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Description

TECHNICAL FIELD

[0001] The present invention relates to a diode suitable for a free wheel diode to be used together with a high breakdown
voltage switching element such as an IGBT (Insulated Gate Bipolar Transistor), a GCT (Gate Commutated Turn-off
Thyristor) or the like, or suitable for a high breakdown voltage clamp diode or the like.

BACKGROUND ART

[0002] Figs. 36 and 37 are a sectional front view and a plan view which show a conventional diode as the background
of the present invention, respectively. Fig. 36 is a sectional view taken along the line E - E in Fig. 37. A diode 151
comprises, as a main part, a semiconductor substrate 80 using silicon as a base material. The semiconductor substrate
80 has a P layer 81, an N- layer 82 and an N+ layer 83 provided sequentially from an upper main surface to a lower
main surface.
[0003] An anode electrode 84 is connected to the upper main surface of the semiconductor substrate 80, that is, an
exposed surface of the P layer 81, and a cathode electrode 85 is connected to the lower main surface of the semiconductor
substrate 80, that is, an exposed surface of the N+ layer 83. These electrodes 84 and 85 are formed of an electrically
conductive metal. Furthermore, life time killers which are crystal defects for promoting the annihilation of carriers as the
recombination centers of the carriers are introduced into the semiconductor substrate 80. Thereby the life time of the
carrier is controlled.
[0004] Fig. 38 is a graph showing a profile of a density of the life time killers introduced into the semiconductor substrate
80. In the conventional diode 151, two kinds of profiles have been known. In a conventional example 1 represented by
a curve Pr1 shown in Fig. 38, the life time killers are uniformly introduced over the whole semiconductor substrate 80.
Accordingly, the life time of the N- layer 82 is uniformly controlled.
[0005] On the other hand, in a conventional example 2 corresponding to a curve Pr2, the life time killers are selectively
introduced into a region of the N- layer 82 adjacent to a junction interface between the N- layer 82 and the P layer 81.
Consequently, the life time of the region adjacent to the junction interface between the N- layer 82 and the P layer 81
is locally controlled to be short. A diode corresponding to the conventional example 2 is a device which has been
disclosed in the International Conference PCIM ’97 (International POWER CONVERSION ’97 CONFERENCE NURN-
BERG, GERMANY June 10 - 12, 1997).
[0006] Immediately after operating conditions are instantaneously changed by the switching operation of an external
circuit from a state in which a current flows to a diode in a forward direction to a state in which a reverse bias is applied,
a reverse current transiently flows to the diode. Fig. 39 is a graph showing a waveform of a current flowing in the diode
in the transient state in relation to both the conventional examples 1 and 2. At a time t0, when a switching operation is
performed from a state in which a forward current IF steadily flows to a state in which a reverse bias is applied, a current
starts to be decreased. The current is continuously decreased to have a negative value in a short time. In other words,
a reverse current (minus current) flows to the diode.
[0007] Even if the switching operation is performed to apply a reverse bias, a depletion layer is not immediately formed
in a PN junction between the P layer 81 and the N- layer 82 due to excess carriers remaining in the vicinity of the PN
junction. For this reason, the diode is transiently brought into a conductive state. As a result, the reverse current flows.
An increase rate of the reverse current in an initial stage, that is, (an absolute value of) a current decrease rate represented
by di / dt in Fig. 39 is defined by the magnitude of an inductance acting as a load in the external circuit. If the inductance
is increased, the current decrease rate di / dt is increased. Correspondingly, the reverse current is rapidly increased.
[0008] In a process in which the reverse current is increased, a depletion layer is generated at a time t1. The depletion
layer is formed in the PN junction as shown in Fig. 40. A front 92 of a depletion layer 91 advances toward the N+ layer
83 with the passage of a time. Consequently, the depletion layer 91 is enlarged to cover the whole N - layer 82 shortly.
[0009] Returning to Fig. 39, as the depletion layer 91 is generated and grows, a reverse voltage v is generated at the
time t1 between the anode electrode 84 and the cathode electrode 85, and then the reverse voltage v is increased to
shortly converge on a value of a reverse bias applied from the outside. More specifically, when the depletion layer 91
grows, a reverse voltage blocking capability which is the original function of the diode is recovered. Fig. 39 typically
shows only the reverse voltage v related to the conventional example 2.
[0010] When the reverse voltage v is increased, the reverse current gradually reduces the speed of the increase, and
shortly reaches a peak and is then decreased. As the current decrease rate di / dt is increased, the peak is increased.
A value of the peak is referred to as a reverse recovery current Irr, and is one of parameters for evaluating a reverse
recovery characteristic in the diode. The reverse current converges on zero while continuing the decrease. Thus, a
transient state, that is, a reverse recovery operation comes to an end, and a steady state in which the reverse voltage
v is equal to the reverse bias and the reverse current does not flow is realized.
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[0011] As the parameter for evaluating the reverse recovery characteristic, an attenuation rate of the reverse recovery
current, a di / dt capability and a reverse recovery loss have been known in addition to the above-mentioned reverse
recovery current Irr. The attenuation rate of the reverse recovery current is defined as a rate of convergence on zero
after the reverse current passes through a peak in the graph of Fig. 39. The di / dt capability is a maximum value of the
current decrease rate di / dt which can be applied without causing a damage on the diode. Moreover, the reverse recovery
loss is a magnitude of a loss caused on the diode in the process of the reverse recovery operation.
[0012] If the reverse recovery current Irr is smaller, it is possible to resist a greater current decrease rate di / dt.
Accordingly, a simple relationship is established between the reverse recovery current In and the current decrease rate
di / dt. Moreover, the reverse recovery loss is equivalent to a time integral of a product of the reverse current and the
reverse voltage v in the graph of Fig. 39. Accordingly, if the magnitude of the reverse recovery current Irr is smaller and
the attenuation of the reverse recovery current is performed more quickly, the reverse recovery loss is more reduced.
As a matter of course, it is desirable that the magnitude of the reverse recovery currentrr should be smaller, the attenuation
of the reverse recovery current should be performed more quickly and the di / dt capability should be larger. Furthermore,
it is desirable that the reverse recovery loss should be as small as possible.
[0013] In the diode according to the conventional example 1, the life time killers are introduced over the whole sem-
iconductor substrate 80. Therefore, the attenuation of the reverse recovery current is performed quickly as shown in the
curve Pr1 of Fig. 39. Consequently, there is an advantage that the reverse recovery loss is small. However, the magnitude
of the reverse recovery current Irr is large. As a result, there has been a problem in that the di / dt capability is small. In
addition, there has been a problem in that a forward voltage acting as a significant parameter for evaluating a forward
characteristic is high.
[0014] In the diode according to the conventional example 2, the life time killers are locally introduced in the vicinity
of the PN junction at a higher density than in the conventional example 1. Consequently, the life time of the carriers is
controlled to be short in the vicinity of the PN junction. Therefore, the recombination of the excess carriers is performed
quickly in the vicinity of the PN junction. For this reason, the formation of the depletion layer 91 is promoted. Thus, the
magnitude of the reverse recovery current Irr is small as shown in the curve Pr2 of Fig. 39. As a result, it is possible to
obtain an advantage that the di / dt capability is high.
[0015] Furthermore, the life time killers are not introduced into a region of the N- layer 82 excluding the vicinity of the
PN junction. Therefore, the forward voltage is also advantageously low. More specifically, not only the di / dt capability
but also the forward characteristic is more improved in the diode according to the conventional example 2 than in the
conventional example 1.
[0016] However, since the life time killer is not introduced into the region of the N- layer 82 excluding the vicinity of
the PN junction, after the depletion layer 91 is generated during the reverse recovery operation, the depletion layer 91
grows slowly. In the diode according to the conventional example 2, therefore, the attenuation of the reverse recovery
current is performed slowly as shown in the curve Pr 2 of Fig. 39. As a result, there has been another problem in that a
reverse recovery loss is large.
[0017] As will be described below, furthermore, both the conventional examples 1 and 2 have had a common problem
in that oscillation is easily caused at the last stage of the reverse recovery operation. The oscillation is caused as that
of the reverse voltage v in an oscillation region Osc as shown in Fig. 39. Although Fig. 39 illustrates only the reverse
voltage v according to the conventional example 2, the oscillation is caused more remarkably in the conventional example
1.
[0018] When the time t1 passes in the process of the reverse recovery operation, the depletion layer 91 is generated
and then grows as shown in Fig. 40. During this process, the diode 151 can be equivalently represented by a series
circuit formed by a capacitor having a pair of electrodes opposed to each other with the depletion layer 91 interposed
therebetween and a leak resistor in the depletion layer 91 as shown in Fig. 41. In the process of the reverse recovery
operation, accordingly, a series resonance circuit is equivalently constituted by the combination of a capacitance C of
the capacitor, a resistance R corresponding to the leak resistor and an inductance L existing in an external circuit. In
Fig. 41, a Q value of the resonance circuit is expressed by an equation. An oscillating phenomenon does not occur while
the Q value is small.
[0019] The capacitance C is defined by a thickness of the deletion layer 91 and a density of the excess carriers, and
the resistance R is defined by a leak current in the depletion layer 91 and a recombination current of the excess carrier.
As a result, when the depletion layer 91 is enlarged, the capacitance C and the resistance R are changed in a waveform
illustrated in a graph of Fig. 42. More specifically, the capacitance C is generated with the generation of the depletion
layer 91, and is then increased and is shortly decreased through a peak. Thereafter, the capacitance C converges on
zero which is a steady value. On the other hand, the resistance R is generated with the generation of the depletion layer
91, and is then increased steadily and is rapidly raised particularly in the last stage of the reverse recovery operation.
[0020] As shown in Fig. 41, as the resistance R and the capacitance C are increased, the Q value is reduced. Ac-
cordingly, when the capacitance C converges at zero in the last stage of the reverse recovery operation, the Q value
becomes large if the resistance R is not sufficiently large correspondingly. Consequently, the oscillation of the voltage
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is caused. Based on such a mechanism, the diodes according to the conventional examples 1 and 2 have had a problem
in that the voltage oscillation is easily caused at the last stage of the reverse recovery operation. The oscillation is easily
caused particularly when the magnitude of the forward current is small and that of the reverse recovery current In is
large. When the voltage oscillation is caused, the diode acts as a noise source for peripheral circuits.
[0021] In the diode according to the prior art, thus, there has been a problem in that it is difficult to simultaneously
implement a high di / dt capability, a low reverse recovery loss and a low forward voltage. Furthermore, there has been
a problem in that voltage oscillation is easily caused at a certain stage of the reverse recovery operation.
[0022] A diode with a reduced lifetime of minority carriers is known from EP-A-709 898.

DISCLOSURE OF THE INVENTION

[0023] In order to solve the above-mentioned problems, it is an object of the present invention to simultaneously
implement a high di / dt capability, a low reverse recovery loss and a low forward voltage and to prevent voltage oscillation
from being caused.
[0024] A first aspect of the present invention is directed to a diode according to claim 1.
[0025] A second aspect of the present invention is directed to a diode according to claim 6.
[0026] The objects, features, aspects and advantages of the present invention will be more apparent from the following
detailed description and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027]

Figure 1 is a sectional front view showing a diode according to a first example;
Figure 2 is a sectional plan view showing the diode according to the first example;
Figure 3 is a graph showing a profile of a life time killer density according to the first example ;
Figure 4 is a graph showing a reverse recovery operation according to the first example ;
Figure 5 is a graph showing the reverse recovery operation according to the first example ;
Figure 6 is a graph showing a result of a simulation according to the first example ;
Figure 7 is a sectional front view showing a variant of the first example ; Figure 8 is a sectional plan view showing
the variant of the first example ; Figure 9 is a sectional front view showing another variant of the first example ;
Figure 10 is a sectional plan view showing another variant of the first example ;
Figure 11 is a sectional front view showing yet another variant of the first example ;
Figure 12 is a sectional plan view showing yet another variant of the first example ;
Figure 13 is a sectional front view showing a further variant of the first example ;
Figure 14 is a sectional plan view showing the further variant of the first example ;
Figure 15 is a sectional front view showing a diode according to a first embodiment;
Figure 16 is a sectional plan view showing the diode according to the first embodiment;
Figure 17 is a graph showing a profile of a life time killer density according to the first embodiment;
Figure 18 is a graph showing a reverse recovery operation according to the first embodiment;
Figure 19 is a partially enlarged sectional view showing the diode according to the first embodiment;
Figure 20 is a graph showing a result of a simulation according to the first embodiment;
Figure 21 is a graph showing a result of a simulation according to the first embodiment;
Figure 22 is a partially enlarged sectional view showing a variant of the first embodiment;
Figure 23 is a partially enlarged sectional view showing another variant of the first embodiment;
Figure 24 is a graph showing a reverse recovery operation according to another variant of the first embodiment;
Figure 25 is a sectional front view showing a diode according to a second embodiment;
Figure 26 is a sectional plan view showing the diode according to the second embodiment;
Figure 27 is a graph showing a profile of a life time killer density according to the second embodiment;
Figure 28 is a graph showing a reverse recovery operation according to the second embodiment;
Figure 29 is a partially enlarged sectional view showing the diode according to the second embodiment;
Figure 30 is a graph showing a result of a simulation according to the second embodiment;
Figure 31 is a graph showing a result of a simulation according to the second embodiment;
Figure 32 is a partially enlarged sectional view showing a variant of the second embodiment;
Figure 33 is a table showing the quality of each of characteristics according to the first to second embodiments;
Figure 34 is a sectional front view showing a diode according to a third embodiment;
Figure 35 is a graph showing a profile of a life time killer density according to a variant;
Figure 36 is a sectional front view showing a diode according to the prior art;
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Figure 37 is a plan view showing the diode according to the prior art;
Figure 38 is a graph showing a profile of a life time killer density according to the prior art;
Figure 39 is a graph showing a reverse recovery operation according to the prior art;
Figure 40 is a sectional front view illustrating the reverse recovery operation according to the prior art;
Figure 41 is a circuit diagram illustrating the reverse recovery operation according to the prior art; and
Figure 42 is a graph showing the reverse recovery operation according to the prior art.

BEST MODE FOR CARRYING OUT THE INVENTION

<1. First Example>

[0028] First of all, a diode according to a first example will be described.

<1-1. Structure of Device>

[0029] Figs. 1 and 2 are a sectional front view and a sectional plan view which show a diode according to a first
example, respectively. A cut surface of Fig. 1 is taken along the line B - B in Fig. 2, and a cut surface of Fig. 2 is taken
along the line A - A in Fig. 1. A diode 110 comprises a diode element 101 as a main member. The diode element 101
includes a semiconductor substrate 20, an anode electrode (a first main electrode) 4 and a cathode electrode (a second
main electrode) 5.
[0030] The semiconductor substrate 20 is plate-shaped to define upper and lower main surfaces, and uses silicon as
a base material, for example. The semiconductor substrate 20 is sequentially provided with a P layer (a first semiconductor
layer) 1, an N- layer (a second semiconductor layer) 21, and an N+ layer (a third semiconductor layer) 3 from the upper
main surface toward the lower main surface. The P layer 1 has a P - conductivity type (a first conductivity type), and the
N- layer 21 and the N+ layer 3 have an N - conductivity type (a second conductivity type). A higher impurity concentration
is set in the N+ layer 3 than in the N- layer 21.
[0031] All the P layer 1, the N- layer 21 and the N+ layer 3 are plate-shaped and are provided integrally with each
other to form the semiconductor substrate 20. The anode electrode 4 is connected to the upper main surface, that is,
an exposed surface of the P layer 1, and the cathode electrode 5 is connected to the lower main surface, that is, an
exposed surface of the N+ layer 3. These electrodes 4 and 5 are formed of electrically conductive metals.
[0032] Furthermore, life time killers are selectively introduced into the semiconductor substrate 20, whereby controlling
a life time of carriers. As a result, first and second regions 6 and 7 having short life times and another region, that is, a
third region 2 having a long life time are defined in the N- layer 21.
[0033] The first region 6 occupies a region of the N- layer 21 in the vicinity of a PN junction. More specifically, the first
region 6 faces the P layer 1 to form the PN junction, and is defined as a layered region apart from the N+ layer 3. The
second region 7 and the third region 2 are defined to mutually divide a portion of the N- layer 21 excluding the first region
6, that is, a portion which faces the N+ layer 3 and does not face the P layer 1.
[0034] Each of the second region 7 and the third region 2 is formed like a column having the same planar sectional
shape through the above-mentioned portion from the first region 6 to the N+ layer 3. The planar shape of the second
region 7, that is, the shape of the second region 7 projected on the main surface of the semiconductor substrate 20
(each of the upper and lower main surfaces will be simply referred to as "main surface") is annular along the outer
peripheral end face of the N- layer 21 in examples of Figs. 1 and 2. The third region 2 is defined as a cylindrical region
surrounded by the second annular region 7.
[0035] Plate-shaped heat buffer plates 10 and 8 are in contact with the anode electrode 4 and the cathode electrode
5, respectively. Furthermore, an anode post electrode 11 and a cathode post electrode 9 are in contact with the heat
buffer plates 10 and 8, respectively. When the diode 110 is to be used, the diode element 101 is pressed by the anode
post electrode 11 and the cathode post electrode 9 through the heat buffer plates 10 and 8, thereby realizing an electrically
and thermally good contact.
[0036] The post electrodes 11 and 9 are formed of electrically and thermally conductive metals using copper as a
base material, for example, and the heat buffer plates 10 and 8 are formed of metals having a middle coefficient of
thermal expansion between the post electrodes 11 and 9 and the diode element 101 (chiefly, the semiconductor substrate
20). Consequently, a heat distortion generated between the post electrodes 11 and 9 and the diode element 101 can
be relieved so that an electrical and thermal contact can be kept well.
[0037] Fig. 3 is a graph showing a profile of a density of the life time killers introduced into the semiconductor substrate
20. The graph illustrates profiles taken along both the vertical line X1 - X1 penetrating the third region 2 and the vertical
line X2 - X2 penetrating the second region 7.
[0038] The profile taken along the line X1 - X1 is depicted in the same curve as the curve Pr2 according to the
conventional example 2 shown in Fig. 38. More specifically, the density of the life time killers is selectively high in the
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first region 6 including a PN junction interface. The density in the P layer 1 is also high. The reason is that the density
on the PN junction interface of the first region 6 should be increased. Therefore, the density is incidentally increased
also in the P layer 1 adjacent to the first region 6 in respect of a technique in which the life time killers are selectively
introduced.
[0039] In the N- layer 21 which has an n-conductivity type and a uniform concentration of an n-type impurity, the profile
of the life time corresponds to that of the density of the life time killers. More specifically, as the density of the life time
killers is increased, the life time is reduced. In the third region 2, the life time killers are not substantially introduced. In
other words, an original life time τ 0 of the N- layer 21 is implemented in a substantial portion of the third region 2. On
the other hand, the life time of the first region 6 is set shorter than the life time τ 0, and a life time τ1 on the PN junction
surface is also set shorter than the life time τ 0.
[0040] As shown by the profile taken along the line X2 - X2, the life time killers are also introduced into the second
region 7. In other words, the life time of the second region 7 its set shorter than the life time τ 0. Preferably, the density
of the life time killers in the second region 7 is set lower than the density in the first region 6 as shown by the graph of
Fig. 3. More specifically, a relationship of the life time among the three regions in the N- layer 21 is desirably given by
the following Equation 1.

[0041] The life time of the second region 7 is set longer than that of the first region 6 for the following reason. A forward
voltage should be prevented from being raised in a state in which a density of a forward current flowing in the third region
2 is not excessively increased.
[0042] In order to selectively introduce the life time killers, for example, it is sufficient that heavy metals such as gold,
platinum and the like are selectively diffused into a predetermined region. Alternatively, radioactive rays such as electron
beams may be selectively irradiated on the predetermined region. In order to selectively introduce the life time killers
into the second region, particularly, it is desirable that the electron beams should be selectively irradiated on the second
region 7. In order to perform the selective irradiation, it is sufficient that a mask having a pattern shape corresponding
to the planar shape of the second region 7 is used.

<1-2. Operation of Device>

[0043] Fig. 4 is a graph showing a reverse recovery operation of the diode according to the first example illustrated
in Figs. 1 to 3. In the graph, a curve Em1 represents a current waveform of the diode according to the first example. For
comparison, the curve Pr2 related to the diode according to the conventional example 2 is also depicted together.
Furthermore, a waveform of a reverse voltage v of the diode according to the first embodiment is shown in a dotted line.
[0044] Also in the diode according to the first example, the basic flow of the reverse recovery operation is the same
as in the conventional examples 1 and 2. More specifically, when switching is performed from a state in which a forward
current IF steadily flows to a state in which a reverse bias is applied at a time t0, a current is decreased in a negative
direction. As a result, a reverse current flows. In the process in which the reverse current is increased, a depletion layer
is generated on the PN junction interface at a time t1, and then grows to shortly cover the whole N- layer 21. Consequently,
a reverse voltage v is generated at the time t1, and is then increased and shortly converges on a value of the reverse
bias applied from the outside.
[0045] With the increase in the reverse voltage v, the reverse current gradually reduces the speed of the increase,
shortly passes through a peak and is then decreased. The reverse current converges on zero while continuing the
decrease. Thus, a transient state, that is, the reverse recovery operation comes to an end so that a steady state in which
the reverse voltage v is equal to the reverse bias and the reverse current does not flow can be implemented. As described
above, the basic flow of the reverse recovery operation is the same as in the conventional examples 1 and 2. However,
since the life time of the carriers in each of the first region 6 and the second region 7 is set short in the diode according
to the first example, the following features are revealed in a reverse recovery characteristic thereof.
[0046] More specifically, since the life time is set shorter in the first region 6, a reverse recovery current In is reduced
almost equally to that in the conventional example 2. Furthermore, since the second region 7 having the life time set
short is present, also in the process in which the depletion layer is enlarged beyond the first region 6, the recombination
of residual carriers is promoted. For this reason, the attenuation of the reverse recovery current is more promoted than
in the conventional example 2 as shown in the curve Em1 of Figs 4. As a result, a reverse recovery loss is caused to
have a smaller value than in the conventional example 2.
[0047] As an area factor of the second region 7 which is defined as a ratio of the area of the second region 7 projected
on the main surface of the semiconductor substrate 20 to the area of the third region 2 projected on the main surface
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is increased, the reverse recovery loss is reduced. Fig. 6 is a graph showing the above-mentioned relationship which
is obtained based on a simulation. It is understood from the graph that the effect of reducing the revere recovery loss
is remarkably obtained when the area factor of the second region 7 exceeds 50 %. Accordingly, it is desirable that the
area factor of the second region 7 should be set to 50 % or more.
[0048] Furthermore, since the reverse current easily concentrates in the third region 2 having a long life time than in
the second region 7 having a short life time, the density of the reverse current flowing in the third region 2 is more
increased than in the case where the second region 7 is not provided. For this reason, the carriers are annihilated with
difficulty at the last stage of the reverse recovery operation. As shown in Fig. 5, consequently, a capacitance C (Em1)
equivalently formed on the semiconductor substrate 20 is larger inversely at the last stage of the reverse recovery
operation than the capacitance C (Pr2) according to the conventional example 2, and keeps a finite value for a longer
period of time.
[0049] In addition, a resistance R (Em1) equivalently formed on the semiconductor substrate 20 is higher than the
resistance R (Pr2) according to the conventional example 2. Accordingly, the Q value of the diode according to the first
example is smaller at the last stage of the reverse recovery operation than in the conventional example 2. As a result,
oscillation is suppressed also at the last stage of the reverse recovery operation. Consequently, the reverse voltage
smoothly converges on a steady value without large oscillation as shown in the curve v (Em1) of Fig. 4.
[0050] Moreover, the density of the reverse current flowing in the third region 2 is higher than in the case where the
second region 7 is not provided. Therefore, the reverse recovery current Irr is a little larger as shown in the curve Em1
of Fig. 4 than in the conventional example 2. However, this does not so much affect the di / dt capability as to be reduced
as compared with the conventional example 2, and the di / dt capability is kept almost equal to that of the conventional
example 2.
[0051] Referring to the forward current as well as the reverse current, furthermore, the current density in the third
region 2 is larger than in the case where the second region 7 is not provided. Therefore, the forward voltage has a little
higher value than in the conventional example 2. However, the forward voltage can have a fully smaller value than in
the conventional example 1 as long as the area factor of the second region 7 is not set excessively large.
[0052] As described above, it is possible to simultaneously implement a high di / dt capability, a low reverse recovery
loss and a low forward voltage in the diode according to the first example. Furthermore, the voltage oscillation can be
prevented in the process of the reverse recovery operation.
[0053] As described above, moreover, the third region 2 and the second region 7 have such planar shapes (which
are projected on the main surface of the semiconductor substrate 20) as to be symmetrical with respect to the center
of the main surface and as to cause the seconde annular region 7 to surround the third circular region 2. Consequently,
the distribution of a heat loss caused by the forward current and the reverse current is not biased. In addition, the heat
loss is effectively dispersed from the diode element 101 to the post electrodes 11 and 9 and the like provided on the
outside thereof.
[0054] Furthermore, the anode electrode 4 and the cathode electrode 5 are formed to cover almost the whole main
surface including a portion in the main surface of the semiconductor substrate 20 where the second region 7 is projected.
Therefore, a heat loss generated in the semiconductor substrate 20 is dispersed more effectively from the diode element
101 to the post electrodes 11 and 9 and the like provided on the outside hereof.

<1-3. Variant related to Planar Shape of Second Region>

[0055] Figs. 7 to 14 show various variants related to the planar shape of the second region 7. Figs. 7, 9, 11 and 13
are sectional views taken along the line B - B in Figs. 8, 10, 12 and 14, respectively. Moreover, Figs. 8, 10, 12 and 14
are sectional views taken along the line A - A in Figs. 7, 9, 11 and 13, respectively.
[0056] In a diode element 101a shown in Figs. 7 and 8, the second region 7 is divided into a plurality of (five in the
drawings) unit regions having circular planar shapes respectively, and is provided symmetrically with respect to the
center of the semiconductor substrate 20. In a diode element 101b shown in Figs. 9 and 10, the second region 7 has a
circular planar shape, and the planar shape of the third region 2 is defined annularly to surround the second region 7.
More specifically, the second region 7 and the third region 2 are arranged just reversely to those of the diode element
101 shown in Figs. 1 and 2.
[0057] In a diode element 101c shown in Figs. 11 and 12, the second region 7, the third region 2 and the second
region 7 are sequentially provided from the center of a main surface toward the outside with a concentric circles as
boundaries. In a diode element 101d shown in Figs. 13 and 14, the third region 2, the second region 7, the third region
2 and the second region 7 are sequentially provided from the center of a main surface toward the outside with concentric
circles as boundaries.
[0058] The diode elements 101 and 101b to 101d are common in that the second region 7 and the third region 2 are
alternately provided sequentially from the center of the main surface toward the outside with the concentric circles as
boundaries. Furthermore, they are also common in that a distribution of a heat loss caused by a forward current and a
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reverse current is not biased and the heat loss is effectively dispersed from the diode element to the post electrodes 11
and 9 and the like provided on the outside thereof.
[0059] As the second region 7 or the first region 6 is divided into more regions, the heat loss is dispersed more
effectively. In other words, the uniformity of the heat loss is enhanced still more. Accordingly, the diode element 101d
is more excellent in’ the uniformity of the heat loss than the diode element 101, for example. Although the diode element
101a is inferior to the diode element 101 and the like in respect of symmetry with respect to the center of the main
surface, it is still excellent in the uniformity of the heat loss because the second region 7 is divided.

<2. First Embodiment>

[0060] Next, a diode according to a first embodiment will be described.

<2-1. Structure of Device>

[0061] Figs. 15 and 16 are a sectional front view and a sectional plan view which show a diode element forming a
main part of the diode according to the first embodiment, respectively. A cut surface of Fig. 15 is taken along the line B
- B in Fig. 16, and a cut surface of Fig. 16 is taken along the line C - C in Fig. 15. In the same manner as the diode
element 101, a diode element 102 comprises a semiconductor substrate 20, an anode electrode 4 and a cathode
electrode 5.
[0062] The semiconductor substrate 20 has a P layer 1, an N- layer 21 and an N+ layer 3 sequentially provided from
an upper main surface toward a lower main surface.
[0063] Differently from the diode element 101, however, a boundary interface between the N- layer 21 and the N+layer
3 is not a plane but has concave and convex portions. More specifically, the boundary interface between the N+layer 3
and the N- layers 21 retreats toward the N+ layer 3 side (that is, in a direction of the lower main surface of the semiconductor
substrate 20) in a plurality of portions 30.
[0064] Accordingly, the N+layer 3 includes thick portions 33 and thin portions 34. Conversely, the N- layer 21 is
protruded in portions which are in contact with the thin portions 34, and retreats in portions which are in contact with the
thick portions 33. The planar shape of the thin portion 34, that is, a shape projected on the main surface of the semi-
conductor substrate 20 is desirably circular as shown in Fig. 16. Moreover, it is desirable that the thin portions 34 should
be set to have the same planar shapes and be arranged at regular intervals to be uniformly distributed along the lower
main surface of the semiconductor substrate 20 as shown in Fig. 16.
[0065] Also in the diode element 102, life time killers are selectively introduced into the semiconductor substrate 20,
thereby controlling a life time of carriers. As a result, three regions having different life times, that is, a first region 6, a
second region 31 and a third region 32 are defined in the N- layer 21.
[0066] The first region 6 occupies a region of the N- layer 21 in the vicinity of a PN junction in the same manner as
the first region 6 according to the first embodiment. More specifically, the first region 6 faces the PN junction in the N-

layer 21 between the N- layer 21 and the P layer 1 and is defined as a layered region apart from the N+layer 3.
[0067] The second region 31 is defined as a region adjacent to the opposite side of a PN junction interface of the first
region 6. Furthermore, the third region 32 is adjacent to the opposite side of a boundary interface between the second
region 31 and the first region 6, and is furthermore in contact with the N+layer 3. In other words, the first region 6, the
second region 31 and the third region 32 are provided integrally with each other in this order from the PN junction
interface with the P layer 1 toward the boundary interface with the N+layer 3.
[0068] In examples shown in Figs. 15 and 16, a boundary interface between the second region 31 and the third region
32 is positioned apart from a tip of the thick portion 33 toward the P layer 1. Accordingly, only the third region 32 comes
in contact with the N +layer 3 among the three regions 6, 31 and 32.
[0069] Fig. 17 is a graph showing a profile of a density of the life time killers introduced into the semiconductor substrate
20. In the graph, a profile taken along the vertical line X3 - X3 through the thin portion 34 is depicted. The density of the
life time killers is selectively high in the first region 6 including the PN junction interface. The reason why the density in
the P layer 1 is also high has been described in the first embodiment.
[0070] The life time killers are also introduced into the second region 31. The.density of the life time killers in the
second region 31 is set lower than in the first region 6. The life time killers are not substantially introduced into the third
region 32. As described above, the profile of the life time in the N- layer 21corresponds to that of the density of the life
time killers. Accordingly, a relationship of the life time among the three regions in the N- layer 21 is given by the following
Equation 2.
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[0071] In the substantial portion of the third region 32 where the life time killers are not introduced, an original life time
τ 0 of the N- layer 21 is implemented. On the other hand, a life time in the first region 6 is set shorter than the life time
τ 0, and a life time τ 1 on the PN junction interface is also set shorter than the life time τ 0.
[0072] The life time killers can be selectively introduced by the same method as in the first example. The distribution
of the life time killers in a direction of the main surface of the semiconductor substrate 20 is uniform. Differently from the
first example, therefore, a mask pattern is not required.
[0073] In particular, it is desirable that a local life time control technique should be applied to the introduction of the
life time killers into the second region 31. In this technique, charged particles such as accelerated light ions are irradiated
on the semiconductor substrate 20. As a result, the life time killers are locally introduced in the vicinity of a range of the
charged particle which is determined by an accelerating energy.

<2-2. Operation of Device>

[0074] Fig. 18 is a graph showing a reverse recovery operation of the diode according to the first embodiment illustrated
in Figs. 15 to 17. In the graph, a curve Em2 represents a current waveform of the diode according to the first embodiment.
For comparison, the curve Pr2 related to the diode according to the conventional example 2 is also depicted. Since a
waveform of a reverse voltage v of the diode is almost the same as in the first example, it is omitted.
[0075] In the diode according to the first embodiment, the life time of the carriers in each of the first region 6 and the
second region 31 is set short. Therefore, a reverse recovery characteristic has the following features. Since the life time
is set short in the first region 6, a reverse recovery current Irr is reduced in the same manner as in the conventional
example 2. Furthermore, the second region 31 having a life time set short is provided. Therefore, the recombination of
residual carriers is promoted also in the process in which a depletion layer is enlarged beyond the first region 6.
[0076] For this reason, the attenuation of the reverse recovery current is more promoted as shown in the curve Em2
of Fig. 18 than in the conventional example 2 (curve Pr2). As a result, a reverse recovery loss is more reduced than in
the conventional example 2. Differently from the first example, a reverse current does not concentrate in a part of the
regions. Therefore, if the conditions of the first region 6 are the same as in the conventional example 2, the reverse
recovery current Irr does not exceed the reverse recovery current Irr in the conventional example 2. Accordingly, a di /
dt capability can have a high value in the same manner as in the conventional example 2.
[0077] Furthermore, the life time killers are not introduced into the third region 32 adjacent to the N+layer 3. Therefore,
excess carriers are annihilated with difficulty in the third region 32. For this reason, the carriers are annihilated with
difficulty at a stage in which the depletion layer approaches the N+layer 3, that is, the last stage of the reverse recovery
operation. In particular, the thin portions 34 in the N+layer 3, that is, portions of the boundary interface between the
N+layer 3 and the third region 32 which retreat toward the lower main surface of the semiconductor substrate 20 are
present. By making a comparison on the condition that the semiconductor substrate 20 has the same thickness, therefore,
a capacitance C equivalently formed on the semiconductor substrate 20 keeps a finite value for a longer period of time.
[0078] As a result, the capacitance C is larger than the capacitance C (Pr2) of the conventional example 2 at the last
stage of the reverse recovery operation and keeps a finite value for a longer period of time in the same manner as the
capacitance C (Em1) shown in Fig. 5. Also at the last stage of the reverse recovery operation, accordingly, oscillation
is suppressed, and a reverse voltage smoothly converges on a steady value without great oscillation in the same manner
as the curve v (Em1) shown in Fig. 4.
[0079] It is desirable that the semiconductor substrate 20 should be as thin as possible in order to reduce a forward
voltage. In the diode according to the first embodiment, it is possible to effectively suppress the oscillation without
increasing the thickness of the semiconductor substrate 20, that is, without sacrificing the forward voltage.
[0080] If the N+layer 3 becomes thin all over, a leak current in a steady state which is obtained after the reverse
recovery operation is increased. In the diode according to the first embodiment, the N+layer- 3 is partially thin. Therefore,
the oscillation can effectively be suppressed without increasing the leak current. This fact has also been confirmed by
a simulation as will be described below.
[0081] Fig. 19 is a partially enlarged sectional view showing the N+layer 3 and the vicinity thereof which are enlarged.
The planar shape of the thin portion 34 is circular as described above, and has a diameter represented by w1. Fig. 20
is a graph showing data obtained based on a simulation for a relationship between the diameter w1 and a leak current
(leakage current) in a steady state.
[0082] As shown in the graph, the leak current is almost constant with the diameter w1 ranging from 0 to 50 mm, and
is rarely affected by the existence of the thin portion 34. On the other hand, if the diameter w1 exceeds about 50 m m,
the leak current is rapidly increased. Accordingly, it is desirable that the diameter w1 of the thin portion 34 should be
set to 50 m m or less in order not to increase the leak current. In the case where the planar shape of the thin portion 34
is not circular, the increase in the leak current can similarly be prevented if a maximum diameter is set to 50 m m or less.
[0083] If the thin portions 34 in the N+layer 3 amount to a large ratio, the forward voltage is affected. Fig. 21 is a graph
showing data obtained by confirming this fact based on a simulation. An area factor of the thin portions 34 means a ratio
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of an area occupied by a region where the thin portions 34 are projected to the lower main surface of the semiconductor
substrate 20.
[0084] As shown by the graph, the forward voltage is rarely affected by the thin portions 34 with the area factor of the
thin portions 34 ranging from 0 to 50 %. On the other hand, if the area factor exceeds 50 %, the forward voltage is
remarkably increased. Accordingly, it is desirable that the area factor of the thin portions 34 should be set to 50 % or
less in order not to increase the forward voltage.
[0085] In the diode according to the first embodiment, the life time is set short in the second region 31 as well as the
first region 6. Therefore, a resistance for the forward current is increased a little more than in the conventional example
2. As a result, the forward voltage has a little higher value than in the conventional example 2 by the influence of the
second region 31. However, it is not necessary to set the life time of the second region 31 shorter than in the first region
6. As long as the life time of the second region 31 is not set excessively short, the forward voltage can have a value
which approximates to the value in the conventional example 2.
[0086] As described above, in the diode according to the first embodiment, it is possible to simultaneously implement
a high di / dt capability, a low reverse recovery loss and a comparatively low forward voltage. Furthermore, the voltage
oscillation can be prevented in the process of the reverse recovery operation.

<2-3. More Optimum Condition of N+layer 3>

[0087] Returning to Fig. 19, more desirable conditions for the shape of the N+layer 3 will be described below. The N-

layer 21 is thinner in the vicinity of the thick portions 33 than the vicinity of the thin portions 34, and a resistance component
of the N- layer 21 is correspondingly reduced. Accordingly, when the forward current flows, a current density is more
increased in the thick portions 33 than in the thin portions 34. When a transition to the reverse recovery operation is
started in this state, the reverse current also concentrates more easily in the thick portions 33 than in the thin portions 34.
[0088] As illustrated in Fig. 16, the thin portions 34 have the same planar shapes and are arranged at regular intervals
uniformly distributed along the lower main surface of the semiconductor substrate 20. Consequently, the concentration
of the reverse current can be relieved. Thus, it is possible to prevent a reduction in a blocking capability from being
caused by an increase in a local loss.
[0089] As described above, the boundary interface between the second region 31 and the third region 32 is positioned
apart from the tips of the thick portions 33 toward the P layer 1. More specifically, a space d1 between the boundary
interface of the second region 31 and the third region 32 and the lower main surface of the semiconductor substrate 20
is set larger than a thickness d2 of the thick portions 33 as shown in Fig. 19. Consequently, the capacitance C equivalently
formed on the semiconductor substrate 20 keeps a finite value for a longer period of time in the last stage of the reverse
recovery operation. Consequently, oscillation can be suppressed more effectively.
[0090] It is desirable that an impurity concentration of the N+layer 3 should be set to 1 31018n / cm3 or more on an
exposed surface 37 in the lower main surface of the semiconductor substrate 20 where the thick portions 33 are exposed.
Consequently, a good ohmic contact can be implemented between the N+layer 3 and the cathode electrode 5. Further-
more, it is also possible to employ a simple manufacturing method in which the thick portions 33 and the thin portions
34 are formed simply by selectively introducing an N type impurities into only the exposed surface 37 in the lower main
surface of the semiconductor substrate 20 and then diffusing the same N type impurities when forming the N+layer 3.
[0091] There is a possibility that the leak current might be increased if a thickness d3 of the thin portions 34 is set
excessively small. However, when the diameter w1 is set to 50 m m or less and a surface concentration of the impurities
on the exposed surface 37 is set to 131018n / cm3 or more, the thickness d3 can also be set to 5 m m or less, for example,
without increasing the leak current. In particular, the thickness d3 can also be set to 0 as shown in Fig 22.
[0092] The reason is that carriers are diffused from the thick portion 33 having a high impurity concentration toward
a periphery 38 and the thin portions 34 are covered with the diffused carriers, thereby exhibiting a fully high voltage
holding capability. By setting the thickness d3 to 0, it is possible to bring out the effect of suppressing the oscillation at
the maximum without increasing the thickness of the semiconductor substrate 20. It is desirable that the thickness d2
of the thick portion 33 should be set to 50 m m or more.

<2-4. Valiant related to Thickness of Third Region 32>

[0093] Fig. 23 is a partially enlarged sectional view showing a variant related to the thickness of the third region 32.
As shown, it is also possible to set the space d1 smaller than the thickness d2 in such a manner that a part of the second
region 31 comes in contact with the thick portions 33. In this example, the second region 31 has a greater thickness
than in the example of Fig. 19. Therefore, the reverse recovery current is attenuated more quickly as shown in a curve
Em2a of Fig. 24 so that a reverse recovery loss can be reduced still more.
[0094] However, the third region 32 has a larger thickness in the example illustrated in Fig. 19. Therefore, the effect
of suppressing oscillation is more excellent in the example of Fig. 19. It is possible to widely select the space d1 depending
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on intended use.

<3. Second Embodiment>

[0095] Next, a diode according to a second embodiment will be described.

<3-1. Structure of Device>

[0096] Figs. 25 and 26 are a sectional front view and a sectional plan view which show a diode element forming a
main part of the diode according to the second embodiment, respectively. A cut surface of Fig. 25 is taken along the
line B - B in Fig. 26, and a cut surface of Fig. 26 is taken along the line D - D in Fig. 25. A structure of a diode element
103 according to the present embodiment is just similar to a structure obtained by keeping the profile of the life time
killers in its entirety and replacing the shapes of the P layer 1 and the N+layer 3 with each other in the diode element
102 as will be described below.
[0097] In the same manner as the diode elements 101 and 102, the diode element 103 also comprises a semiconductor
substrate 20, an anode electrode 4 and a cathode electrode 5. Moreover, the semiconductor substrate 20 has a P layer
1, an N- layer 21 and an N+ layer 3 sequentially provided from an upper main surface toward a lower main surface.
Differently from the diode element 101, however, a PN junction interface between the P layer 1 and the N- layer 21 is
not a plane but has concave and convex portions. More specifically, a PN junction interface retreats toward the P layer
1 side (that is, in a direction of the upper main surface of the semiconductor substrate 20) in a plurality of portions 50.
[0098] In addition, the P layer 1 includes thin portions 51 and thick portions 52. Conversely, the N- layer 21 is protruded
in portions which are contact with the thin portions 51, and retreats in portions which are in contact with the thick portions
52. The planar shape of the thin portion 51, that is, a shape projected on the main surface of the semiconductor substrate
20 is desirably circular as shown in Fig. 26. Moreover, it is desirable that the thin portions 51 should be set to have the
same planar shapes and be arranged at regular intervals to be uniformly distributed along the upper main surface of
the semiconductor substrate 20 as shown in Fig. 26.
[0099] Also in the diode element 103, a life time killers are selectively introduced into three regions having different
life times, that is, a first region 53, a second region 54 and a third region 55 are defined in the N- layer 21.
[0100] The first region 53 occupies a region of the N- layer 21 in the vicinity of a PN junction in the same manner as
the first region 6 according to the first and second embodiments. More specifically, the first region 53 faces the PN
junction in the N- layer 21 between the N- layer 21 and the P layer 1 and is defined as a layered region apart from the
N+layer 3.
[0101] The second region 54 is defined as a region adjacent to the opposite side of a PN junction interface of the first
region 53. Furthermore, the third region 55 is adjacent to the opposite side of a boundary interface between the second
region 54 and the first region 53, and is furthermore in contact with the N+layer 3. In other words, the first region 53, the
second region 54 and the third region 55 are provided integrally with each other in this order from the PN junction
interface with the P layer 1 toward a boundary interface with the N+layer 3.
[0102] In examples shown in Figs. 25 and 26, the boundary interface between the first region 53 and the second
region 54 is positioned not apart from tips of the thick portions 52 toward the N+layer 3. Accordingly, both the first region
53 and the second region 54 come in contact with the P layer 1, thereby forming a PN junction interface.
[0103] Fig. 27 is a graph showing a profile of a density of the life time killers introduced into the semiconductor substrate
20. In the graph, a profile taken along the vertical line X4 - X4 through the thin portion 51 is depicted. The density of the
life time killers is selectively high in the first region 53 including the PN junction interface. The reason why the density
in the P layer 1 is also high has been described in the first embodiment.
[0104] The life time killers are also introduced into the second region 54. The density of the life time killers in the
second region 54 is set lower than in the first region 53. The life time killers are not substantially introduced into the third
region 55. Accordingly, a relationship of the life time among the three regions in the N- layer 21 is given by the following
Equation 3.

[0105] In the substantial portion of the third region 55 where the life time killers are not introduced, an original life time
τ 0 of the N- layer 21 is implemented. On the other hand, a life time in the first region 53 is set shorter than the life time
τ 0, and a life time on the PN junction interface is also set shorter than the life time τ 0. The life time killers can be
selectively introduced by the same method as in the first embodiment.
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<3-2. Operation of Device>

[0106] Fig. 28 is a graph showing a reverse recovery operation of the diode according to the second embodiment
illustrated in Figs. 25 to 27. In the graph, a curve Em3 represents a current waveform of the diode according to the
second embodiment. For comparison, the curve Pr2 related to the diode according to the conventional example 2 is
also depicted.
[0107] In the diode according to the second embodiment, the PN junction interface is provided with concave and
convex portions. Therefore, an area of the PN junction interface is increased. For this reason, a large quantity of carriers
are injected into the N layer 21. As a result, it is possible to obtain an advantage that a forward voltage can be reduced.
On the other hand, since the quantity of the carriers is large, the annihilation of residual carriers is delayed in the reverse
recovery operation. Consequently, a reverse recovery current Irr is larger than in the conventional example 2.
[0108] However, if it is assumed that the diode can implement a low forward voltage by setting the PN junction interface
between the P layer 1 and the N- layer 21 in the conventional example 1 to have the same shape as in the second
embodiment, a current waveform is represented by a curve Cm in Fig. 28. In the virtual diode, the reverse recovery
current Irr is remarkably increased as shown in the curve Cm. As a result, a reverse recovery loss has a large value.
More specifically, a forward characteristic can be improved but fewer advantages of a reverse recovery characteristic
can be gained with the PN junction interface having the concave and convex portions.
[0109] On the other hand, in the diode according to the second embodiment, the PN junction interface is provided
with the concave and convex portions and a life time is set short in the first region 53 adjacent to the PN junction interface
so that the reverse recovery characteristic can be prevented from being deteriorated. As is apparent from a comparison
between the curve Em3 and the curve Cm, the reverse recovery current Irr can be reduced. In the diode according to
the second embodiment, thus, the PN junction interface is provided with the concave and convex portions so that
disadvantages which are secondarily produced can be relieved or eliminated and the forward characteristic can be
improved while suppressing the deterioration in the reverse recovery characteristic such as a di / dt capability.
[0110] Furthermore, since the second region 54 having a life time set short is provided, the recombination of the
residual carriers can be promoted also in the process in which a depletion layer is enlarged beyond the first region 53.
As a result, the attenuation of the reverse recovery current can be more promoted as shown in the curve Em3 than in
the conventional example 2 (curve Pr2). Consequently, an increase in the reverse recovery current Irr is not exactly
linked with an increase in the reverse recovery loss. In other words, the reverse recovery loss does not have a much
larger value than in the conventional example 2.
[0111] As described above, in the diode according to the second embodiment, it is possible to implement a low forward
voltage while preventing the di / dt capability and the reverse recovery loss from being increased.

<3-3. Optimum Condition of PN Junction Interface>

[0112] Fig. 29 is a partially enlarged sectional view showing the P layer 1 and the vicinity thereof which are enlarged.
The planar shape of the thin portion 51 is circular as described above, and has a diameter represented by w2. In the
vicinity of the thick portions 52, the N- layer 21 is thinner than in the vicinity of the thin portions 51 so that a resistance
component of the N- layer 21 is correspondingly reduced. Accordingly, when a forward current flows, a current density
is higher in the thick portions 52 than in the thin portions 51. When a transition to a reverse recovery operation is started
in this state, a reverse current also concentrates more easily in the thick portions 52 than in the thin portions 51.
[0113] As illustrated in Fig. 26, the thin portions 51 have the same planar shapes and are arranged at regular intervals
to be uniformly distributed along the upper main surface of the semiconductor substrate 20. Consequently, the concen-
tration of the reverse current can be relieved. Thus, it is possible to prevent a reduction in a blocking capability from
being caused by an increase in a local loss.
[0114] As described above, the boundary interface between the first region 53 and the second region 54 is positioned
rearward apart from the tips of the thick portions 52 toward the upper main surface of the semiconductor substrate 20.
More specifically, a space d4 between the boundary interface of the first region 53 and the second region 54 and the
upper main surface of the semiconductor substrate 20 is set smaller than a thickness d5 of the thick portions 52 as
shown in Fig. 29. For this reason, a forward voltage can be reduced effectively. Moreover, it is desirable that the thickness
d5 should be set to 50 m m or more. be set to 50 m m or more.
[0115] The planar shape of the thin portions 51 also affects a leak current (leakage current) and a forward voltage in
a steady state. Fig. 30 is a graph showing data obtained based on a simulation for a relationship of the leak current and
forward voltage to the diameter w2. As shown by the graph, the leak current is almost constant with the diameter w2
ranging from 0 to 50 mm and is rarely affected by the existence of the thin portion 51.
[0116] On the other hand, if the diameter w2 exceeds about 50 m m, the leak current is rapidly increased. Accordingly,
it is desirable that the diameter w2 of the thin portion 51 should be set to 50 mm or less in order not to increase the leak
current. When the planar shape of the thin portion 51 is not circular, the leak current can similarly be prevented from
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being increased if a maximum diameter is set to 50 m m or less.
[0117] When the diameter w2 is about 30 m m, the forward voltage has a minimum value. When the diameter w2
ranges from about 20 m m to about 40 m m, the forward voltage is rarely affected by a change in the diameter w2 but
almost keeps the minimum value. Therefore, it is desirable that the diameter w2 should be set to about 20 m m to about
40 m m in consideration of both the forward voltage and the leak current.
[0118] The ratio of the P layer 1 occupied by the thin portions 51 also affects the leak current and the forward voltage.
Fig. 31 is a graph showing data obtained by confirming this fact based on a simulation. An area factor of the thin potions
51 means a ratio of an area occupied by a portion where the thin portions 51 are projected to the upper main surface
of the semiconductor substrate 20.
[0119] As shown by the graph, the leak current is rarely affected by the thin portions 51 with the area factor of the thin
portions 51 ranging from 0 to 50 %. On the other hand, if the area factor exceeds 50 %, the leak current is remarkably
increased. 50 % or less in order not to increase the leak current.
[0120] When the area factor of the thin portions 51 is about 35 %, the forward voltage has a minimum value. When
the area factor ranges from about 25 % to about 45 %, the forward voltage is rarely affected by a change in the area
factor and almost keeps the minimum value. Accordingly, it is desirable that the area factor of the thin portions 51 should
be set to about 25 % to about 45 % in consideration of both the forward voltage and the leak current.
[0121] Returning to Fig. 29, it is desirable that an impurity concentration in the P layer 1 should be set to 1 3 1017n /
cm3 or more on an exposed surface 57 in the upper main surface of the semiconductor substrate 20 where the thick
portions 52 are exposed. Consequently, a good ohmic contact can be realized between the P layer 1 and the anode
electrode 4. Furthermore, it is also possible to employ a simple manufacturing method in which the thick portions 52
and the thin portions 51 are formed simply by selectively introducing a P type impurities into only the exposed surface
57 in the upper main surface of the semiconductor substrate 20 and then diffusing the same P type impurities when
forming the P layer 1.

<3-4. Variant related to Thickness of First Region 53>

[0122] The boundary interface between the second region 54 and the third region 55 may be positioned apart from
the tips of the thick portion 52 toward the N+ layer 3. More specifically, the space d4 may be set lager than the thickness
d5 of the thick portions 52 as shown in Fig. 32. As compared with the example of Fig. 29, consequently, the forward
voltage is somewhat deteriorated but the reverse recovery current Irr can be reduced and the di / dt capability can be
improved.

<4. Third Embodiment>

[0123] Fig. 33 collectively shows the quality of each of parameters for evaluating the characteristic of the diode in the
form of a table according to each of the above-mentioned embodiments. For comparison, the quality of each of parameters
according to the conventional examples 1 and 2 is also described. In Fig. 33, items in which preferred characteristics
can be obtained are shown by hatching. Each of the above-mentioned embodiments can properly be carried out in
combination with each other. Thereby a mean value for each parameter can be obtained. In other words, the degree of
design freedom can be increased in consideration of the combination.
[0124] For example, it is possible to constitute a diode element having both features of the diode elements 102 and
103 as shown in Fig. 34. In a diode element 104, a P layer 1 provided in a semiconductor substrate 20 is equivalent to
the P layer 1 of the diode element 103. An N- layer 21 and an N+ layer 3 are formed equivalently to corresponding
semiconductor layers of the diode element 102, respectively.
[0125] More specifically, the P layer 1 includes a thin portions 51 and thick portions 52, and the N+ layer 3 also includes
a thick portions 33 and thin portions 34. Furthermore, the N- layer 21 has a first region 6, a second region 31 and a third
region 32 formed thereon. A profile of a life time in each of these three regions is given by Fig. 17. Thus, the diode
element 104 has both the features of the diode elements 102 and 103. Therefore, it is possible to obtain a mean value
for each parameter shown in Fig. 33.

<5. Variant>

[0126] Referring to the diode according to the first example, it is also possible to employ a configuration in which the
semiconductor substrate 20 does not comprise the N + layer 3. In this case, the N- layer 21 is exposed to the lower main
surface of the semiconductor substrate 20 and the cathode electrode 5 is directly connected to the N- having such a
structure and a distribution of a density of life time killers to be introduced.
[0127] As shown in Fig. 35, the distribution of the density of the life time killers on the N- layer 21 is equal to that on
the N- layer 21 according to the first example shown in Fig. 3. As a result, the N- layer 21 has a first region 6, a second
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region 7 and a third region 2 formed thereon in the same manner as the N- layer 21 of the diode element 101.
[0128] Also in a device having such a structure, it is possible to simultaneously implement a higher di / dt capability,
a lower reverse recovery loss and a lower forward voltage than in a conventional device comprising no N+ layer 3 in the
same manner as the device according to the first example. Furthermore, the voltage oscillation can be suppressed in
the process of a reverse recovery operation. Since the device according to the first example comprises the N+ layer 3,
it is more excellent in that a punch through can be suppressed to raise a breakdown voltage with the semiconductor
substrate 20 set thin.
[0129] While the present invention has been described in detail, the above description is illustrative in all aspects and
the present invention is not restricted thereto.

Claims

1. A diode comprising:

- a semiconductor substrate (20) defining an upper main surface and a lower main surface;
- a first main electrode (4) connected to the upper main surface; and
- a second main electrode (5) connected to the lower main surface, the semiconductor substrate including first,
second and third semiconductor layers (1, 21, 3) sequentially provided from the upper main surface toward the
lower main surface,
- the first semiconductor layer (1) having a first conductivity type and being exposed to the upper main surface,
the second semiconductor layer (21) having a second conductivity type and forming a PN junction together with
the first semiconductor layer,
- the third semiconductor layer (3) having a second conductivity type, having a higher impurity concentration
than the second semiconductor layer, and being exposed to the lower main surface,
- the second semiconductor layer (21) being sequentially divided into first, second and third regions (6, 31, 32)
from the first semiconductor layer (1) toward the third semiconductor layer (3), and a boundary interface between
the second semiconductor layer (21) and the third semiconductor layer (3) including a portion (30) retreating
toward the lower main surface so that the third semiconductor layer (3) includes a thick portion (33) and a thin
portion (34), wherein a lifetime of minority carriers in the second semiconductor layer (21) is set shorter in the
second region than in the third region, and is set shorter in the first region than in the second region.

2. The diode according to claim 1,
wherein a ratio of an area occupied by a region where the thin portion is projected to the lower main surface is set
to 50 % or less.

3. The diode according to claim 1 or 2,
wherein the thin portion is divided into a plurality of portions (34) which are uniformly arranged at regular intervals
along the lower main surface.

4. The diode according to any of claims 1 to 3,
wherein a maximum diameter of each of the plurality of portions along the lower main surface is set to 50 mm or less.

5. The diode according to any of claims 1 to 4,
wherein a distance (d1) from a boundary between the second region and the third region to the lower main surface
is set smaller than a thickness (d2) of the thick portion.

6. A diode comprising:

- a semiconductor substrate (20) defining an upper main surface and a lower main surface;
- a first main electrode (4) connected to the upper main surface; and a second main electrode (5) connected
to the lower main surface,
- the semiconductor substrate including first, second and third semiconductor layers (1, 21, 3) sequentially
provided from the upper main surface toward the lower main surface,
- the first semiconductor layer (1) having a first conductivity type and being exposed to the upper main surface,
- the second semiconductor layer (21) having a second conductivity type and forming a PN junction together
with the first semiconductor layer,
- the third semiconductor layer (3) having a second conductivity type, having a higher impurity concentration
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than the second semiconductor layer, and being exposed to the lower main surface,
- the second semiconductor layer (21) being sequentially divided into first, second and third regions (53, 54,
55) from the first semiconductor layer (1) toward the third semiconductor layer (3), and
- a boundary surface between the first semiconductor layer (1) and the second semiconductor layer (21) including
a portion (50) retreating toward the upper main surface so that the first semiconductor layer (1) includes a thick
portion (52) and a thin portion (51),
- wherein a lifetime of minority carriers in the second semiconductor layer (21) is set shorter in the second region
than in the third region, and is set shorter in the first region than in the second region.

7. The diode according to claim 6,
wherein a ratio of an area occupied by a region where the thin portion is projected to the upper main surface is set
to 50 % or less.

8. The diode according to claim 6 or 7,
wherein the thin portion is divided into a plurality of portions (51) which are uniformly arranged at regular intervals
along the lower main surface.

9. The diode according to any of claims 6 to 8,
wherein a maximum diameter of each of the plurality of portions along the upper main surface is set to 50 mm or less.

10. The diode according to any of claims 6 to 9,
wherein a distance (d4) from a boundary between the first region and the second region to the upper main surface
is set larger than a thickness (d5) of the thick portion.

11. The diode according to any of claims 6 to 10,
wherein a boundary surface between the second semiconductor layer (21) and the third semiconductor layer (3)
includes a portion (30) retreating toward the lower main surface so that the third semiconductor layer (3) includes
a thick portion (33) and a thin portion (34).

Patentansprüche

1. Diode, die folgendes aufweist:

- ein Halbleitersubstrat (20), das eine obere Hauptfläche und eine untere Hauptfläche bildet;
- eine erste Hauptelektrode (4), die mit der oberen Hauptfläche verbunden ist; und
- eine zweite Hauptelektrode (5), die mit der unteren Hauptfläche verbunden ist, wobei das Halbleitersubstrat
eine erste, eine zweite und eine dritte Halbleiterschicht (1, 21, 3) aufweist, die nacheinander von der oberen
Hauptfläche in Richtung zu der unteren Hauptfläche vorgesehen sind,
- wobei die erste Halbleiterschicht (1) einen ersten Leitfähigkeits-Typ aufweist und zu der oberen Hauptfläche
hin freiliegt, wobei die zweite Halbleiterschicht (21) einen zweiten Leitfähigkeits-Typ aufweist und zusammen
mit der ersten Halbleiterschicht einen PN-Übergang bildet,
- wobei die dritte Halbleiterschicht (3) einen zweiten Leitfähigkeits-Typ mit einer höheren Dotierstoffkonzentra-
tion als die zweite Halbleiterschicht aufweist und zu der unteren Hauptfläche hin freiliegt,
- wobei die zweite Halbleiterschicht (21), ausgehend von der ersten Halbleiterschicht (1) zu der dritten Halb-
leiterschicht (3), nacheinander in eine erste, eine zweite und eine dritte Region (6, 31, 32) unterteilt ist, und
wobei eine Grenzfläche zwischen der zweiten Halbleiterschicht (21) und der dritten Halbleiterschicht (3) einen
Bereich (30) aufweist, der in Richtung auf die untere Hauptfläche zurückspringend ausgebildet ist, so daß die
dritte Halbleiterschicht (3) einen dicken Bereich (33) und einen dünnen Bereich (34) aufweist, wobei eine Le-
bensdauer von Minoritätsträgern in der zweiten Halbleiterschicht (21) in der zweiten Region kürzer vorgegeben
ist als in der dritten Region und in der ersten Region kürzer vorgegeben ist als in der zweiten Region.

2. Diode nach Anspruch 1,
wobei das Verhältnis einer Fläche, die von einer Region eingenommen wird, in der der dünne Bereich gegenüber
der unteren Hauptfläche vorspringend ausgebildet ist, mit 50 % oder weniger vorgegeben ist.

3. Diode nach Anspruch 1 oder 2,
wobei der dünne Bereich in eine Vielzahl von Bereichen (34) unterteilt ist, die in regelmäßigen Intervallen entlang
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der unteren Hauptfläche gleichmäßig angeordnet sind.

4. Diode nach einem der Ansprüche 1 bis 3,
wobei ein maximaler Durchmesser von jedem der Vielzahl von Bereichen entlang der unteren Hauptfläche mit 50
mm oder weniger vorgegeben ist.

5. Diode nach einem der Ansprüche 1 bis 4,
wobei eine Distanz (d1) von einer Grenzfläche zwischen der zweiten Region und der dritten Region bis zu der
unteren Hauptfläche kleiner vorgegeben ist als eine Dicke (d2) des dicken Bereichs.

6. Diode, die folgendes aufweist:

- ein Halbleitersubstrat (20), das eine obere Hauptfläche und eine untere Hauptfläche bildet;
- eine erste Hauptelektrode (4), die mit der oberen Hauptfläche verbunden ist; und
- eine zweite Hauptelektrode (5), die mit der unteren Hauptfläche verbunden ist,
- wobei das Halbleitersubstrat eine erste, eine zweite und eine dritte Halbleiterschicht (1, 21, 3) aufweist, die
nacheinander von der oberen Hauptfläche in Richtung zu der unteren Hauptfläche vorgesehen sind,
- wobei die erste Halbleiterschicht (1) einen ersten Leitfähigkeits-Typ aufweist und zu der oberen Hauptfläche
hin freiliegt,
- wobei die zweite Halbleiterschicht (21) einen zweiten Leitfähigkeits-Typ aufweist und zusammen mit der ersten
Halbleiterschicht einen PN-Übergang bildet,
- wobei die dritte Halbleiterschicht (3) einen zweiten Leitfähigkeits-Typ mit einer höheren Dotierstoffkonzentra-
tion als die zweite Halbleiterschicht aufweist und zu der unteren Hauptfläche hin freiliegt,
- wobei die zweite Halbleiterschicht (21), ausgehend von der ersten Halbleiterschicht (1) zu der dritten Halb-
leiterschicht (3), nacheinander in eine erste, eine zweite und eine dritte Region (53, 54, 55) unterteilt ist, und
- wobei eine Grenzfläche zwischen der ersten Halbleiterschicht (1) und der zweiten Halbleiterschicht (21) einen
Bereich (50) aufweist, der in Richtung auf die obere Hauptfläche zurückspringend ausgebildet ist, so daß die
erste Halbleiterschicht (1) einen dicken Bereich (52) und einen dünnen Bereich (51) aufweist,
- wobei eine Lebensdauer von Minoritätsträgern in der zweiten Halbleiterschicht (21) in der zweiten Region
kürzer vorgegeben ist als in der dritten Region und in der ersten Region kürzer vorgegeben ist als in der zweiten
Region.

7. Diode nach Anspruch 6,
wobei das Verhältnis einer Fläche, die von einer Region eingenommen wird, in der der dünne Bereich gegenüber
der oberen Hauptfläche vorspringend ausgebildet ist, mit 50 % oder weniger vorgegeben ist.

8. Diode nach Anspruch 6 oder 7,
wobei der dünne Bereich in eine Vielzahl von Bereichen (51) unterteilt ist, die in regelmäßigen Intervallen entlang
der unteren Hauptfläche gleichmäßig angeordnet sind.

9. Diode nach einem der Ansprüche 6 bis 8,
wobei ein maximaler Durchmesser von jedem der Vielzahl von Bereichen entlang der oberen Hauptfläche mit 50
mm oder weniger vorgegeben ist.

10. Diode nach einem der Ansprüche 6 bis 9,
wobei eine Distanz (d4) von einer Grenzfläche zwischen der ersten Region und der zweiten Region bis zu der
oberen Hauptfläche größer vorgegeben ist als eine Dicke (d5) des dicken Bereichs.

11. Diode nach einem der Ansprüche 6 bis 10,
wobei eine Grenzfläche zwischen der zweiten Halbleiterschicht (21) und der dritten Halbleiterschicht (3) einen
Bereich (30) aufweist, der in Richtung auf die untere Hauptfläche zurückspringend ausgebildet ist, so daß die dritte
Halbleiterschicht (3) einen dicken Bereich (33) und einen dünnen Bereich (34) aufweist.

Revendications

1. Diode, comprenant :
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- un substrat semi-conducteur (20) définissant une surface principale supérieure et une surface principale
inférieure;
- une première électrode principale (4) connectée à la surface principale supérieure; et
- une seconde électrode principale (5) connectée à la surface principale inférieure, le substrat semi-conducteur
incluant une première, une seconde et une troisième couche semi-conductrice (1, 21, 3) prévues en séquence
depuis la surface principale supérieure vers la surface principale inférieure,
- la première couche semi-conductrice (1) ayant un premier type de conductivité et étant exposée vers la surface
principale supérieure, la seconde couche semi-conductrice (21) ayant un second type de conductivité et formant
une jonction PN ensemble avec la première couche semi-conductrice,
- la troisième couche semi-conductrice (3) ayant un second type de conductivité, ayant une plus forte concen-
tration en impuretés que la seconde couche semi-conductrice, et étant exposée vers la surface principale
inférieure,
- la seconde couche semi-conductrice (21) étant séquentiellement divisée en une première, une seconde et
une troisième région (6, 31, 32) depuis la première couche semi-conductrice (1) vers la troisième couche semi-
conductrice (3), et une interface frontière entre la seconde couche semi-conductrice (21) et la troisième couche
semi-conductrice (3) incluant une portion (30) en retrait vers la surface principale inférieure, de sorte que la
troisième couche semi-conductrice (3) inclut une portion épaisse (33) et une portion mince (34), dans lesquelles
une durée de vie de porteurs minoritaires dans la seconde couche semi-conductrice (21) est fixée plus courte
dans la seconde région que dans la troisième région, et est fixée plus courte dans la première région que dans
la seconde région.

2. Diode selon la revendication 1,
dans laquelle un rapport d’une surface occupée par une région dans laquelle la portion mince est en projection vers
la surface principale inférieure est fixé à 50 % ou moins.

3. Diode selon la revendication 1 ou 2,
dans laquelle la portion mince est divisée en une pluralité de portions (34) qui sont uniformément agencées à
intervalles réguliers le long de la surface principale inférieure.

4. Diode selon l’une quelconque des revendications 1 à 3,
dans laquelle un diamètre maximum de chacune de la pluralité de portions le long de la surface principale inférieure
est fixé à 50 mm ou moins.

5. Diode selon l’une quelconque des revendications 1 à 4,
dans laquelle une distance (d1) depuis une frontière entre la seconde région et la troisième région vers la surface
principale inférieure est fixée plus petite qu’une épaisseur (d2) de la portion épaisse.

6. Diode, comprenant :

- un substrat semi-conducteur (20) définissant une surface principale supérieure et une surface principale
inférieure;
- une première électrode principale (4) connectée à la surface principale supérieure; et une seconde électrode
principale (5) connectée à la surface principale inférieure,
- le substrat semi-conducteur incluant une première, une seconde et une troisième couche semi-conductrice
(1, 21, 3) prévues séquentiellement depuis la surface principale supérieure vers la surface principale inférieure,
- la première couche semi-conductrice (1) ayant un premier type de conductivité et étant exposée vers la surface
principale supérieure,
- la seconde couche semi-conductrice (21) ayant un second type de conductivité et formant une jonction PN
ensemble avec la première couche semi-conductrice,
- la troisième couche semi-conductrice (3) ayant un second type de conductivité, ayant une plus forte concen-
tration en impuretés que la seconde couche semi-conductrice, et étant exposée vers la surface principale
inférieure,
- la seconde couche semi-conductrice (21) étant séquentiellement divisée en une première, une seconde et
une troisième région (53, 54, 55) depuis la première couche semi-conductrice (1) vers la troisième couche
semi-conductrice (3), et
- une surface frontière entre la première couche semi-conductrice (1) et la seconde couche semi-conductrice
(21) inclut une portion (50) en retrait vers la surface principale supérieure de sorte que la première couche
semi-conductrice (1) inclut une portion épaisse (52) et une portion mince (51),
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- dans lesquelles une durée de vie de porteurs minoritaires dans la seconde couche semi-conductrice (21) est
fixée plus courte dans la seconde région que dans la troisième région, et est fixée plus courte dans la première
région que dans la seconde région.

7. Diode selon la revendication 6,
dans laquelle un rapport d’une superficie occupée par une région dans laquelle la portion mince est en projection
vers la surface principale supérieure est fixé à 50 % ou moins.

8. Diode selon la revendication 6 ou 7,
dans laquelle la portion mince est divisée en une pluralité de portions (51) qui sont uniformément agencées à
intervalles réguliers le long de la surface principale inférieure.

9. Diode selon l’une quelconque des revendications 6 à 8,
dans laquelle un diamètre maximum de chacune de la pluralité de portions le long de la surface principale supérieure
est fixé à 50 mm ou moins.

10. Diode selon l’une quelconque des revendications 6 à 9,
dans laquelle une distance (d4) depuis une frontière entre la première région et la seconde région vers la surface
principale supérieure est fixée plus grande qu’une épaisseur (d5) de la portion épaisse.

11. Diode selon l’une quelconque des revendications 6 à 10,
dans laquelle une surface frontière entre la seconde couche semi-conductrice (21) et la troisième couche semi-
conductrice (3) inclut une portion (30) en retrait vers la surface principale inférieure, de sorte que la troisième couche
semi-conductrice (3) inclut une portion épaisse (33) et une portion mince (34).
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