 
recess and which is arranged so as to be at least partially 
in contact with the body region and the Source region; 

a gate insulating film, which is arranged on the second 
silicon carbide semiconductor layer; 

a gate electrode, which is arranged on the gate insulating 
film; 

a source electrode, which contacts with the source region; 
and 

a drain electrode, which is arranged on the back Surface of 
the semiconductor Substrate, and 

wherein supposing the potential of the drain electrode with 
respect to the potential of the source electrode is identi 
fied by Vds, 

the potential of the gate electrode with respect to the poten 
tial of the source electrode is identified by Vgs, 

the gate threshold Voltage of the metal-insulator-semicon 
ductor field effect transistor is identified by Vith, 

the direction of a current flowing from the drain electrode 
toward the source electrode is defined to be a forward 
direction, and 

the direction of a current flowing from the source electrode 
toward the drain electrode is defined to be a reverse 
direction, 

Vth is equal to or higher than 2 V at room temperature, 
the method comprising: 
turn-ON step for making electrically conductive between 

the drain electrode and the source electrode by adjusting 
the potentialVgs of the gate electrode with respect to the 
potential of the source electrode to a level that is equal to 
or higher than the gate threshold voltage Vith, and 

turn-OFF step for allowing the metal-insulator-semicon 
ductor field effect transistor to function as a diode that 
makes a current flow in the reverse direction from the 
Source electrode toward the drain electrode by adjusting 
the potentialVgs of the gate electrode with respect to the 
potential of the source electrode to be equal to or higher 
than Zero volts but less than the gate threshold voltage 
Vth, and 

wherein the absolute value of the turn-on voltage of the 
diode is less than 1.0 V at room temperature. 
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