
(19) United States 
US 2004.00567O2A1 

(12) Patent Application Publication (10) Pub. No.: US 2004/0056702 A1 
Nagasu et al. (43) Pub. Date: Mar. 25, 2004 

(54) 

(76) 

(21) 

(22) 

(60) 

SEMICONDUCTOR CIRCUIT, METHOD OF 
DRIVING THE SAME AND 
SEMCONDUCTOR DEVICE 

Inventors: Masahiro Nagasu, Hitachinaka-shi 
(JP); Hideo Kobayashi, Hitachi-shi 
(JP); Hideki Miyazaki, Hitachi-shi 
(JP); Shin Kimura, Hitachi-shi (JP); 
Junichi Sakano, Hitachi-shi (JP); 
Mutsuhiro Mori, Mito-shi (JP) 

Correspondence Address: 
ANTONELLI, TERRY, STOUT & KRAUS, 
LLP 
1300 NORTH SEVENTEENTH STREET 
SUTE 1800 
ARLINGTON, VA 22209-9889 (US) 

Appl. No.: 10/668,963 

Filed: Sep. 24, 2003 

Related U.S. Application Data 

Continuation of application No. 10/135,530, filed on 
May 1, 2002, which is a continuation of application 
No. 09/639,801, filed on Aug. 17, 2000, now Pat. No. 

6,414,370, which is a division of application No. 
08/651,875, filed on May 21, 1996, now Pat. No. 
6,204,717. 

(30) Foreign Application Priority Data 

Sep. 20, 1995 (JP)............................................. 7-24.1233 
May 22, 1995 (JP)............................................. 7-122117 

Publication Classification 

(51) Int. Cl." .................................................... H03K 17/74 
(52) U.S. Cl. .............................................. 327/504; 257/44 
(57) ABSTRACT 
A Semiconductor circuit or a Semiconductor device has the 
current-Voltage characteristic that, in a blocking State of the 
Semiconductor circuit or the Semiconductor device, a current 
gently flows for values of a Voltage equal to or greater than 
a first Voltage value but equal to or Smaller than a Second 
Voltage value, whereas a current abruptly flows for values of 
a Voltage greater than the Second Voltage value. Due to the 
current-Voltage characteristic, energy accumulated in an 
inductance provided within the circuit is consumed by a 
differential resistance of the Semiconductor circuit or a 
Semiconductor, thereby preventing the occurrence of the 
electromagnetic noise and an excessively large Voltage. 
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SEMICONDUCTOR CIRCUIT, METHOD OF 
DRIVING THE SAME AND SEMCONDUCTOR 

DEVICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 10/135,530, filed May 1, 2002, which is a 
continuation of U.S. application Ser. No. 09/639,801, filed 
Aug. 17, 2000, now U.S. Pat. No. 6,414,370, which, in turn, 
is a divisional of U.S. application Ser. No. 08/651,875, filed 
May 21, 1996, now U.S. Pat. No. 6,204,717, and the entire 
disclosures of all of which are incorporated herein by 
reference. 

BACKGROUND OF THE INVENTION 

0002 The present invention relates to a semiconductor 
circuit of the type which may be used in equipment Such as 
a power converting apparatus, a driving method of the 
Semiconductor circuit and a Semiconductor device. 

0003) A power converting apparatus comprises not only 
switching devices, such as MOSFETs and IGBTs (Insulated 
gate Bipolar Transistor), devices having a rectifying effect, 
Such as diodes, and passive devices, Such as capacitors, 
inductrances and resistors, but also wires which have a 
parasitic inductance. The power converting apparatus con 
verts power by repeating the on and off States of the 
Switching and rectifying devices, in which in on and off 
States, currents are flowing through and are cut off from the 
devices, respectively. As a result, a Voltage rising abruptly to 
a value much higher than the power-Supply Voltage is 
applied to the Switching and rectifying devices at the time 
the devices undergo transition from the on State to the off 
State due to the effect of parasitic inductance. 
0004. In order to prevent the devices from being damaged 
by an high voltage (a Spike Voltage) generated at the 
Switching time, traditionally, devices having a breakdown 
Voltage greater than a value obtained by estimating the 
magnitude of Such a Spike Voltage are used, or, as an 
alternative, the Spike Voltage is eliminated by means of a 
Snubber circuit. The use of devices having a high breakdown 
Voltage entails not only a high cost but, also, an increased 
amount of incurred power loSS, giving rise to an undesirable 
problem. On the other hand, the use of a snubber circuit for 
avoiding a Spike Voltage increases the number of compo 
nents. As a result, the cost and the size of the power 
converting apparatus increase. 
0005. By the way, a spike voltage is generated at the 
Switching time because a current that has been flowing 
through the Switching device and the inductance abruptly 
decreases due to the Switching operation of the Switching 
device. Thus, if the abrupt decrease in current can be 
Suppressed, the Spike Voltage can also be Suppressed as well. 
In a typical method for Suppressing an abrupt decrease in 
current, a Zener diode or an avalanche diode is employed in 
parallel to the Switching device. When a Voltage applied to 
an avalanche diode exceeds the breakdown voltage thereof, 
a current is allowed to flow through the avalanche diode, 
avoiding an abrupt decrease in current. 
0006. However, the use of such a diode gives rise to the 
following problem. When a current flows through an ava 
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lanche diode, the decrease in current flowing through a 
parasitic inductance disappears due to the fact that the 
resistance of the avalanche diode is all but Zero once the 
avalanche diode has entered a breakdown State. The disap 
pearance of the decrease in current, in turn, causes the 
Voltage applied to the avalanche diode to decrease. AS the 
Voltage applied to the avalanche diode becomes lower than 
a Voltage that causes the avalanche diode to enter an 
avalanche breakdown State, the avalanche diode enters an off 
State, trying to abruptly reduce a current flowing through the 
inductance. The attempt to abruptly reduce the current 
flowing through the inductance causes the avalanche diode 
to again enter an avalanche breakdown State in which a 
current can flow through it. That is to Say, the Voltage applied 
to the avalanche diode and the current flowing through it 
keep oscillating and the oscillation of the Voltage and current 
is a cause of the generation of electromagnetic noise. 

0007 Another method besides the technique of using an 
avalanche diode is described, for example, in a document 
called EPE Journal, Vol. 4, No. 2, June (1994), pages 8 to 9. 
The method described therein is an example of techniques 
called dynamic clamping. According to the dynamic clamp 
ing technique, an avalanche diode is interposed between the 
collector and gate electrode of an IGBT, whereas a resistor 
is interposed between the gate and emitter electrode thereof. 
AS the collector Voltage exceeds the breakdown Voltage of 
the avalanche diode, a current flows through the avalanche 
diode and the resistor, increasing the gate Voltage. The 
increase in gate Voltage causes a collector current to flow 
through the IGBT, preventing a large Voltage from being 
applied to the device. In this case, none the less, a problem 
Similar to that encountered in the technique of using an 
avalanche diode as described above also arises. 

0008. With the collector voltage exceeding the break 
down voltage of the avalanche diode, a Voltage equal to the 
difference between the collector Voltage and the avalanche 
breakdown voltage is applied to the gate. That is to Say, as 
the collector Voltage exceeds the avalanche-breakdown Volt 
age, the portion of the collector Voltage above the avalanche 
breakdown Voltage is all applied to the gate. 

0009. In general, the IGBT has a collector current which 
is greatly changing due to a Small variation in gate Voltage 
So that, when the collector Voltage exceeds the avalanche 
breakdown voltage, the IGBT current increases abruptly. In 
the case of an IGBT having a breakdown voltage of several 
hundreds of volts and a rated current density of 200 A/cm, 
for example, the Saturated current density at a gate Voltage 
of 15V reaches as much as Several thousands of amperes per 
Square cm. This implies that, when the collector Voltage 
exceeds the breakdown Voltage of an avalanche diode inter 
posed between the collector and the gate by a potential of 
only 15V, the collector current can actually reach a value of 
several thousands of amperes. That is to say, an IGBT 
adopting the dynamic clamping technique exhibits a char 
acteristic very similar to that of an avalanche diode wherein, 
at a certain Voltage, the current abruptly increases. For this 
reason, this dynamic clamping technique also has the same 
problem as that encountered in the example of using an 
avalanche diode. 

0010. As described above, the techniques adopted in the 
conventional power converting apparatus for Suppressing a 
Spike Voltage have problems of an increased amount of 
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incurred power loss, a rising cost and generation of electro 
magnetic noise. It is thus an object of the present invention 
to provide a Semiconductor circuit which is capable of 
Solving these problems, a technique of driving the Semicon 
ductor circuit and a Semiconductor device. 

SUMMARY OF THE INVENTION 

0.011 The semiconductor circuit provided by the present 
invention comprises a circuit incorporating at least a Semi 
conductor device and an inductance connected to the circuit. 
The Semiconductor circuit is used for controlling a current 
flowing through the circuit So that the current is turned on 
and off. A Voltage is applied in a current blocking direction 
between the terminals of the circuit that includes the semi 
conductor device. When the blocking-direction Voltage is 
greater than or equal to a first voltage value, but is Smaller 
than or equal to a Second Voltage value, the current increases 
as the blocking-direction Voltage increases. AS the blocking 
direction Voltage further increases, exceeding the Second 
Voltage value, the current increases with an increase in 
blocking-direction Voltage at a rate of increase higher than 
a rate of increase that prevails for values of the blocking 
direction Voltage greater than or equal to the first voltage 
value, but Smaller than or equal to the Second Voltage value. 
For values of the blocking-direction voltage Smaller than the 
first voltage value, only a leakage current flows, in Sub 
stance, putting the circuit in a current cut-off State. 
0012. It should be noted that, in referring to a circuit 
including a semiconductor device, a wide range of circuits 
other than a circuit including Semiconductor devices and 
other passive elements are implied. For example, a circuit 
including a Semiconductor device can refer to a circuit 
comprising only Semiconductor devices or a Semiconductor 
module having Semiconductor devices embedded in a case 
or having Semiconductor devices embedded along with 
peripheral circuits in a case. In addition, in referring to a 
Semiconductor device, a Semiconductor Switching device, 
the main control current of which can be controlled by a 
control Signal, or a diode is meant. Furthermore, an induc 
tance implies not only an inductance of a load, Such as a 
motor, but also an inductance of a circuit wire. The meanings 
of the terms circuit, Semiconductor device and inductance as 
explained above hold true for all configurations described 
below. 

0013 In addition, a circuit including a semiconductor 
device as described herein does not have to be a Semicon 
ductor circuit wherein an inductance is connected thereto 
and in which the flow of the main current can be controlled 
to on and off States. Instead, a circuit including a Semicon 
ductor device can be one of a variety of circuits, to which 
Semiconductor devices are connected. 

0.014. The present invention also provides a technique for 
controlling the Semiconductor circuit whereby a control 
Signal is Supplied to a Semiconductor Switching device 
employed in the Semiconductor circuit in accordance with a 
Voltage applied to the main terminals of the Semiconductor 
device in a current blocking direction So that, when the 
blocking-direction Voltage is greater than or equal to a first 
Voltage value, but is Smaller than or equal to a Second 
Voltage value, a main current increases as the blocking 
direction Voltage rises, and, as the blocking-direction Volt 
age further rises, exceeding the Second Voltage value, the 

Mar. 25, 2004 

main current increases with an increase in blocking-direc 
tion Voltage at a rate of increase higher than a rate of increase 
that prevails for values of the blocking-direction Voltage 
greater than or equal to the first voltage value, but Smaller 
than or equal to the Second Voltage value. For values of the 
blocking-direction Voltage Smaller than the first voltage 
value, only a leakage current flows, in Substance, putting the 
circuit in a current cut-off State. 

0015. In addition, the present invention also provides a 
Semiconductor device wherein, when a Voltage applied to 
main terminals of the Semiconductor device in a current 
blocking direction is greater than or equal to a first voltage 
value, but is Smaller than or equal to a Second Voltage value, 
a main current increases as the blocking-direction Voltage 
rises, and, as the blocking-direction Voltage further rises, 
exceeding the Second Voltage value, the main current 
increases with an increase in blocking-direction Voltage at a 
rate of increase higher than a rate of increase that prevails for 
values of the blocking-direction Voltage greater than or 
equal to the first Voltage value, but Smaller than or equal to 
the Second Voltage value. For values of the blocking-direc 
tion Voltage Smaller than the first voltage value, only a 
leakage current flows, in Substance, putting the circuit in a 
current cut-off State. The actual Structure of the Semicon 
ductor device having Such a characteristic will become more 
apparent from a detailed description of preferred embodi 
ments given later. 

0016. When the voltage applied to the circuit including 
the Semiconductor device, the Semiconductor circuit or the 
Semiconductor device described above in a current blocking 
direction exceeds the first voltage value, a current flows in 
accordance with the magnitude of the blocking-direction 
Voltage. This current prevents a current flowing through an 
inductance existing inside the circuit, or an inductance 
connected to the Semiconductor device, from abruptly 
decreasing, gradually limiting the increase in Voltage 
applied to the circuit or the Semiconductor device. AS the 
blocking-direction Voltage is further increased, exceeding 
the Second Voltage value, an even larger current flows, 
abruptly limiting the increase in Voltage applied to the 
circuit or the Semiconductor device. 

0017. That is to say, a differential resistance for the range 
of the blocking-direction Voltage between the first and 
Second Voltage values is greater than a differential resistance 
for the range of the blocking-direction Voltage above the 
second voltage value. It should be noted that, by a differ 
ential resistance, a ratio of an infinitesimal change in Voltage 
to an infinitesimal change in current is meant. For this 
reason, when a Voltage is induced in the inductance in a 
Switching operation of the Semiconductor device or the like, 
the differential resistance for the range of the blocking 
direction Voltage between the first and Second Voltage values 
plays a role of absorbing energy accumulated in the induc 
tance, and the differential resistance for the range of the 
blocking-direction Voltage above the Second Voltage value 
plays a role of limiting a further increase in inductance 
Voltage. As a result, electromagnetic noise caused by current 
and Voltage oscillation and an excessive Voltage leading to 
the destruction of the Semiconductor device can be pre 
vented from being generated. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0.018 FIG. 1 is a diagram showing a current-voltage 
characteristic in a blocking State of a Semiconductor circuit 
or a Semiconductor device to which the present invention is 
applied; 

0019 FIG. 2(a) is a circuit diagram showing an embodi 
ment implementing a circuit provided by the present inven 
tion, and FIG. 2(b) shows waveforms appearing at a variety 
of locations in the circuit; 

0020 FIG. 3(a) is a circuit diagram showing another 
embodiment implementing the circuit provided by the 
present invention, and FIG.3(b) shows waveforms appear 
ing at a variety of locations in the circuit; 

0021 FIGS. 4(a) to 4(d) are circuit diagrams used for 
explaining effects provided by the present invention; 

0022 FIG. 5 is a circuit diagram showing a semicon 
ductor circuit including an IGBT and an overVoltage pro 
tection circuit connected thereto, which Semiconductor cir 
cuit implements the characteristic shown in FIG. 1 to an 
IGBT 

0023 FIGS. 6(a), 6(c), 6(d) and 6(e) are circuit diagrams 
of embodiments comprising avalanche diodes and a resistor. 
whereas FIG. 6(b) shows a current-voltage characteristic 
between terminals A and B of the embodiments; 

0024 FIG. 7(a) is a diagram of an insulated gate bipolar 
transistor to which the invention is applied, whereas FIG. 
7(b) is a diagram used for explaining the operation thereof; 
0.025 FIG. 8 is a diagram which shows another embodi 
ment implementing a Switching device to which the present 
invention is applied; 

0.026 FIG. 9 is a diagram which shows a reverse-direc 
tion current-voltage characteristic of a diode to which the 
present invention is applied; 

0027 FIGS. 10(a) and 10(b) are diagrams which show 
device Structures of a diode to which the present invention 
is applied; 

0028 FIG. 11 is a diagram which shows a reverse 
direction current-Voltage characteristic of a diode with a 
structure shown in FIGS. 10(a) and 10(b); 
0029 FIG. 12 is a circuit diagram of an embodiment 
implementing an actual application circuit to which the 
present invention is applied; 

0030 FIG. 13 is a waveform diagram showing Switching 
waveforms of currents and Voltages appearing at a variety of 
locations in the circuit shown in FIG. 12; 

0.031 FIG. 14 is a schematic perspective view of an 
embodiment implementing a diode in accordance with the 
present invention; 

0.032 FIG. 15 is a schematic perspective view of another 
different embodiment implementing a diode in accordance 
with the present invention; 

0.033 FIG. 16 is a schematic perspective view of a still 
other different embodiment implementing a diode in accor 
dance with the present invention; 
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0034 FIG. 17 is a schematic perspective view of a still 
further different embodiment implementing a diode in accor 
dance with the present invention; 
0035 FIG. 18 is a schematic perspective view of a still 
further different embodiment implementing a diode in accor 
dance with the present invention; 
0.036 FIGS. 19(a) to 19(c) are diagrams which show 
plane patterns on the cathode-electrode Side of a diode 
provided by the present invention; 
0037 FIGS. 20(a) and 20(b) are diagrammatic views 
showing another insulated gate bipolar transistor and diode 
to which the present invention is applied, respectively; 

0038 FIG. 21 is a circuit diagram which shows an 
embodiment implementing the circuit shown in FIG.3(a) as 
an inverter circuit; 

0039 FIG. 22(a) is a circuit diagram which shows an 
embodiment implementing the circuit shown in FIG. 5 as an 
inverter circuit and FIGS. 22(b), 22(c) and 22(d) are circuit 
diagrams which show components of the circuit of FIG. 
22(a); 
0040 FIGS. 23(a) to 23(c) are circuit diagrams which 
show an embodiment applying the circuit shown in FIG. 6 
to an inverter circuit. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0041 FIGS. 1 to 4 are used for explaining embodiments 
provided by the present invention. FIG. 1 shows a current 
Voltage characteristic in a current blocking State of a Semi 
conductor device or a Semiconductor circuit provided by the 
present invention. FIG. 2(a) shows an embodiment of a 
circuit provided by the present invention. FIG. 2(b) shows 
waveforms of currents and Voltages appearing at a variety of 
locations in the circuit shown in FIG.2(a). FIG.3(a) shows 
another embodiment of a circuit provided by the present 
invention. FIG. 3(b) shows waveforms of currents and 
Voltages appearing at a variety of locations in the circuit 
shown in FIG.3(a). FIGS. 4(a) to 4(c) are circuit diagrams 
used for explaining effects provided by the present inven 
tion. 

0042. Notation V shown in FIG. 1 is a voltage at which 
a current Starts to flow in a current blocking State. Notation 
V is a voltage at which the current Starts to increase 
abruptly. Notation D. shown in FIG. 2(a) is a diode exhib 
iting a current-voltage characteristic provided by the present 
invention, whereas notation IGBT denotes a typical Switch 
ing device having a current-Voltage characteristic provided 
by the present invention. Notation El is a direct-current 
power Supply. Notations L and L. denote a parasitic 
inductance of a wire and the like and the inductance of a 
load, respectively. Notations denoting currents and Voltages 
used in FIG. 2(b) are the same as those shown in FIG.2(a). 
0043 First of all, the fact that the current-voltage char 
acteristic shown in FIG. 1 suppresses vibration of the 
current and Voltage as well as avoids an excessively large 
voltage will be explained by referring to FIG. 2(a). 
0044) When the IGBT which functions as a Switching 
device is put in an off State by the gate Signal V, the current 
flowing through the IGBT decreases abruptly. However, the 
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current which has been flowing through the Switching device 
IGBT is also flowing through a wire and the like having the 
parasitic inductance LL and a load having the inductance LM 
and, thus, can not decrease abruptly. Since the flywheel 
diode D is connected in parallel to the load having the 
inductance L the current that has been flowing through the 
load having the inductance LM continues to flow now 
through the flywheel diode D as a current I. Since, at that 
time, the current I flows through the flywheel diode D as 
a forward-direction current, the Voltage between the main 
electrodes of the load having the inductance LM has a low 
value in the order of a few volts. 

0.045. On the other hand, since the current that has been 
flowing through the wire and the like having the parasitic 
inductance L is abruptly cut off by the Switching device 
IGBT, the collector voltage of the Switching device IGBT 
increases. Because the Switching device IGBT has a current 
Voltage characteristic in a current blocking State like the one 
shown in FIG. 1, however, a current starts to flow gradually 
through the Switching device IGBT as the collector voltage 
V exceeds the Voltage value V. AS a result, the collector 
Voltage VC increaseS while gradually reducing its rate of 
increase. AS is obvious from the current-voltage character 
istic shown in FIG. 1, the Switching device IGBT exhibits 
a rather large differential resistance for collector-Voltage 
values greater than or equal to the Voltage value V which 
differential resistance expends energy accumulated in the 
parasitic inductance LL. 

0046) When the differential resistance can not afford to 
uSe up all of the energy accumulated in the parasitic induc 
tance L, the collector Voltage V increases further. AS the 
collector V exceeds the Voltage value V, the current 
flowing through the Switching device IGBT abruptly 
increases at a rate greater than the rate prevailing So far, 
preventing the collector Voltage V from further increasing 
due to the effect of the parasitic inductance L. After 
Sustaining this state for a while, the collector Voltage V 
Starts to decrease. AS the collector Voltage V falls to a value 
Smaller than the voltage value V, the energy accumulated in 
the parasitic inductance L is consumed by the differential 
resistance for values of the collector Voltage V between the 
voltages V and V, causing the collector Voltage V to 
decrease gradually. 

0047 As described above, in the case of a Switching 
device having a current-Voltage characteristic like the one 
shown in FIG. 1, energy accumulated in the parasitic 
inductance L is consumed by the differential resistance for 
values of the collector Voltage V between the Voltage 
values V and V. As a result, unlike the conventional 
Switching device, electromagnetic noise is by no means 
generated by oscillation of the current and Voltage. On the 
top of that, Since the collector Voltage V is Suppressed to a 
value in close proximity to the Voltage value V, the 
Switching device IGBT itself and circuit components con 
nected in parallel thereto can thus be prevented from being 
damaged by an excessively large Voltage. 

0.048 When a gate signal V puts the Switching device 
IGBT in a conductive state, the current that has been flowing 
through the flywheel diode D Starts to decrease and, finally, 
a current flows in a negative direction, that is, from a cathode 
K to an anode A of the flywheel diode D. This negative 
current flow is attributed to movement of carriers accumu 
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lated in the diode DF. As the number of carriers decreases, 
the absolute value of the negative current also starts to 
decrease to Zero. Since this current also flows through the 
wire and the like having the parasitic inductance L, the 
reverse-direction voltage V (or the Voltage in a current 
blocking direction) of the diode D increases with the 
decrease in absolute value of the current. AS the reverse 
direction Voltage V reaches the Voltage value V, a current 
Starts to flow, gradually reducing the rate of increase in V, 
the reverse-direction Voltage. 
0049. The relation between the current and the voltage of 
the diode D that prevails thereafter is the same as that of the 
Switching device IGBT so that there is no need to repeat the 
explanation here. As a result, also in the case of the flywheel 
diode D, electromagnetic noise is by no means generated 
by vibration of the current and voltage. Further, the flywheel 
diode D itself and 
0050 circuit components connected in parallel thereto 
can thus be prevented from being damaged by an exces 
Sively large Voltage. 

0051 Next, another embodiment will be explained by 
referring to FIG.3(a) and FIG.3(b). Here, the operation of 
a Snubber circuit to which the present invention is applied 
will be explained. During a period from a point of time t to 
a point of time t in which the Voltage V of the gate of the 
switching device IGBT is reduced to OV, a current I that has 
been flowing through the Switching device IGBT is decreas 
ing, as shown in FIG. 3(b). Since the current I is also 
flowing through the wire and the like having the parasitic 
inductance Las well as through an external load having the 
inductance LM, however, the current I can not decrease 
abruptly. As a result, a current Is flows through an induc 
tance Ls and a diode Ds, which form a detour, precharging 
the capacitor Cs. At the point of time t, at which the current 
I becomes Zero, a current I that was initially flowing 
through the Switching device IGBT now flows through the 
detour as the current Is. Therefore, at the point of time t, 
the magnitude of the current Is is equal to the current IM. 
Since the current IDs precharges the capacitor Cs, on the 
other hand, a Voltage V between the terminals of the 
Switching device IGBT increases gradually. 
0.052 At a point of time t, at which the terminal voltage 
V reaches the Voltage E1 of the power Supply, the diode D 
connected in parallel to the inductance load LM is turned on, 
causing the current Is which has been flowing through the 
Snubber diode Ds to Start to decrease. However, the current 
Is can not decrease abruptly due to the effect of the 
parasitic inductance L and the inductance Ls of a wire of 
the Snubber circuit. As a result, the current Is keeps flowing 
while decreasing in magnitude. For this reason, the Voltage 
between the terminals of the capacitor Cs and the Voltage 
V, between the terminals of the switching device IGBT 
exceed the Voltage E1 of the power Supply. 
0053 At a point of time t, at which the current Is 
becomes Zero, the Voltage of the capacitor Cs is higher than 
the Voltage E1 of the power Supply, causing a current to flow 
from the capacitor Cs to the power Supply. As a result, a 
voltage is applied to the diode Ds in the reverse direction. 
During a conductive State, carriers are accumulated in the 
diode Ds. The carriers are, however, Swept out as a reverse 
direction current. The reverse-direction current flows, 
increasing the magnitude thereof. At a point of time ts, the 
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number of carriers in the diode Ds has decreased, creating a 
depletion layer in the diode Ds. As a result, the reverse 
direction current flowing through the diode Ds Stops increas 
ing, and Starts to decrease abruptly. 

0054. At that time, the more abrupt the decrease in 
reverse-direction current, the more the potential of the anode 
A of the diode Ds is pulled down by the inductances Land 
Ls. That is to say, the reverse-direction voltage (the Voltage 
in the current blocking direction) Vs of the diode Ds 
increases. AS the Voltage Vs reaches the Voltage value V, 
a current Starts to flow, reducing the rate of increase in 
reverse-direction Voltage Vs gradually. The relation 
between the reverse-direction current and the reverse-direc 
tion Voltage of the diode Ds that prevails thereafter is the 
same as that of the Switching device IGBT so that there is no 
need to repeat the explanation here. As a result, also in the 
case of the Snubber diode Ds, electromagnetic noise is by no 
means generated by oscillation of the current and Voltage. 
Moreover, the snubber diode Ds itself and circuit compo 
nents connected in parallel thereto can be prevented from 
being damaged by an excessively large Voltage. 

0.055 The differential resistance for blocking-direction 
Voltages between the first and Second Voltage values plays a 
role of absorbing energy accumulated in the parasitic induc 
tance, whereas the Smaller differential resistance for block 
ing-direction Voltages above the Second Voltage value V2 
plays a role of limiting a further increase in Voltage. In the 
case of the present embodiment, however, it is not always 
necessary to provide the Second Voltage value and to reduce 
the differential resistance for blocking-direction Voltages 
above the Second Voltage value. In the case of a circuit 
comprising elements which can well Stand against a break 
down voltage, for example, it is not necessary to provide a 
means for limiting the increase in Voltage and, thus, it is not 
always necessary to reduce the differential resistance for 
blocking-direction Voltages higher than the Second Voltage 
value. 

0056 Since the differential resistance for blocking-direc 
tion Voltages higher than the first voltage value absorbs 
energy accumulated in the parasitic inductance, it is most 
desirable to Set the differential resistance at a value that can 
well Suppress vibration of the Voltage and current. Next, the 
most desirable value of the differential resistance for block 
ing-direction Voltages higher than the first voltage value will 
be explained by referring to FIG. 4(a) through FIG. 4(d). 
0057 For example, when the switching device IGBT is 
turned off, it equivalently appears as a capacitor. The oscil 
lation of the Voltage and current results from a resonance 
phenomenon caused by the parasitic inductance L of the 
wire and the like and the equivalent capacitance of the 
turned-off Switching device IGBT. Typically, the Switching 
device IGBT is made of a semiconductor and when a 
depletion layer widens inside the Switching device, the 
circuit current is cut off. With the depletion layer widened, 
the Switching device IGBT functions as a capacitor which 
causes a resonance phenomenon along with the inductance 
existing in the circuit. Thus, in order to prevent the reso 
nance phenomenon from occurring, it is necessary to pro 
vide a resistive component while the inductance is accumu 
lating energy So that the Switching device IGBT does not 
fully function as a capacitor. The current-Voltage character 
istic of the present invention shown in FIG. 1 addresses this 
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problem, indicating that the Switching element IGBT has a 
resistive component at blocking-direction Voltages higher 
than the first voltage value V. 
0058. In the semiconductor circuit shown in FIG. 4(a), 
there are three circuit loops that give rise to resonance 
phenomena. The first circuit loop causes a resonance phe 
nomenon when the Switching device IGBT transits from an 
on State to an off State. This first circuit loop comprises the 
power Supply E1, the parasitic inductance L, the flywheel 
diode D that does not produce a Voltage drop, the load 
inductance L and the Switching device IGBT. This first 
circuit loop can be represented by an equivalent circuit like 
the one shown in FIG. 4(b). As is shown in the figure, the 
equivalent circuit does not include the power Supply E1 
because the power Supply E1 does not have an effect on a 
high-frequency oscillation phenomenon, Such as resonance. 
Notation R shown in the figure denotes the resistance of the 
wire, whereas notation R is the resistive component for 
blocking-direction Voltages higher than the first voltage 
value V. In this way, the resistance R is connected in 
parallel to the capacitor C inherently existing in the Switch 
ing device IGBT. The resistance R absorbs energy accumu 
lated in the parasitic inductance L, playing a role of 
Suppressing vibration of the current and Voltage. 
0059. The second circuit loop gives rise to a resonance 
phenomenon when the Switching device IGBT transits from 
an off state to an on state. At that time, the flywheel diode 
D exhibits a recovery characteristic. eventually appearing 
as a capacitor which causes a resonance phenomenon in 
conjunction with the parasitic inductance L. This second 
circuit loop comprises the power Supply E1, the parasitic 
inductance L, the flywheel diode D and the Switching 
device IGBT. This second circuit loop can be represented by 
an equivalent circuit like the one shown in FIG. 4(c). As is 
shown in the figure, the Second circuit loop comprises the 
parasitic inductance L, a capacitance C which the fly 
wheel diode D inherently has, a differential resistance R 
which the flywheel diode D has for blocking-direction 
Voltages higher than the first voltage V and a resistance R 
of the wire and the Switching device IGBT. Also, in the case 
of the Second circuit loop, its equivalent circuit shown in 
FIG. 4(c) has exactly the same configuration as that shown 
in FIG. 4(b). The differential resistance R developed for 
blocking-direction Voltages higher than the first voltage 
value Suppresses oscillation of the current and Voltage. 
0060. The third circuit loop gives rise to a resonance 
phenomenon produced by the Snubber circuit after Some 
time has lapsed since the transition of the Switching device 
IGBT from an on state to an off state. After Some time has 
lapsed since the turning-off of the Switching device IGBT, 
the Voltage of the Snubber capacitor Cs becomes higher than 
the voltage E1 of the power supply due to the effects of the 
parasitic inductance L and a parasitic inductance Ls of the 
Snubber circuit. As a result, a current starts to flow from the 
Snubber capacitor Cs to the power Supply via the Snubber 
diode Ds, causing the Snubber diode Ds to eventually appear 
as a capacitor which causes a resonance phenomenon in 
conjunction with the parasitic inductances L and Ls. AS 
shown in FIG. 4(a), the snubber circuit includes the snubber 
resistor Rs and the Snubber capacitor Cs. Since a parasitic 
inductance L is connected in Series to the Snubber resistor 
Rs, however, the Snubber resistor Rs is not included in the 
equivalent circuit due to the fact that the impedance of the 
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inductance L is large for the resonance phenomenon. In 
addition, being much larger than the capacitance of an 
ordinary snubber diode, normally 1,000 to 10,000 times as 
much, the Snubber capacitor Cs is also excluded from the 
equivalent circuit as well. 

0061 For the reasons described above, a circuit shown in 
FIG. 4(d) is obtained as an equivalent circuit of the third 
circuit loop. Notation R shown in the figure denotes the 
parasitic resistance of the Wire and the Snubber capacitor, 
whereas reference notation Cs is the capacitance that the 
Snubber diode Ds inherently has. Notation Rs is a differ 
ential resistance for blocking-direction Voltages higher than 
the first voltage value. Notation Ls is the parasitic induc 
tance and also includes the parasitic inductance L. Much 
like the equivalent circuit shown in FIG. 4(d), the differen 
tial resistance Rs developed for blocking-direction volt 
ages higher than the first Voltage value V also Suppresses 
oscillation of the current and Voltage. 
0.062 Next, both the existence of the differential resistors 
R, R, and Rs for Suppressing the resonance phenomena 
generated by the parasitic inductances and a range of most 
effective values of the differential resistorS R, R and Rs 
for Suppressing the oscillation will be explained. The expla 
nation is given with reference to FIG. 4(b). 
0.063. The differential resistance R for blocking-direction 
Voltages higher than the first voltage value exhibits an effect 
of Suppressing a resonance phenomenon when the differen 
tial resistance R has a value Smaller than the impedance of 
the capacitor C that the Switching device IGBT basically 
includes. That is to Say, when () is the resonance frequency 
of the equivalent circuit shown in FIG. 4(b), the following 
equation can be established: 

0.064 On the other hand, in the range where the value of 
the differential resistance R is Smaller than the electrical 
resistance R of the wire, the effect of the differential resis 
tance R on the Suppression of the resonance phenomenon is 
also Smaller than that of the electrical resistance R. It is thus 
necessary to have a differential resistance R with a value 
greater than the electrical resistance R. For these reasons, in 
order to effectively Suppress the resonance phenomenon, it 
is necessary to have a differential resistance R with a value 
Set in the following equation: 

Rs Rs1fo)C (Exp. 2) 

0065. An actual value of the resonance frequency () is 
found from FIG. 4(b). Since the resonance frequency () 
determines the upper limit of the differential resistance Ri, 
the electrical resistance R of the wire can be ignored in 
finding the resonance frequency (). That is to Say, the value 
of the resonance frequency () is found by Solving the 
following differential equations: 

(Exp. 3) 
(Exp. 4) 

0.066 Solving the above differential equations yields a 
resonance frequency () expressed by the following equation: 

()=1/(LLC)-(1.f4){1/(RC)}'' (Exp. 5) 
0067 Substituting the above expression into Exp. 2 
results in a range of the differential resistor R as follows: 

RsRs (5/4)–(L/C)}'' (Exp. 6) 
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0068. As described above, the current-voltage character 
istic shown in FIG. 1 is effective in the suppression of the 
resonance phenomenon. Next, an embodiment for imple 
menting the current-Voltage characteristic shown in FIG. 1 
will be explained in concrete terms as follows. 
0069 FIG. 5 shows a semiconductor circuit employing a 
Switching device IGBT, which circuit exhibits the current 
voltage characteristic, shown in FIG. 1. As shown in FIG. 
5, the Semiconductor circuit includes the Switching device 
IGBT and an overVoltage protection circuit connected to the 
Switching device IGBT. Even though the Switching device 
shown in the figure is an IGBT, in the case of this embodi 
ment, the Switching device does not have to be an IGBT 
Another Switching device that shows a Saturation character 
istic, such as a MOSFET, can also be employed as the 
Switching device as well. In this embodiment, the overvolt 
age protection circuit comprises avalanche diodes ZD1, ZD2 
and ZD3 and resistors R1 to R3. The avalanche diodes ZD1 
and ZD2 are Selected So as to Satisfy the conditions VSV, 
where V and V are the breakdown voltages of the ava 
lanche diodes ZD1 and ZD2, respectively. The avalanche 
diode ZD3 is incorporated to prevent a high Voltage from 
being applied to the gate electrode of the Switching device 
IGBT. The breakdown voltage of the avalanche diode ZD3 
is Set at a value lower than the withstand Voltage between the 
gate and emitter electrodes. In the case of a Switching device 
with a breakdown voltage in the range of Several hundreds 
to several thousands of volts, it is desirable to set the 
breakdown voltage of the avalanche diode ZD3 to a typical 
value in the order of 30V. 

0070 When a gate signal generated by a gate driving 
circuit goes below the threshold Voltage of the Switching 
device IGBT, the Switching device IGBT enters an off state, 
raising the collector Voltage Vc thereof. AS the collector 
voltage V of the Switching device IGBT becomes equal to 
the breakdown voltage value V of the avalanche diode ZD1, 
a current flows through the avalanche diode ZD1, raising the 
voltage V of a point Ashown in the figure. An adder outputs 
a Voltage equal to the Sum of the Voltage VA and the 
threshold voltage of the Switching device IGBT. The voltage 
output by the adder is applied to the Switching device IGBT 
through a buffer amplifier comprising a transistor and a 
diode. AS the collector Voltage V reaches the first voltage 
value V, a collector current starts to flow. It should be noted 
that the adder can be of any configuration. Typically, an 
adder employing a generally known operational amplifier is 
used. The transistor is employed for reducing the output 
impedance of the overVoltage protection circuit and for 
increasing the gate control power for controlling the Switch 
ing device IGBT. Another device can be used as a substitute 
for the transistor as long as the device has Sufficient control 
power. 

0071. In the embodiment provided by the present inven 
tion, the Voltage VA at the point A is determined by the ratio 
of the resistance of the resistor R1 to the resistance of the 
resistor R3 and has the relation as expressed by the follow 
ing equation: 

0073. Accordingly, the gate voltage V is given by Exp. 
8 as follows: 

(Exp. 7) 

where notation V is the collector Voltage. 
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0.074 What is indicated by the above equation is that, 
once the collector Voltage V has exceeded the first voltage 
value V, the rate of increase of the gate Voltage V of the 
Switching device IGBT can be controlled by varying a 
resistance ratio C. used in Exp. 7. In addition, Since the rate 
of increase of the gate Voltage V can be reduced by 
decreasing the resistance ratio C, the gate Voltage V by no 
means increases abruptly as is the case with the conventional 
dynamic clamping technique. The Saturated value I of the 
collector I is expressed by the following equation: 

Isa-g(Vg-Vin) (Exp. 9) 

0075 where notation g is a constant determined by the 
structure of the device. Substituting Exp. 8 into Exp. 9 
results in Exp. 10 as follows: 

=go. V. (Exp. 10) Icsat 

0.076. In the embodiment, the resistance ratio C. can be 
determined freely. By Setting the resistance ratio C. at a 
Sufficiently Small value, a collector current that gradually 
increases with the collector Voltage V can thus be obtained. 
0.077 As the collector voltage V further increases so that 
the Voltage applied to the avalanche diode ZD2 attains the 
breakdown Voltage value V2 thereof, the avalanche diode 
ZD2 enters a conductive State, raising the rate of increase of 
the Voltage VA at the point A. The Voltage VA which appears 
at the point A after the breakdown voltage value V is 
exceeded is expressed by the following equation: 

0078 Thus, the collector current IC is expressed by the 
following equation: 

0079 Since the relation C.s 3 always holds true for C. and 
B, which are determined by the resistance ratioS, the rate of 
increase of the collector current I for collector Voltages 
higher than the breakdown voltage V is greater than the rate 
of increase for collector Voltages between the first and 
Second Voltage values V and V. As a result, the Voltage 
current characteristic of FIG. 1 can be realized. It should be 
noted that, even though the circuit shown in FIG. 5 does not 
include a Snubber circuit, a circuit configuration incorporat 
ing a Snubber circuit will also work as well without giving 
rise to any problems. 

0080 FIG. 6(a) and FIGS. 6(c) through 6(e) show 
embodiments of circuits employing diodes and a Switching 
device which circuits can be used for implementing the 
current-voltage characteristic depicted in FIG. 1. The diode 
circuits shown in FIGS. 6(a), 6(c) and 6(d) can be used as 
a diode for obtaining the current-Voltage characteristic 
shown in FIG. 1, whereas the circuit of FIG. 6(e), which 
comprises an ordinary IGBT and one of the diode circuits 
connected in parallel to the IGBT, can Serve as a Switching 
device for obtaining the current-Voltage characteristic 
shown in FIG. 1. 

(Exp. 11) 

(Exp. 12) 

0081. An embodiment with a configuration comprising 
avalanche diodes ZD61 and ZD62 and a resistor R61 is 
shown in FIG. 6(a), whereas a current-voltage characteristic 
between terminals A and B of the embodiment is shown in 
FIG. 6(b). The avalanche breakdown voltage of the ava 
lanche diode ZD61 is set at the first voltage value V. while 
the avalanche breakdown Voltage of the avalanche diode 
ZD62 is set at the second voltage value V. When the 
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voltage V between the terminals A and B reaches the first 
voltage value V, a current flows through the avalanche 
diode ZD61. Since the current experiences the resistance of 
the resistor R61, the rate of increase of the current I between 
the terminals A and B is moderate. When the voltage V 
between the terminals A and B further increases, attaining 
the Second Voltage value V, a current flows through the 
avalanche diode ZD62. At that time the current I abruptly 
increases. In this way, the circuit shown in FIG. 6(a) also 
results in the same current-Voltage characteristic as the one 
shown in FIG.1. The operation of the circuit shown in FIG. 
6(c) should be apparent, and So it is omitted here. It should 
be noted. however, that the circuit shown in FIG. 6(c) also 
provides a current-Voltage characteristic Similar to the one 
shown in FIG. 6(b). 
0082 In addition, the differential resistance for blocking 
direction Voltages greater than the Second Voltage value V2 
can have any value greater than Zero as long as the value is 
Smaller than the differential resistance for blocking-direction 
voltages between the first and Second Voltage values V and 
V. Such differential resistances can be implemented typi 
cally by the circuit shown in FIG. 6(d). It is required, 
however, that the resistance of a resistor R61 be equal to or 
greater than the resistance of a resistor R62. In addition, a 
modified configuration of the circuit shown in FIG. 6(d) in 
which the anode terminal of the avalanche diode ZD62 is 
connected to the junction point between the resistor R61 and 
the avalanche diode ZD61 will also work as well. On the top 
of that, it is needless to Say that any of these circuits, each 
having a configuration comprising resistors and diodes, can 
be connected in parallel to another device or circuit, Such as 
a Switching device like an IGBT or a diode, to form a 
parallel circuit configuration like the one shown in FIG. 
6(e), which parallel circuit configuration will also work as 
well. 

0083. The current-voltage characteristic shown in FIG. 1 
can also be implemented in the Structure of a Semiconductor 
device itself, Such as a Switching device or a diode. An 
embodiment of Such a semiconductor device will be 
described with reference to FIG. 7(a) and FIG. 7(b). An 
IGBT serving as a Switching device to which the present 
invention is applied is shown in FIG. 7(a). FIG. 7(b) is a 
diagram used for explaining the operation of the IGBT 
shown in FIG. 7(a). In the case of the present IGBT, a 
So-called collector-short Structure is adopted on the collector 
Side. 

0084. When a positive voltage is applied to a collector 
electrode 78 of the IGBT with the gate voltage set at a value 
lower than the threshold voltage, a depletion layer 791 
widens from a junction J1 between a P" conductivity type 
semiconductor region 75 and an N conductivity type semi 
conductor layer 79 toward the collector electrode 78. Since 
the P conductivity type semiconductor layer 77 is protrud 
ing more than the N conductivity type Semiconductor layer 
76 is, the depletion layer 791 reaches the P conductivity 
type semiconductor layer 77 first. As the depletion layer 791 
reaches the P conductivity type semiconductor layer 77 of 
the collector electrode 78, holes 792 start to flow from the 
P" conductivity type semiconductor layer 77 to an emitter 
electrode 73. That is to say, at a voltage value V at which 
the depletion layer 791 reaches the P' conductivity type 
semiconductor layer 77, a current starts to flow. 
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0085. When the collector voltage is further increased, the 
number of holes injected from the P conductivity type 
Semiconductor layer increases, raising the collector current 
little by little. Since the holes 792 create electrons and holes 
at a location in close proximity to the junction J1 in the 
depletion layer where the electric field has a maximum 
intensity, the created electrons and holes further generate 
electrons and holes in the depletion layer as the number of 
holes 792 reaches a certain value. As a result, the number of 
electrons and holes increases abruptly, giving rise to a 
So-called avalanche breakdown The collector Voltage at 
which the avalanche breakdown occurs is the Voltage V. 
0.086. In this way, with the present embodiment, the 
current-voltage characteristic shown in FIG. 1 can also be 
obtained as well, allowing the use of a device provided by 
the present invention to SuppreSS the occurrence of a reso 
nance phenomenon of the current and Voltage and to prevent 
an excessively large Voltage from being generated. It should 
be noted that the layers 74 and 76 are N conductivity type 
layers, as described above, while reference numeral 72 is an 
isolation film made of silicon oxide or the like. 

0.087 Another embodiment of the Switching device pro 
vided by the present invention is shown in FIG.8. Much like 
the embodiment shown in FIG. 7(a), the present embodi 
ment also has a anode-Short Structure identical with that 
shown in FIG. 7(a). In the case of this device. when a 
Voltage higher than the threshold Voltage is applied to a gate 
electrode 83, an N conductivity type semiconductor layer 
841, an N conductivity type semiconductor layer 842, an 
N" conductivity type semiconductor layer 843 and an N 
conductivity type semiconductor layer 89 are linked by an in 
type inversion layer, causing electrons to be injected from 
the N conductivity type semiconductor layer 843 and holes 
to be injected from a P" conductivity type semiconductor 
layer 87 to the N conductivity type semiconductor layer 89. 
In this State, a turn-on operation is carried out. AS the Voltage 
applied to the gate electrode 83 is reduced to a level lower 
than the threshold Voltage, on the other hand, the n-type 
inversion layer is closed, halting the injection of electrons 
and holes at the Same time. In this State, the Switching device 
8 is turned off. 

0088. By the way, when the Switching device 8 imple 
mented by the present embodiment is in an off State, 
applying a positive Voltage to an anode electrode 88 will 
cause a depletion layer to widen from a junction.J82 between 
a P" conductivity type semiconductor layer 85 and an N 
conductivity type semiconductor layer 89 and a junction J81 
between a P" conductivity type semiconductor layer 82 and 
an N conductivity type semiconductor layer 89 toward the 
anode electrode 88. As the depletion layer reaches a P" 
conductivity type Semiconductor layer 87, holes are injected 
toward a cathode electrode 832. The number of injected 
holes increases with an increase in anode Voltage. That is to 
Say, the anode current increases with an increase in anode 
Voltage. AS the anode Voltage reaches the Voltage value V, 
an avalanche breakdown occurs due to the injected holes at 
a location in close proximity to the junction J81 as is the case 
with the embodiment shown in FIG. 7(a). As a result, the 
anode current increases abruptly. In this way, with the 
present embodiment, the current-Voltage characteristic 
shown in FIG. 1 can also be obtained as well, allowing the 
use of the device implemented by the present embodiment to 
SuppreSS the occurrence of a resonance phenomenon of the 
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current and Voltage and to prevent an excessively large 
Voltage from being generated. 
0089 FIGS. 9 to 13 are views used for explaining 
embodiments provided by the present invention. FIG. 9 
shows a reverse-bias range of a diode in which the present 
invention is implemented. FIG. 10(a) shows a cross-sec 
tional Structure of a diode implemented by an embodiment 
in accordance with the present invention. FIG. 10(b) is a 
diagram which shows a croSS-Sectional Structure of the diode 
shown in FIG. 10(a), which diagram is used for explaining 
the operation of the diode. FIG. 11 shows a typical calcu 
lation result of the reverse-direction current-Voltage charac 
teristic exhibited by the diode shown in FIGS. 10(a) and 
10(b). FIG. 12 shows a circuit in which the present inven 
tion is implemented. FIG. 13 shows current and voltage 
waveforms appearing at a variety of locations in the circuit 
shown in FIG. 12. Notation V shown in FIG. 9 is a 
reverse-direction Voltage at which a depletion layer 28 in the 
diode shown in FIGS. 10(a) and 10(b) punches through a p" 
conductivity type Semiconductor layer 25 whereas notation 
V denotes a reverse-direction Voltage at which an ava 
lanche-breakdown phenomenon occurs in the diode due to a 
hole current 29. Reference numeral 2 in FIG. 10(a) gener 
ally designates an embodiment implementing a diode in 
accordance with the present invention. Reference numerals 
27 and 22 are an in conductivity type Semiconductor layer 
and a p" conductivity type Semiconductor layer also referred 
to hereafter as 1st and 2nd Semiconductor layers, respec 
tively. Reference numeral 23 is a p conductivity type 
Semiconductor layer. Reference numerals 24 and 25 are an 
n" conductivity type semiconductor layer and a p" conduc 
tivity type Semiconductor layer also referred to hereafter as 
4th and 3rd Semiconductor layers, respectively. Reference 
numerals 21 and 26 are anode and cathode electrodes also 
referred to hereafter as 1st and 2nd main electrodes, respec 
tively. In addition, reference numerals 28 and 29 shown in 
FIG. 10(b) are a depletion layer and a hole current caused 
by a punch-through, respectively. Notation E1 shown in 
FIG. 12 denotes a direct-current power Supply, whereas 
notations L and Ls are inductances of wires and the like. 
Notation L is the inductance of a load, Such as a motor and 
the like, while notation Rs denotes a resistor. Notation Cs is 
a capacitor whereas the notation IGBT (Isolated Gate Bipo 
lar Transistor) designates a typical Switching device. Nota 
tions D and Ds are diodes having a structure shown in 
FIGS. 10(a) and 10(b). Notations denoting currents and 
Voltages used in FIG. 13 designate the same currents and 
voltages as those shown in FIG. 12. 
0090. In the present embodiments, a soft recovery char 
acteristic is obtained because the diode has a reverse 
direction current-voltage characteristic, as shown in FIG. 9, 
as will be described later. However, prior to the explanation 
of embodiments provided by the present invention, descrip 
tion will first be given of a diode with a structure shown in 
FIGS. 10(a) and 10(b) has a reverse-direction current 
voltage characteristic as shown in FIG. 9. 
0091. When a voltage is applied to the diode shown in 
FIGS. 10(a) and 10(b) in the reverse direction, that is, when 
the anode and cathode electrodes 21 and 26 are Set at 
negative and positive potentials, respectively, the depletion 
layer 28 widens from a junction J1 between the n-conduc 
tivity type semiconductor layer 27 and the p" conductivity 
type Semiconductor layer 22. In the Structure shown in 



US 2004/0056702 A1 

FIGS. 10(a) and 10(b), it is assumed that the impurity 
concentration of the n conductivity type Semiconductor 
layer 27 is sufficiently small in comparison with that of the 
p" conductivity type Semiconductor layer 22 to cause the 
depletion layer 28 to widen to the n conductivity type 
semiconductor layer 27. Since the width of the depletion 
layer 28 increases with the Voltage applied in the reverse 
direction, applying a Sufficiently large Voltage in the reverse 
direction will cause the depletion layer 28 to reach a junction 
J2 between the n conductivity type semiconductor layer 27 
and the p" conductivity type semiconductor layer 25. As the 
depletion layer 28 reaches the junction J2, a hole current 29 
from the p" conductivity type semiconductor layer 25 starts 
to flow in the depletion layer 28 because a positive Voltage 
relative to the anode electrode 21 is applied to the cathode 
electrode 26. The Voltage applied in the reverse direction at 
that time is denoted by notation V in FIG. 9. As the voltage 
applied in the reverse direction is further raised, the mag 
nitude of the flowing hole current 29 increases with an 
electric field in the depletion layer 28, causing the reverse 
direction current to rise gradually. The hole current 29 
generates electrons and holes at a location in close proximity 
to the junction J1 having the Strongest electric field in the 
depletion layer 28. The generated electrons and holes further 
generate electrons and holes in the depletion layer 28 as the 
magnitude of the hole current 29 attains a certain value, 
causing the number of electrons and holes to increase 
abruptly in a phenomenon referred to as a So-called ava 
lanche breakdown. The Voltage at which this avalanche 
breakdown phenomenon occurs is denoted by notation Vs. 
In the case of a diode having a structure with neither the p" 
conductivity type Semiconductor layer 25 existing nor the 
So-called punch-through current flowing, only electrons and 
holes generated by thermal excitation in the depletion layer 
Serve as a trigger of the occurrence of an avalanche break 
down at a location in close proximity to the junction J1. 
Accordingly, the number of electrons and holes triggering 
the avalanche breakdown in Such a diode is much Smaller 
than that in the embodiment, requiring a stronger electric 
field for causing an avalanche breakdown. As a result, the 
reverse-direction Voltage causing an avalanche breakdown 
is higher than that for the diode with a structure including the 
p" conductivity type Semiconductor layer 25, as is shown in 
FIGS. 10(a) and 10(b). 
0092. In the case of the diode implemented by the 
embodiment, by driving the diode with a Voltage equal to or 
higher than the reverse-direction Voltage which causes the 
reverse-direction current to Start to flow due to a punch 
through, a Soft reverse recovery characteristic can be 
obtained. 

0093. The reverse-direction voltage V at which the 
punch-through current Starts to flow has to be equal to or 
lower than the avalanche-breakdown Voltage V of the 
junction J1 with no punch-through current flowing. This is 
because, for a reverse-direction Voltage V equal to or 
greater than the avalanche-breakdown voltage V, an 
avalanche-breakdown phenomenon would occur before a 
punch-through current flows. Next, a condition for a punch 
through Voltage V having a magnitude Smaller than that of 
the avalanche-breakdown voltage V will be described. 
0094 Since the electric field in the depletion layer 
becomes a maximum at a junction point on the junction J1, 
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the avalanche-breakdown voltage V is determined by the 
electric field e at this point, which is given by the following 
equation: 

0095 where notation q is the amount of electric charge of 
an electron, notation Q is the number of impurities per unit 
area in one of the depletion layers widening in two directions 
with the junction J1 taken as a center and notation e is the 
dielectric constant of the Semiconductor material. In the case 
of a diode having a structure like the one shown in FIGS. 
10(a) and 10(b), for example, the electric fielder when the 
depletion layer reaches the P conductivity type semicon 
ductor layer 25 is given by the following equation: 

0096 where notation Q is the number of impurities per 
unit area in the N conductivity type Semiconductor layer 
27. 

0097. In the case of a diode having a structure with no 
punch-through current flowing, on the other hand, an ava 
lanche-breakdown phenomenon occurs when the electric 
field at locations in close proximity to the junction J1 
reaches an electric field e, which gives rise to a normal 
avalanche breakdown. Accordingly, the current-Voltage 
characteristic shown in FIG. 9, wherein a punch-through 
current flows at a blocking-direction Voltage lower than the 
avalanche-breakdown voltage, is obtained when the electric 
fielder on the junction J1 expressed by Exp. 14 is Smaller 
than the avalanche-breakdown electric field e. The condi 
tion as expressed by the following equation is required: 

(Exp. 14) 

€p=q (QP)/essen (Exp. 15) 
0098. Accordingly, in order to make the punch-through 
Voltage VP lower than the avalanche-breakdown Voltage 
V, it is necessary to SuppreSS the number of impurities QP 
in the N- conduction type semiconductor layer 27 between 
the junctions J1 and J2, which may be satisfied with the 
following: 

Qps(e)(es)/q (Exp. 16) 

0099] In the case of silicon, e=3x10V/cm), e=1054x 
10° F/cm) and q=1.602x10' C). Substituting these 
values to Exp. 16 results in the following: 

Qs 1.974x10" (cm) (Exp. 17) 
0100. Accordingly, it is necessary for the number of 
impurities Q to Satisfy the above expression. 

0101. A typical calculation result of the reverse-direction 
current-voltage characteristic of the diode shown FIGS. 
10(a) and 10(b), which diode satisfies Exp. 17, is depicted 
in FIG. 11. As shown in FIG. 11, three regions are observed: 
(1) a region with no reverse-direction current flowing or a 
region with the voltage Vs in the range 0 to 2,300 V, (2) a 
region with a reverse-direction current gradually increasing 
or a region with the voltage VB in the range 2,300 to 3,300 
V and (3) a region with the reverse-direction current increas 
ing abruptly or a region with the Voltage V approximately 
equal to 3,300 V. The distance from the junction J1 to the 
junction J2 is 400 um and the impurity density of the NT 
conductivity type semiconductor layer 27 is 1.9x10" cm. 
The ratio of the area of the P conductivity type semicon 
ductor layer 25 to the area of the N conductivity type 
Semiconductor layer 24 is 1/2. In the case of a diode 
Satisfying these conditions, the number of impurities QP in 
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the N conductivity type semiconductor layer between the 
junctions J1 and J2 is given by the following: 

0103) In addition, the relationship in the above equations 
(13 to 17) is similarly established with respect to an IGBT, 
also, to which the present invention is applied. 

(Exp. 18) 

a value Satisfying Exp. 17 given above. 

0.104) Next, the present embodiment will be explained in 
more detail by referring to the circuit shown in FIG. 12 as 
well as the current and voltage waveforms shown in FIG. 
13. Here, the operation of a snubber circuit is explained. 
During a period from a point of time t1 to a point of time t 
in which the gate voltage V of a Switching device IGBT is 
reduced to 0 V, as shown in FIG. 13, a current I that has 
been flowing through the Switching device IGBT is decreas 
ing. However, the load current flowing through an external 
load, Such as a motor having the inductance L, can not 
decrease abruptly. As a result, a current Is flows through an 
inductance Ls and a diode Ds, precharging the capacitor Cs. 
At the point of time t at which the current I becomes Zero, 
a current IM that was initially flowing through the Switching 
device IGBT now flows through the detour as the current 
Is. Therefore, at the point of time t, the value of the current 
Is is equal to the current IM. Since the current Is pre 
charges the capacitor Cs, on the other hand, a Voltage Vo 
between the terminals of the Switching device IGBT 
increases gradually. 

0105. At a point of time t at which the terminal voltage 
V reaches the Voltage E1 of the power Supply, the diode D 
connected in parallel to the inductance load LM is turned on, 
causing the current IM which has been flowing through the 
Snubber diode Ds to Start to decrease. However, the current 
Is can not decrease abruptly due to the effect of the 
inductance Ls of the wire of the Snubber circuit. As a result, 
the current Is keeps flowing while decreasing in magni 
tude. For this reason, the Voltage between the terminals of 
the capacitor Cs and the Voltage V between the terminals 
of the Switching device IGBT exceed the voltage E1 of the 
power Supply. 

0106. At a point of time t at which the current Is 
becomes Zero, the Voltage of the capacitor Cs is higher than 
the Voltage E1 of the power Supply, causing a current to flow 
from the capacitor Cs to the power Supply. As a result, a 
Voltage is applied to the diode Ds in the reverse direction. 
During a conductive State, carriers are accumulated in the 
diode Ds. The carriers are, however, Swept out as a reverse 
direction current. The reverse-direction current flows with 
increasing magnitude. At a point of time t3, the number of 
carriers in the diode Ds has decreased, creating a depletion 
layer from the junction J1 shown in FIG. 10(a). As a result, 
the reverse-direction current flowing through the diode Ds 
Stops increasing, and Starts to decrease abruptly instead. At 
that time, the more abrupt the decrease in reverse-direction 
current, the more the potential of the anode A of the diode 
Ds is pulled down by the inductances L and Ls. That is to 
Say, the Voltage Vs between the terminals of the diode Ds 
Substantially Swings to the negative direction. The increase 
in inter-terminal Voltage Vs in the negative direction causes 
the current flowing through the diode Ds in the reverse 
direction to increase. AS the current flowing through the 
diode Ds in the reverse direction increases, however, the 
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reverse-direction Voltage decreases due to the effects of the 
inductances Ls and LM. When the current flowing through 
the diode Ds in the reverse direction decreases, on the other 
hand, the reverse-direction Voltage increases because of the 
effects of the inductances Ls and LM. In this way, a reso 
nance phenomenon occurs due to a combination of the 
inductances Ls and L and the capacitor. The resonance 
phenomenon becomes not only a Source of electromagnetic 
noise generation, but also becomes a cause of circuit mal 
function. In FIG. 13, the resonance phenomenon is shown 
by a dotted line. 
0107 The embodiment implementing a circuit in accor 
dance with the present invention shown in FIG. 12 is used 
for Suppressing the resonance phenomenon described above. 
The diode Ds shown in the figure has the structure shown in 
FIGS. 10(a) and 10(b) and is driven by a voltage Vs 
applied thereto in the reverse direction, which Voltage is 
higher than the punch-through Voltage V described above. 
At a point of time the reverse-direction Voltage Vs reaches 
the magnitude of the punch-through Voltage V, a punch 
through current flows as an reverse recovery current, Sup 
pressing an abrupt decrease in reverse recovery current. For 
this reason, an abrupt increase in Voltage Vs in the negative 
direction is not observed between the terminals of the diode 
Ds. As a result, no resonance phenomenon occurs due to the 
effects of inductances Ls and L, allowing a reverse recov 
ery characterized with no noise to be realized. 
0108. In addition, the present embodiment takes advan 
tage of the punch-through current, as is obvious from the 
explanation of the present embodiment. It is thus not nec 
essary to increase the thickness of a layer with a low 
impurity concentration in order to provide a carrier accu 
mulating region for the flow of the reverse recovery current. 
AS a result, the amount of loSS which is incurred when a 
current is flowing in the forward direction does not increase. 
0109) A description of a snubber diode DS as an example 
has been given. However, it is obvious that the present 
invention can also be applied to a flywheel diode D to 
obtain the same effects as the Snubber diode Ds. In this case, 
the present invention has an effect of Suppressing the reso 
nance phenomenon caused by a combination of the induc 
tance L and the flywheel diode D, which phenomenon 
would otherwise occur during a transition of the Switching 
device IGBT to an on state. 

0110. Another embodiment provided by the present 
invention is shown in FIG. 14. The diode shown in this 
figure has a Structure comprising a plurality of junction 
structures of FIGS. 10(a) and 10(b) combined with each 
other. The present diode is characterized in that the p" 
conductivity type semiconductor layer 25 on the side of the 
cathode electrode 26 is created more deeply in the n 
conductivity type Semiconductor layer than is the n' con 
ductivity type Semiconductor layer 24. As a result, the 
magnitude of the reverse-direction current for reverse-direc 
tion Voltages higher than the punch-through Voltage V, at 
which depletion layer reaches the p" conductivity type 
Semiconductor layer 25, is greater than that of a structure 
shown in FIG. 15 to be described later. 

0111. In the case of the present embodiment, a p" con 
ductivity type Semiconductor layer 22 with an impurity 
concentration higher than that of the n conductivity type 
Semiconductor layer 27 and a p conductivity type Semi 
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conductor layer 23 (a 5th semiconductor layer) with an 
impurity concentration lower than that of the p" conductivity 
type Semiconductor layer 22 are provided alternately on the 
anode Side to form alternating Stripes. The anode electrode 
21 is in ohmic contact with the p" conductivity type semi 
conductor layer 22, creating a Schottky barrier with the p 
conductivity type Semiconductor layer 23. In a Steady on 
State, the carrier concentration is reduced in a portion of the 
device facing the Schottky barrier. Since the amount of 
reverse recovery electric charge at recovery time is reduced 
thereby, the Switching operation of the diode is carried out 
at a higher speed. 
0112 Further, in a current blocking state, a depletion 
layer widening from a pn junction between the n conduc 
tivity type semiconductor layer 27 and the p" conductivity 
type Semiconductor layer 22 pinches at the n conductivity 
type semiconductor layer 27 right below the p conductivity 
type Semiconductor layer 23. Since the intensity of an 
electric field in the Schottky barrier is reduced thereby, the 
magnitude of the leakage current is decreased. On the other 
hand, an in conductivity type Semiconductor layer 24 with 
an impurity concentration higher than that of the n con 
ductivity type semiconductor layer 27 and a p" conductivity 
type Semiconductor layer 25 with an impurity concentration 
higher than that of the n conductivity type Semiconductor 
layer 27 are provided alternately on the cathode side to form 
alternating Stripes parallel to the Stripes created on the anode 
Side. In addition, Since the p" conductivity type semicon 
ductor layer 25 is located immediately beneath the p 
conductivity type Semiconductor layer 23, the distance from 
one of the Semiconductor layers to the other can be mini 
mized. For this reason, the forward-direction Voltage in a 
Steady on State becomes lower. 
0113 FIG. 15 shows a structure of a diode wherein the 
n" conductivity type semiconductor layer 24 created on the 
side of the cathode 26 is deeper than the p" conductivity type 
Semiconductor layer 25 created on the same Side. In general, 
it is more difficult to dope impurities at a high concentration 
to a p" conductivity type semiconductor than to an in 
conductivity type Semiconductor layer and it is thus easier to 
manufacture a structure wherein the p" conductivity type 
semiconductor layer 25 created on the side of the cathode 26 
is shallower than the n" conductivity type Semiconductor 
layer 24 created on the same side. Even if the diode with a 
structure shown in FIG. 15 is employed, a soft inverse 
recovery characteristic can be obtained by adopting the 
driving technique for the circuit shown in FIG. 12. 
0114 FIG. 16 shows the structure of another embodi 
ment implementing a diode in accordance with the present 
invention. In the case of the diodes shown in FIGS. 14 and 
15, a manufacturing process is required for creating the p" 
conductivity type semiconductor layer 25 on the side of the 
cathode 26. On the contrary, the diode with the structure 
shown in FIG. 16 has a characterizing feature in that a 
manufacturing process for creating the p" conductivity type 
Semiconductor layer 25 can be omitted. The characterizing 
feature will be explained in concrete terms as follows. The 
anode electrode 21 and the cathode electrode 26 of the diode 
are created from aluminum or a compound material com 
prising aluminum and Silicon. After the electrodes have been 
created, heat treatment at 400 to 500 C. is carried out in 
order to improve characteristics of electrical contact with 
Semiconductor regions. At that time, aluminum in the elec 
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trodes diffuses to the Semiconductor regions, creating a layer 
including the aluminum on each of the Surfaces of the 
Semiconductor regions. In Silicon, Since aluminum is an 
impurity of the p conductivity type, a region to which the 
aluminum has diffused becomes a Semiconductor region of 
the p conductivity type. For this reason, the p" conductivity 
type Semiconductor layer 25 can be created without adding 
a process for specially creating a p" conductivity type 
Semiconductor layer. The Semiconductor region of the p 
conductivity type created by the diffusion of the aluminum 
within the electrode is normally about 200 nm. Much like 
the embodiments described previously, the present embodi 
ment also exhibits a Soft inverse recovery characteristic as 
well. 

0.115. In addition, in the case of an embodiment wherein 
an in conductivity type Semiconductor layer 91 is provided 
on the side of the cathode electrode 26 of an in conductivity 
type semiconductor layer 27, as shown in FIG. 17, the same 
Soft reverse recovery characteristic as provided by the 
embodiments described previously can be exhibited if the 
number of impurities between the junctions J1 and J2 
Satisfies the condition expressed by Exp. (17). 
0116. In the case of the embodiments shown in FIGS. 14 
to 16, the punch-through voltage (that is, the Voltage V 
shown in FIG. 9) is adjusted mainly by varying the thick 
neSS of the n conductivity type Semiconductor layer 27, 
entailing variations in the forward direction Voltage. In the 
case of the present embodiment, on the other hand, the 
punch-through Voltage can be adjusted by varying the impu 
rity concentration or the thickness of the n conductivity type 
semiconductor layer 91 which has a relatively higher impu 
rity concentration than n conductivity type Semiconductor 
layer 27. In the case of the present embodiment variations in 
thickness of the n conductivity type Semiconductor layer 
required for the adjustment of the punch-through V are 
Small in comparison with the n conductivity type Semicon 
ductor layer for the Same amount of VP adjustment, resulting 
in Small variations in the forward direction Voltage. AS a 
result, a Soft reverse recovery characteristic can be obtained 
while keeping variations in the forward direction Voltage 
Small. 

0117 The diode implemented by the embodiment 
explained above has a structure comprising the p" conduc 
tivity type Semiconductor layer 22 and the p conductivity 
type Semiconductor layer 23 on the Side of the anode 
electrode 21. In order to obtain the effects given by the 
method of driving the circuit shown in FIG. 12, none the 
less, the Structure on the Side of the anode electrode 21 does 
not necessarily have to be similar to that in FIG. 17. entire 
Surface can be a p" conductivity type Semiconductor region 
81, as is shown in FIG. 18. In addition, for example, a n type 
Semiconductor region can be embedded in a p type Semi 
conductor layer on the anode-electrode Side. Furthermore, 
instead of the Structure on the cathode-electrode Side, 
wherein the entire Surface of the n conductivity type 
semiconductor layer 27 is covered by the n" conductivity 
type Semiconductor layer 24 and the p" conductivity type 
Semiconductor layer 25, a portion of the n conductivity type 
semiconductor layer 27 can be brought into contact with the 
cathode electrode 26. Furthermore, the niconductivity type 
Semiconductor layer 24 can be eliminated from the Structure 
described above. An important condition required in obtain 
ing a Soft reverse recovery characteristic by means of the 



US 2004/0056702 A1 

driving method implementing the present invention is for the 
diode to have a structure wherein a punch-through phenom 
enon occurs at a reverse-direction Voltage below a voltage 
which results in an avalanche breakdown, causing a punch 
through current to flow. 

0118 FIGS. 19(a) to 19(c) show a layout pattern of the p 
conductivity type semiconductor layer 25 and the n' con 
ductivity type Semiconductor layer 24 on the Side of the 
cathode electrode 26 of another embodiment implementing 
a diode in accordance with the present invention. FIG. 19(a) 
shows a structure wherein the p" conductivity type Semi 
conductor layer 25 and the n" conductivity type semicon 
ductor layer 24 are laid out to form stripes. FIG. 19(b) 
shows a structure wherein the p" conductivity type Semi 
conductor layer 25 encloses the n conductivity type semi 
conductor layer 24. FIG. 19(c) shows a structure wherein 
the n" conductivity type Semiconductor layer 24 encloses the 
p" conductivity type semiconductor layer 25. It is obvious 
from the figures that the Structure of an embodiment imple 
menting a diode in accordance with the present invention is 
not dependent on the relative layout of the p" conductivity 
type Semiconductor layer 25 and the n" conductivity type 
Semiconductor layer 24. Any Structure can be adopted as 
long as the p" conductivity type semiconductor layer 25 and 
the n" conductivity type Semiconductor layer 24 are brought 
into contact with the n conductivity type Semiconductor 
layer 27 and the cathode electrode. The rate of increase in 
current (that is, the current gradient) for reverse-direction 
voltages higher than the punch-through voltage V can be 
changed in accordance with a ratio of the area of the p" 
conductivity type Semiconductor layer 25 to the area of the 
n" conductivity type Semiconductor layer 24. The area ratio 
can be set at a value according to the objective of the 
application. 

0119 FIGS. 20(a) and 20(b) are views showing cross 
Sections of embodiments implementing devices in accor 
dance with the present invention. In each of the Semicon 
ductor devices described previously, the current flows in the 
top-down direction in the State shown in the figure. How 
ever, not only does the Scope of the present invention cover 
devices having Such a structure, but the present invention is 
also effective for a device in which the current flows in the 
horizontal direction as is shown in FIGS. 200a) and 20(b). 
FIGS. 20(a) and 20(b) show an IGBT 10 and a diode, 
respectively. 

0120) The IGBT 10 shown in FIG. 20(a) operates as 
follows. In order to turn on the IGBT 10, a positive voltage 
relative to an emitter electrode E, which Voltage has a 
magnitude greater than the threshold Voltage, is applied to 
the gate electrode G. At that time, the Surface of a p" 
conductivity type Semiconductor region 104 is inverted into 
the n type, connecting an in conductivity type Semiconduc 
tor region 102 to an N conductivity type semiconductor 
region 106. As a result, electrons flow from the n'conduc 
tivity type semiconductor region 102 to the N conductivity 
type semiconductor region 106. These electrons draw out 
holes from a P" conductivity type semiconductor region 105. 
The holes then flow to the emitter electrode E through the p" 
conductivity type Semiconductor region 104, putting the 
IGBT 10 in a turned-on State. In order to turn the IGBT 10 
off, a negative Voltage is applied to the gate electrode G. The 
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negative Voltage stops the injection of electrons from the n' 
type semiconductor region 102, causing the IGBT 10 to 
enter a turned-off State. 

0121 The device provided by the present invention is 
characterized in that the device includes an N conductivity 
type Semiconductor region 103 and, in an off State, a 
depletion layer widening from a junction J101 reaches the P' 
conductivity type Semiconductor region 105 at a voltage 
lower than the avalanche breakdown Voltage at a location in 
close proximity to the junction J101. That is to say, the 
number of impurities in the N conductivity type semicon 
ductor region 106 between the p conductivity type semi 
conductor region 104 and the P' conductivity type semi 
conductor region 105 satisfies Exp. 17. Since it is easy to 
understand that even an IGBT having Such a structure can 
exhibit the current-voltage characteristic shown in FIG. 1, 
detailed explanation is omitted. In brief, the Voltage at which 
the depletion layer reaches the junction J102 is the voltage 
value V and, at the Voltage value V, an avalanche-break 
down phenomenon occurs at a location in close proximity to 
the junction J101 due to holes injected from the P' conduc 
tivity type semiconductor region 105. 

0122 FIG. 20(a) shows a structure in which the P" 
conductivity type semiconductor region 105 is provided 
between the P conductivity type semiconductor region 104 
and the N conductivity type semiconductor region 103. 
However, the Scope of the present invention is not limited to 
Such an arrangement. The N conductivity type semicon 
ductor region 103 can be provided between the p"conduc 
tivity type semiconductor region 104 and the P' conductiv 
ity type semiconductor region 105. In addition, the structure 
shown in the figure can be designed so that the P"conduc 
tivity type Semiconductor region 105 has a deeper junction 
than the N" conductivity type semiconductor region 103. 
That is to say, the structure shown in FIG. 200a) can be 
designed So that the P conductivity type Semiconductor 
region 105 is closer to an N conductivity type semicon 
ductor region 108 than is the N“conductivity type semicon 
ductor region 103, which may be converse. In this case, the 
N conductivity type semiconductor region 106 through 
which the depletion layer widens is connected to the col 
lector electrode C by a lower resistance. As a result, the rate 
of increase in current for blocking-direction Voltages higher 
than the Voltage value V at which the depletion layer 
reaches the junction J102 is smaller than that of the structure 
shown in FIG.20(a), resulting in the differential resistance 
being increased. This implies that, by adjusting the relation 
between the junction depth of the P' conductivity type 
semiconductor region 105 and the junction depth of the 
N“conductivity type semiconductor region 103, the differ 
ential resistance for blocking-direction Voltages higher than 
the Voltage value V can be set at any arbitrary value, 
allowing a device with a differential resistance most Suitable 
for the configuration of an application circuit to be provided. 

0123. In addition, the region 107 shown in FIGS. 20(a) 
and 200b) is an electrical isolation region. If the N conduc 
tivity type semiconductor layer 106 is made sufficiently 
wider than the NT conductivity type Semiconductor region 
between the junctions J101 and J102, it is no longer neces 
Sary to provide this electrical isolation region. In this case, 
a region of the NT conductivity type Semiconductor layer 
106 on the side of the N conductivity type semiconductor 
layer 108 functions as an electrical isolation region. 
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0124. In a diode with a structure shown in FIG.20(b), a 
current flows in a forward direction through an anode 
electrode A, a P" conductivity type semiconductor region 
1012, a N conductivity type semiconductor region 1013, a 
N" conductivity type semiconductor region 1010 and a 
cathode electrode K. This diode provided by the present 
invention is characterized in that the diode includes a P" 
conductivity type semiconductor layer 1011 and, in an off 
State established by a positive Voltage relative to the anode 
electrode A applied to the cathode electrode K, a depletion 
layer widening from a junction J103 reaches the P' conduc 
tivity type Semiconductor region 1011 at a Voltage lower 
than the avalanche breakdown voltage at a location in close 
proximity to the junction J101 Also, in the case of this diode, 
the voltage at which the depletion layer reaches the P' 
conductivity type semiconductor layer 1011 is the voltage 
value V shown in FIG. 1 and, at the voltage value V, an 
avalanche-breakdown phenomenon occurs at a location in 
close proximity to the junction J103 due to holes injected 
from the p" conductivity type semiconductor region 1011 at 
a voltage higher than the Voltage value V. 

0.125. It should be noted that, as in the case of the diode 
having a structure shown in FIG.20(b), the junction depth 
of the P' conductivity type semiconductor region 1011 and 
the junction depth the N conductivity type semiconductor 
region 1010 are not prescribed by the relation shown in the 
figure. That is to say, the P conductivity type semiconductor 
region 1011 can be made deeper than the N conductivity 
type semiconductor region 1010. It is worth noting that, in 
this case, the effect on the blocking-direction current-voltage 
characteristic is the same as the case shown in FIG.20(a), 
making it unnecessary to repeat the explanation here. The 
region 1014 is an electrical isolation layer similar to the 
electrical isolation layer shown in FIG.20(a). 
0.126 FIG. 21 shows an embodiment which implements 
the circuit shown in FIG. 3(a) as an inverter circuit of a 
three-phase induction motor. AS shown in the figure, two 
IGBTS 11 and 12, each Serving as a Switching device, are 
connected to each other in Series for each phase of the 
three-phase induction motor. In addition, a flywheel diode 
D, is connected in parallel to each of the Switching devices. 
Furthermore, a So-called Snubber circuit S is connected also 
in parallel to each of the Switching devices in order to protect 
the Switching device against an abrupt increase in Voltage 
which occurs during Switching. The Snubber circuit com 
prises a capacitor Cs connected in Series to a parallel circuit 
composed of the diode Ds and the resistor Rs. The junction 
points each existing between two Switching devices associ 
ated with one of the three phases are connected to alternat 
ing-current terminals T, T and Ts which are connected to 
the three-phase induction motor. The anode terminals of the 
three Switching devices on the upper-arm Side are connected 
by a common line to a direct-current terminal T, which is 
connected to the high-potential side of a direct-current 
power Supply. Likewise, the cathode terminals of the three 
Switching devices on the lower-arm Side are connected by a 
common line to a direct-current terminal T which is con 
nected to the low-potential side of the direct-current power 
Supply. With the inverter circuit having Such a configuration, 
a direct-current power is converted into an alternating 
current power by Switching operations of the Switching 
devices, which alternating-current power is then used for 
driving the three-phase induction motor. 
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0127. Since it is easy to understand the operation of the 
inverter circuit shown in FIG. 21 once the operation of the 
circuit shown in FIG.3(a) is understood, the explanation of 
the inverter circuit's operation is omitted. It should be noted 
that, as a matter of course, the IGBT Serving as a Switching 
device and the flywheel diode D and the snubber diode Ds 
employed in the inverter circuit are devices which each 
exhibit the blocking-direction current-Voltage characteristic 
shown in FIG. 1 and have the actual structures shown in the 
above-mentioned embodiment. Circuit constants are Set So 
that, if necessary, the Voltage applied to each of the devices 
in the cut-off state thereof exceeds the voltage value V. For 
this reason, in the case of the inverter circuit implemented by 
the present embodiment, the differential resistance at the 
Voltage value V allows the resonance phenomenon of the 
current and Voltage to be Suppressed, the possibility of the 
occurrence of a malfunction in the inverter circuit and the 
amount of electromagnetic noise to be Substantially reduced 
and the generation of an excessively large Voltage to be 
Suppressed. 
0128. As described above, the power converting circuit 
implemented by the present embodiment has a configuration 
which includes a Snubber circuit. It should be noted, how 
ever, that if the power converter employs a heat dissipating 
unit which prevents the Switching device and the flywheel 
diode from being thermally damaged by heat dissipated 
thereby, even if all energy accumulated in the parasitic 
inductance L of wires of the main circuit is expended in the 
Switching device and the flywheel diode, the snubber circuit 
is not necessarily required. The most valuable merit that the 
embodiment shown in FIG. 21 offers is the fact that the 
amount of electromagnetic noise and the excessively large 
Voltage can be Substantially Suppressed by merely Substi 
tuting the Semiconductor devices provided by the present 
invention for the Semiconductor devices employed in the 
conventional power converting apparatus, without the need 
to change the circuit configuration thereof. 
0129. It should be noted that a power converting appa 
ratus provided by the present invention can be effectively 
implemented not only by the circuit configuration of the 
present embodiment described above, but the same effect 
can also be obtained by using any circuit employing Semi 
conductor devices each having Such a structure that, at 
Voltages higher than the Voltage value V applied to the 
Semiconductor device in a blocking State, a current flows 
and, as the applied Voltage further increases, exceeding the 
Voltage value V, the current Starts to increase abruptly. In 
addition, the Structure of the diode employed in the power 
converting apparatus to which the present invention is 
applied is not limited to the one implemented by the embodi 
ment explained So far. The diode can have any Structure as 
long as a current flows at Voltages higher than the Voltage 
value V applied to the diode in a blocking State, and, as the 
applied Voltage further increases, exceeding the Voltage 
value V, the current starts to increase abruptly at a rate 
higher than the rate of increase in current for blocking 
direction voltages between the Voltage values V and V. 
0.130 Moreover, in the semiconductor devices described 
above, the layout of the P conductivity type semiconductor 
region and the N conductivity type Semiconductor region 
can be reversed. In Such a Scheme, the depletion layer 
mainly widens in the P conductivity type semiconductor 
region. 
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0131 FIG. 22(a) shows an embodiment for implement 
ing the circuit shown in FIG. 5 as an inverter circuit of a 
three-phase induction motor. AS shown in the figure, two 
Switching devices are connected to each other in Series for 
each phase of the three-phase induction motor. In addition, 
a flywheel diode D is connected in parallel to each of the 
Switching devices. Furthermore, the So-called Snubber cir 
cuit S is connected also in parallel to each of the Switching 
devices in order to protect the Switching device against an 
abrupt increase in Voltage which occurs during Switching. A 
gate driving circuit, as shown in detail in FIG. 22(b), and an 
overvoltage protection circuit. as shown in detail in FIG. 
22(c), are connected to the Rate electrode of each of the 
Switching devices. 
0132) The junction points each existing between two 
Switching devices associated with one of the three phases are 
connected to alternating-current terminals T, T and Ts 
which are connected to the three-phase induction motor. The 
anode terminals of the three Switching devices on the 
upper-arm Side are connected by a common line to a 
direct-current terminal T, which is connected to the high 
potential Side of a direct-current power Supply. Likewise, the 
cathode terminals of the three Switching devices on the 
lower-arm Side are connected by a common line to a 
direct-current terminal T which is connected to the low 
potential side of the direct-current power supply. With the 
inverter circuit having Such a configuration, a direct-current 
power is converted into an alternating-current power by 
Switching operations of the Switching devices, which alter 
nating current power is then used for driving the three-phase 
induction motor. 

0.133 Since it is easy to understand the operation of the 
inverter circuit shown in FIG. 22 once the operation of the 
circuit shown in FIG. 5 is understood, the explanation of the 
inverter circuit's operation is omitted. It should be noted 
that, as a matter of course, the actual configurations of the 
overVoltage protection circuit and the gate driving circuit are 
the same as those shown in FIG. 5. The overvoltage 
protection circuit controls the gate Voltage in accordance 
with the magnitude of the Voltage between the main termi 
nals of the Switching device. The Overvoltage protection 
circuit controls the Switching device in Such a way that, the 
current flowing through the Switching device increases 
gradually at Voltages higher than the Voltage value V 
applied to the Switching device in a blocking State, and, as 
the applied Voltage further increases, exceeding the Voltage 
value V, the current Starts to increase abruptly at a rate 
higher than the rate of increase in current for blocking 
direction Voltages between the Voltage values V and V. For 
this reason, in the case of the inverter circuit implemented by 
the present embodiment, the differential resistance at the 
Voltage value V allows the resonance phenomenon of the 
current and Voltage to be Suppressed, the possibility of the 
occurrence of a malfunction in the inverter circuit and the 
amount of electromagnetic noise to be Substantially reduced 
and the generation of an excessively large Voltage to be 
Suppressed. 

0134. As described above, the power converting circuit 
implemented by the present embodiment has a configuration 
which includes a Snubber circuit. It should be noted, how 
ever, that if the power converter employs a heat dissipating 
unit which prevents the Switching device and the flywheel 
diode from being thermally damaged by heat dissipated 
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thereby, even if all energy accumulated in the parasitic 
inductance L of wires of the main circuit is expended in the 
Switching device and the flywheel diode, the snubber circuit 
is not necessarily required. The most valuable merit that the 
embodiment shown in FIG. 22 offers is the fact that the 
amount of electromagnetic noise and the excessively large 
Voltage can be Substantially Suppressed by merely adding 
Overvoltage protection circuits provided by the present 
invention. In addition, the embodiment shown in FIG. 22 is 
characterized in that the Voltage value V at which the 
current starts to increase gradually, the voltage value V at 
which the current increases abruptly, as well as the current 
Voltage characteristic for blocking-direction Voltages 
between the Voltage values V and V and for blocking 
direction Voltages higher than the Voltage value V can be 
changed with a high degree of freedom by merely changing 
the breakdown voltages of the avalanche diodes ZD1, ZD2 
and ZD3 and the resistances of the resistors R1,R2 and R3 
employed in the Overvoltage protection circuit. 

0135 FIGS. 23(a) to 23(c) show an embodiment for 
implementing the circuit shown in FIG. 6(a) as an inverter 
circuit. Since the inverter circuit is the same as the circuits 
shown in FIGS. 21 and 22(a), the explanation of the 
inverter circuit shown in FIGS. 23(a) to 23(c) is omitted. 
The power converting apparatus implemented by the present 
embodiment has a configuration wherein the circuit com 
prising the avalanche diodes ZD61 and ZD62 and the 
resistor R61 shown in FIG. 6(a) is connected in parallel to 
a Switching device. 

0136. It is easy to understand the operation of the inverter 
circuit shown in FIGS. 23(a) to 23(c) once the operation of 
the circuit shown in FIG. 6(a) is understood. As has been 
described by referring to FIG. 6(a), the circuit comprising 
the avalanche diodes ZD61 and ZD62 and the resistor R61 
exhibits a current-Voltage characteristic, according to which, 
the current flowing through the circuit starts to increase 
gradually as the Voltage applied to the circuit in a blocking 
State of the Switching devices becomes equal to the Voltage 
value V and, as the applied Voltage further increases, 
exceeding the Voltage value V, the current increases 
abruptly. For this reason, in the case of the inverter circuit 
implemented by the present embodiment, the differential 
resistance developed at blocking-direction Voltages higher 
than the Voltage value V allows the resonance phenomenon 
of the current and Voltage to be Suppressed, the possibility 
of the occurrence of a malfunction in the inverter circuit and 
the amount of electromagnetic noise to be Substantially 
reduced and the generation of an excessively large Voltage 
to be Suppressed. 
0.137 AS described above, the power converting circuit 
implemented by the present embodiment has a configuration 
which includes a Snubber circuit. It should be noted, how 
ever, that if the power converter employs a heat dissipating 
unit which prevents the Switching device and the flywheel 
diode from being thermally damaged by heat dissipated 
thereby, even if all energy accumulated in the parasitic 
inductance L of wires of the main circuit is expended in the 
Switching device and the flywheel diode, the snubber circuit 
is not necessarily required. The most valuable merit that the 
embodiment shown in FIGS. 23(a) to 23(c) offers is the fact 
that the amount of electromagnetic noise and an excessively 
large Voltage can be Substantially Suppressed by merely 
adding extremely simple circuits, each comprising ava 
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lanche diodes and a resistor, to the conventional power 
converting apparatus. In addition, the embodiment shown in 
FIGS. 23(a) to 23(c) is also characterized in that the effect 
of Suppressing the electromagnetic noise and an extremely 
large Voltage can be varied with a high degree of freedom by 
merely changing the breakdown Voltages of the avalanche 
diodes ZD61 and ZD62 and the resistance of the resistors 
R61. It should be noted that the circuit comprising avalanche 
diodes and resistors can also have a configuration shown in 
FIG. 23(b) or 23(c). 
0.138. In the embodiments of the present invention 
described So far, the differential resistance for blocking 
direction voltages higher than the first voltage value V does 
not have to have a fixed value. That is to say, the differential 
resistance may vary with the blocking-direction Voltage. In 
this case, it is even nicer to have a characteristic, according 
to which, the differential resistance decreases gradually with 
an increase in blocking-direction Voltage. Note that it is 
desirable to have a differential resistance Satisfying Exp. 6 
for all blocking-direction Voltages higher than the Voltage 
value V. None the less, it is not necessary to adhere to this 
condition. That is to Say, a differential resistance Satisfying 
Exp. 6 for at least an arbitrary blocking-direction Voltage is 
also acceptable. 
0.139. Furthermore, in the present invention, the block 
ing-direction Voltage V at which a current starts to flow 
gradually can be set at a value higher by 5% to 20% than the 
Voltage applied to the apparatus in a Steady State, normally, 
the Voltage of the power Supply. In addition, it is desirable 
to set the Voltage V at which the current increases abruptly 
at a value higher by 50% to 100% than the voltage applied 
to the apparatus in the Steady State. The reason for Setting the 
Voltage V at Such a value is that, if the Voltage V is Set at 
a value lower than the Voltage applied to the apparatus in a 
Steady State, a blocking-direction current will flow in a 
Steady State other than a Switching operation of the appara 
tus, causing a lot of loSS to be incurred. AS for the reason for 
Setting the voltage V at Such a value, Setting the voltage V2 
at too large a value will give rise to a problem that the 
apparatus itself and other equipment connected in parallel to 
the apparatus inevitably entail a breakdown voltage even 
higher than the Voltage value V. 
0140. It is needless to say that the technical term ava 
lanche diode used in the description of the invention also 
implies a device Such as a Zener diode or a varistor wherein 
a current starts to flow abruptly at a prescribed voltage. What 
is important is that the device has a structure wherein, up to 
a certain Voltage, only a leakage current flows but, as the 
Voltage reaches a certain level, the current abruptly 
increases. 

0141 Furthermore, the scope of the present invention is 
not limited to inverter circuits. The present invention can 
also be applied to a variety of power controlling apparatuses 
and power converting apparatuses Such as converter circuits 
and chopper circuits as well as a variety of Switching power 
Supplies. 

0142. As described above, according to the present 
invention, energy accumulated in elements of a circuit, Such 
as inductances, can be expended in a differential resistance 
of the circuit or a Semiconductor device, preventing elec 
tromagnetic noise and an excessively large Voltage from 
being generated during a transition of the circuit or the 
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Semiconductor device to a cut-off State. As a result, a 
malfunction of the circuit due to electromagnetic noise can 
be prevented from occurring and components of the circuit 
can be prevented from being damaged by an excessively 
large Voltage. 
What is claimed is: 

1. A Semiconductor circuit comprising a circuit including 
at least a Semiconductor device and an inductance connected 
to Said circuit wherein a flowing current is controlled to 
flowing and cut-off States, 

wherein, for values of a blocking-direction Voltage 
applied to terminals of Said circuit including Said 
Semiconductor device equal to or greater than a first 
Voltage value but equal to or Smaller than a Second 
Voltage value, the magnitude of a current increases with 
an increase in Said blocking-direction Voltage and, for 
values of Said blocking-direction Voltage equal to or 
greater than Said Second Voltage value, Said current 
rises at a rate of increase greater than a rate of increase 
for values of Said blocking-direction Voltage equal to or 
greater than Said first voltage value but equal to or 
Smaller than Said Second Voltage value. 

2. A Semiconductor circuit according to claim 1 wherein 
Said Semiconductor device comprises a Semiconductor 
Switching device. 

3. A Semiconductor circuit according to claim 1 wherein 
Said Semiconductor device comprises a diode. 

4. A Semiconductor circuit according to claim 1 wherein 
Said circuit including Said Semiconductor device comprises 
a Snubber circuit. 

5. A Semiconductor circuit including at least a Semicon 
ductor device, 

wherein, for values of a blocking-direction Voltage 
applied to terminals of Said Semiconductor circuit equal 
to or greater than a first voltage value but equal to or 
Smaller than a Second Voltage value, the magnitude of 
a current increases with an increase in Said blocking 
direction Voltage and, for values of Said blocking 
direction Voltage equal to or greater than Said Second 
Voltage value, Said current rises at a rate of increase 
greater than a rate of increase for values of Said 
blocking-direction Voltage equal to or greater than Said 
first Voltage value but equal to or Smaller than Said 
Second Voltage value. 

6. A Semiconductor circuit according to claim 5 wherein 
Said Semiconductor device comprises a Semiconductor 
Switching device. 

7. A Semiconductor circuit according to claim 5 wherein 
Said Semiconductor device comprises a diode. 

8. A Semiconductor circuit according to claim 5 wherein 
Said Semiconductor device comprises a plurality of diodes 
having breakdown voltages different from each other. 

9. A Semiconductor circuit comprising a circuit including 
at least a Semiconductor device and a Semiconductor Switch 
ing device interposed in parallel between terminals of Said 
circuit wherein, for values of a blocking-direction Voltage 
applied to Said terminals of Said circuit equal to or greater 
than a first voltage value but equal to or Smaller than a 
Second Voltage value, the magnitude of a current increases 
with an increase in Said blocking-direction Voltage and, for 
values of Said blocking-direction Voltage equal to or greater 
than Said Second Voltage value, Said current rises at a rate of 
increase greater than a rate of increase for values of Said 
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blocking-direction Voltage equal to or greater than Said first 
Voltage value but equal to or Smaller than Said Second 
Voltage value. 

10. A method of driving a Semiconductor circuit including 
a Semiconductor Switching device comprising Supplying a 
control Signal to Said Semiconductor Switching device in 
accordance with a blocking-direction Voltage applied to 
main terminals of Said Semiconductor Switching device in 
Such a way that, for values of Said blocking-direction Voltage 
equal to or greater than a first voltage value but equal to or 
Smaller than a Second Voltage value, the magnitude of a main 
current increases with an increase in Said blocking-direction 
Voltage and, for values of Said blocking-direction Voltage 
equal to or greater than Said Second Voltage value, Said main 
current rises at a rate of increase greater than a rate of 
increase for values of Said blocking-direction Voltage equal 
to or greater than Said first voltage value but equal to or 
Smaller than Said Second Voltage value. 

11. A Semiconductor device comprising a pair of main 
terminals wherein, for values of a blocking-direction Voltage 
applied to Said main terminals equal to or greater than a first 
Voltage value but equal to or Smaller than a Second Voltage 
value, the magnitude of a main current increases with an 
increase in Said blocking-direction Voltage and, for values of 
Said blocking-direction Voltage equal to or greater than Said 
Second Voltage value, Said main current rises at a rate of 
increase greater than a rate of increase for values of Said 
blocking-direction Voltage equal to or greater than Said first 
Voltage value but equal to or Smaller than Said Second 
Voltage value. 

12. A Semiconductor device comprising: 
a 1st Semiconductor layer of a 1st conduction type; 
a 2nd Semiconductor layer of a 2nd conduction type 

provided on Said 1st Semiconductor layer; 
a 3rd Semiconductor layer of the 1st conduction type 

adjacent to Said 2nd Semiconductor layer, 

a 4th Semiconductor layer of the 2nd conduction type 
adjacent to Said 1st Semiconductor layer; 

a 5th Semiconductor layer of the 1st conduction type 
adjacent to Said 1st and 4th Semiconductor layers, 

a 1st main electrode in ohmic contact with Said 2nd and 
3rd Semiconductor layers, 

a 2nd main electrode in ohmic contact with Said 4th and 
5th Semiconductor layers, and 

an isolation gate electrode extending over Said 1st, 2nd 
and 3rd Semiconductor layers, 

wherein a junction between Said 1st and 4th Semiconduc 
tor layers exists at a location closer to a junction 
between Said 1st and 2nd Semiconductor layers than a 
junction between Said 1st and 5th Semiconductor layers 
does. 

13. A Semiconductor device comprising: 
a 1st Semiconductor layer of a 1st conduction type; 
a 2nd Semiconductor layer of a 2nd conduction type 

provided on Said 1st Semiconductor layer; 
a 3rd Semiconductor layer of the 1st conduction type 

adjacent to Said 2nd Semiconductor layer, 
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a 4th Semiconductor layer of the 2nd conduction type 
adjacent to Said 1st Semiconductor layer; 

a 5th Semiconductor layer of the 1st conduction type 
adjacent to Said 1st and 4th Semiconductor layers, 

a 1st main electrode in ohmic contact with Said 2nd and 
3rd Semiconductor layers, 

a 2nd main electrode in ohmic contact with Said 4th and 
5th Semiconductor layers, and 

an isolation gate electrode extending over Said 1st, 2nd 
and 3rd Semiconductor layers, 

wherein the number of impurities of the 1st conduction 
type in a unit area on Said 1st Semiconductor layer 
Sandwiched by a junction between Said 1st and 2nd 
Semiconductor layerS and a junction between Said 1st 
and 4th Semiconductor layerS is equal to or Smaller than 
(e m) (es)/q where symbol e m denotes the avalanche 
breakdown electric field of a material used for making 
Said 1st Semiconductor layer, Symbol e S is the dielec 
tric constant of Said material and q is the amount of 
electric charge of an electron. 

14. A Semiconductor device comprising: 
a 1st Semiconductor layer of a 1st conduction type; 
a 2nd Semiconductor layer of a 2nd conduction type and 

a 3rd Semiconductor layer of the 2nd conduction type 
provided on Said 1st Semiconductor layer; 

a 4th Semiconductor layer of the 1st conduction type and 
a 5th Semiconductor layer of the 1st conduction type 
adjacent to Said 2nd Semiconductor layer, 

a 6th Semiconductor layer of the 1st conduction type 
adjacent to Said 3rd Semiconductor layer; 

a 7th Semiconductor layer of the 2nd conduction type 
adjacent to Said 1st; 

an 8th Semiconductor layer of the 1st conduction type 
adjacent to Said 1st and 7th Semiconductor layers, 

a 1st main electrode in ohmic contact with Said 2nd and 
4th Semiconductor layers, 

a 2nd main electrode in ohmic contact with Said 7th and 
8th Semiconductor layers, 

a 1st isolation gate electrode extending over Said 2nd, 4th 
and 5th Semiconductor layers, and 

a 2nd isolation gate electrode extending over Said 1st, 2nd 
and 3rd Semiconductor layers, 

wherein Said 5th and 6th Semiconductor layers are elec 
trically connected to each other, 

wherein a junction between Said 1st and 7th Semiconduc 
tor layers exists at a location closer to a junction 
between Said 1st and 2nd Semiconductor layers than a 
junction between Said 1st and 8th Semiconductor layers 
does. 

15. A Semiconductor device comprising: 
a 1st Semiconductor layer of a 1st conduction type; 
a 2nd Semiconductor layer of a 2nd conduction type and 

a 3rd Semiconductor layer of the 2nd conduction type 
provided on Said 1st Semiconductor layer; 
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a 4th Semiconductor layer of the 1st conduction type and 
a 5th Semiconductor layer of the 1st conduction type 
adjacent to Said 2nd Semiconductor layer, 

a 6th Semiconductor layer of the 1st conduction type 
adjacent to Said 3rd Semiconductor layer; 

a 7th Semiconductor layer of the 2nd conduction type 
adjacent to Said 1st, 

an 8th Semiconductor layer of the 1st conduction type 
adjacent to Said 1st and 7th Semiconductor layers, 

a 1st main electrode in ohmic contact with Said 2nd and 
4th Semiconductor layers, 

a 2nd main electrode in ohmic contact with Said 7th and 
8th Semiconductor layers, 

a 1st isolation gate electrode extending over Said 2nd, 4th 
and 5th Semiconductor layers, and 

a 2nd isolation gate electrode extending over Said 1st, 2nd 
and 3rd Semiconductor layers, 

wherein the number of impurities of the 1st conduction 
type in a unit area on Said 1st Semiconductor layer 
Sandwiched by a junction between Said 1st and 2nd 
Semiconductor layerS and a junction between Said 1st 
and 7th Semiconductor layerS is equal to or Smaller than 
(e)-(e)/q where symbol e denotes the avalanche 
breakdown electric field of a material used for making 
Said 1st Semiconductor layer, Symbol e is the dielectric 
constant of Said material and q is the amount of electric 
charge of an electron. 

16. A diode comprising: 
a 1st Semiconductor layer of a 1st conduction type; 
a 2nd Semiconductor layer of a 2nd conduction type 

provided on Said 1st Semiconductor layer; 
a 3rd Semiconductor layer of the 2nd conduction type 

adjacent to Said 1st Semiconductor layer; 

17 
Mar. 25, 2004 

a 4th Semiconductor layer of the 1st conduction type 
adjacent to Said 1st and 3rd Semiconductor layers, 

a 1st main electrode in ohmic contact with Said 2nd 
Semiconductor layer; and 

a 2nd main electrode in ohmic contact with Said 3rd and 
4th Semiconductor layers, 

wherein a junction between Said 1st and 3rd Semiconduc 
tor layers exists at a location closer to a junction 
between Said 1st and 2nd Semiconductor layers than a 
junction between Said 1st and 4th Semiconductor layers 
does. 

17. A diode comprising: 
a 1st Semiconductor layer of a 1st conduction type; 
a 2nd Semiconductor layer of a 2nd conduction type 

provided on Said 1st Semiconductor layer; 
a 3rd Semiconductor layer of the 2nd conduction type 

adjacent to Said 1st Semiconductor layer; 
a 4th Semiconductor layer of the 1st conduction type 

adjacent to Said 1st and 3rd Semiconductor layers, 
a 1st main electrode in ohmic contact with Said 2nd 

Semiconductor layer; and 
a 2nd main electrode in ohmic contact with Said 3rd and 

4th Semiconductor layers, 
wherein the number of impurities of the 1st conduction 

type in a unit area on Said 1st Semiconductor layer 
Sandwiched by a junction between Said 1st and 2nd 
Semiconductor layers and a junction between said 1st 
and 3rd Semiconductor layerS is equal to or Smaller than 
(e)-(e)/q where symbol e denotes the avalanche 
breakdown electric field of a material used for making 
Said 1st Semiconductor layer, Symbol e is the dielectric 
constant of Said material and q is the amount of electric 
charge of an electron. 
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