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Description

Field

[0001] The present invention relates to a semiconductor device and a method for producing a semiconductor device,
and more particularly, to a semiconductor device, such as a diode or an insulated gate bipolar transistor (IGBT) including
an n-type field stop layer, and a method for producing a semiconductor device.

Background

[0002] As a semiconductor device used in a power semiconductor device, for example, there is a diode or an IGBT
with a breakdown voltage of 400 V, 600 V, 1200 V, 1700 V, 3300 V, or a higher one. The diode or the IGBT is used in
a power conversion apparatus such as a converter or an inverter. The power semiconductor device requires good
electrical characteristics, such as low loss, high efficiency, and a high breakdown voltage, and low costs. For example,
a semiconductor device has been known in which a donor layer which will be an n-type field stop (FS) layer is provided
in an n- drift layer to improve switching characteristics. The semiconductor device including the n-type FS layer according
to the related art will be described using a diode as an example.
[0003] Fig. 6 is a cross-sectional view illustrating a main portion of the diode including the n-type field stop layer
according to the related art. In a diode 100a shown in Fig. 6, a p-type anode region 2 is formed in a first main surface
(front surface 1b) of an n- semiconductor substrate 1 which will be an n- drift layer that is so thin that a predetermined
breakdown voltage is obtained. An n+ cathode layer 3 is formed in a second main surface (rear surface 1a) of the n-

semiconductor substrate 1. Then, a plurality of p-type layers and a metal electrode coming into contact with the p-type
layers which form a junction edge termination structure 4 are formed in the outer circumference of the p-type anode
region 2 on the front surface 1b of the n- semiconductor substrate 1 so as to surround the p-type anode region 2.
[0004] Reference numeral 5 denotes an anode electrode, reference numeral 6 denotes a cathode electrode, reference
numeral 8 denotes an insulating film, and reference numeral 9a denotes an n-type FS layer. A donor layer denoted by
reference numeral 18a forms the n-type FS layer 9a. The n-type FS layer 9a is an n-type diffusion layer which has an
impurity concentration higher than the n- drift layer 1, has a high impurity concentration peak at a relatively deep position
(for example, at a depth of 3 mm to several tens of micrometers) in the n- drift layer from the rear surface 1a of the n-

semiconductor substrate 1, and has a large width (a large thickness) in the depth direction of the substrate.
[0005] In the diode or the IGBT having the above-mentioned structure, in order to improve the switching characteristics,
a method has been known which generates crystal defects in the n- drift layer using electron beam irradiation and controls
a carrier lifetime. In addition, in the diode or the IGBT, in order to reduce switching loss, it is necessary to control carrier
concentration at a deep position from the front surface 1b to the rear surface 1a of the n- semiconductor substrate 1.
[0006] As a method of controlling the carrier concentration in the n- semiconductor substrate 1 which will be an n- drift
layer, a method has been known which performs proton implantation capable of forming a deep range in the n- semi-
conductor substrate 1 from the rear surface 1a of the n- semiconductor substrate 1 at a relatively low acceleration voltage
and generates a donor layer 18a in an n- silicon substrate, which is the n- semiconductor substrate 1, as shown in Fig.
6. This method performs proton implantation for a region including oxygen to form the n-type FS layer 9a which is the
donor layer 18a including the crystal defects formed by the proton implantation.
[0007] Fig. 7 is a characteristic diagram illustrating a carrier concentration distribution on the line X1-X2 of Fig. 6. Fig.
7 illustrates the carrier concentration distribution of the donor layer 18a which is formed in the n- semiconductor substrate
1 by the proton implantation. As shown in Fig. 7, the donor layer 18a formed by the proton implantation has an impurity
concentration distribution in which impurity concentration has a peak position at a predetermined depth from the rear
surface 1a of the n- semiconductor substrate 1 and is reduced from the peak position to the p-type anode region 2 and
the n+ cathode layer 3. In Fig. 7, the vertical axis is carrier concentration B and the horizontal axis is a depth C from the
interface between the n+ cathode layer 3 and the donor layer 18a (n-type FS layer 9a).
[0008] The proton implantation is used to control a lifetime killer, in addition to the generation of donors. A method
has been known in which crystal defects serving as the lifetime killers are generated in the semiconductor substrate
using the proton implantation. The generation of the crystal defects in the semiconductor substrate by the proton im-
plantation makes it possible to control the carrier lifetime of the diode or the IGBT, but has an adverse effect on electrical
characteristics. For example, the breakdown voltage is reduced or the leakage current is increased by the crystal defects.
Therefore, it is possible to control the amount of crystal defects for generating donors and the amount of crystal defects
which will be the lifetime killers at the same time.
[0009] The following Patent Literature 1 discloses heat treatment conditions required to obtain the desired element
characteristics in a method of generating donors using proton implantation. The following Patent Literature 2 discloses
oxygen concentration required to increase the donor generation rate in the generation of donors by proton implantation.
A semiconductor device and a method for generating a high impurity concentration layer is described in JP 2008 091853
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A. It is described therein that for generating said high impurity concentration layer the substrate is irradiated by protons
and afterwards a heat treatment is applied.
[0010] A further semiconductor device is disclosed in JP 2008 211148 A. For generating a Frenkel defect of higher
than heat balancing density, the semiconductor device is irradiated from a backside thereof with protons and afterwards
irradiated from the other side thereof by electrodes. For generating a field stop layer, in JP 2008 211148 A, a heat
treatment of about 350°C for one hour is provided.
[0011] A further semiconductor device is described in US 2011/0140243 A1. In said document, in a first step an electric
field inhibition region is generated by introducing n-type impurities such as phosphorus. After such phosphorus implan-
tation to form an n-type impurity region, helium is irradiated to the backside thereof for generating defects in said region.

Citation List

Patent Literature

[0012]

Patent Literature 1: United States Patent Application, Publication No. 2006/0286753
Patent Literature 2: Pamphlet of PCT International Publication No. 2007/55352

Summary

Technical Problem

[0013] However, Patent Literature 1 and Patent Literature 2 have the following problems. In order to increase the
donor generation rate using proton implantation, it is necessary to appropriately control three elements, that is, hydrogen,
oxygen, and crystal defects in the n- drift layer. Patent Literature 1 discloses the degree of recovery of the crystal defects
generated during proton implantation by the heat treatment, but does not disclose a method of supplementing the amount
of crystal defects to increase the donor generation rate when the crystal defects generated during proton implantation
are insufficient. Patent Literature 2 discloses the oxygen concentration required to increase the donor generation rate,
but does not disclose a method of appropriately adjusting the amount of crystal defects to increase the donor generation
rate.
[0014] An object of the invention is to provide a semiconductor device and a method for producing a semiconductor
device capable of increasing a donor generation rate using proton implantation and improving electrical characteristics,
in order to solve the problems of the related art described above.

Solution to Problem

[0015] In order to solve the aforementioned problems, the present invention provides a method producing a semicon-
ductor device as defined in the claims. Moreover, it may be provided a semiconductor device which is produced with
the inventive method.

Advantageous Effects of Invention

[0016] According to the semiconductor device and the method for producing a semiconductor device of the invention,
it is possible to increase the donor generation rate using proton implantation and improve the electrical characteristics.

Brief Description of Drawings

[0017]

Fig. 1 is a cross-sectional view illustrating the sequence of a production process according to Embodiment 1 of the
invention.
Fig. 2 is a flowchart illustrating the flow of the production process shown in Fig. 1.
Fig. 3 is a cross-sectional view illustrating a main portion of a semiconductor device according to Embodiment 1 of
the invention which is produced by the production method illustrated in Fig. 1.
Fig. 4 is a characteristic diagram illustrating electron beam irradiation and a carrier concentration distribution on the
line X1-X2 of Fig. 3.
Fig. 5 is a diagram illustrating the state of a semiconductor crystal when donors are generated in the semiconductor
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device production method according to Embodiment 1.
Fig. 6 is a cross-sectional view illustrating a main portion of a diode including an n-type field stop layer according
to the related art.
Fig. 7 is a characteristic diagram illustrating a carrier concentration distribution on the line X1-X2 of Fig. 6.
Fig. 8 is a characteristic diagram illustrating a difference in the carrier concentration distribution when electron beam
irradiation is performed and when no electron beam irradiation is performed.
Fig. 9 is a flowchart illustrating the flow of a semiconductor device production process according to Embodiment 3.
Fig. 10 is a flowchart illustrating the flow of a semiconductor device production process according to Embodiment 4.
Fig. 11 is a cross-sectional view illustrating the sequence of a production process according to an example illustrating
the background of the invention.
Fig. 12 is a characteristic diagram illustrating the relation between neutron beam irradiation and a carrier concentration
distribution on the line X1-X2 of Fig. 3.
Fig. 13 is a characteristic diagram illustrating the carrier lifetime of the semiconductor device according to the
invention.
Fig. 14 is a characteristic diagram illustrating the relation between carrier concentration and the average range of
proton irradiation in the related art.
Fig. 15 is a characteristic diagram illustrating a threshold voltage at which a voltage waveform starts to oscillate.
Fig. 16 is an oscillation waveform during the reverse recovery of a general diode.
Fig. 17 is a characteristic diagram illustrating the relation between the range of protons and the acceleration energy
of the protons in the semiconductor device according to the invention.
Fig. 18 is a table illustrating the position conditions of a field stop layer which a depletion layer reaches initially in
the semiconductor device according to the invention.
Fig. 19 is a diagram illustrating a semiconductor device according to Embodiment 7.
Fig. 20 is a characteristic diagram illustrating the reverse recovery waveform of the semiconductor device according
to the invention.

Description of Embodiments

[0018] Hereinafter, a semiconductor device and a method for producing a semiconductor device according to exemplary
embodiments of the invention will be described in detail with reference to the accompanying drawings. In the specification
and the accompanying drawings, in the layers or regions having "n" or "p" appended thereto, an electron or a hole means
a majority carrier, respectively. In addition, symbols "+" and "-" added to n or p mean that impurity concentration is
respectively higher and lower than that of the layer or the region without the symbols. In the description of the following
embodiments and the accompanying drawings, the same components are denoted by the same reference numerals
and the description thereof will not be repeated.

(Embodiment 1)

[0019] Fig. 1 is a cross-sectional view illustrating the sequence of a production process according to Embodiment 1
of the invention. Fig. 2 is a flowchart illustrating the flow of the production process shown in Fig. 1. Next, a method for
producing a semiconductor device according to Embodiment 1 will be described with reference to Figs. 1 and 2. The
semiconductor device manufactured (produced) by the semiconductor device production method according to Embod-
iment 1 shown in Fig. 1 is a diode 100 including an n-type field stop (FS) layer 9 illustrated in Fig. 1(h). First, for example,
an n-type silicon substrate is prepared as a thick n- semiconductor substrate 20 which is not thinned (Fig. 1(a)).
[0020] Then, as illustrated in the processes of Figs. 2(1) and 2(2), a p-type anode region 2 and an anode electrode 5
(metal) which is electrically connected to the p-type anode region 2 are formed on a first main surface (front surface
20a) of the n- semiconductor substrate 20, which will be an n- drift layer, by a general method. In addition, a junction
edge termination structure 4 (edge portion) which ensures a breakdown voltage and surrounds the p-type anode region
2 and an insulating film 8 which covers the front surface 20a of the n- semiconductor substrate 20 are formed in the
outer circumference of the p-type anode region 2. The junction edge termination structure 4 includes, for example, a
plurality of p-type layers and a metal electrode which comes into contact with the p-type layer, which is not illustrated in
the drawings.
[0021] Fig. 2(1) illustrates a process of forming a front surface structure, such as the p-type anode region 2, the p-
type layers of the junction edge termination structure 4, or the insulating film 8, as a surface forming process. Fig. 2(2)
illustrates a process of forming surface metal, such as the anode electrode 5 or the metal electrode of the junction edge
termination structure 4, as a surface electrode forming process. As illustrated in the process of Fig. 2(3), for example,
a polyimide film, a silicon nitride film (Si3N4 film), or a laminated film of a silicon nitride film and a polyimide film, which
is a surface protective film (not illustrated), is formed on the front surface 20a of the n- semiconductor substrate 20. The
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anode electrode 5 and the surface protective film may be formed after an n+ cathode layer 3, which will be described
below, is formed (Fig. 1(g)). Fig. 1(b) is a cross-sectional view illustrating this state.
[0022] Then, as illustrated in the process of Fig. 2(4), electron beam irradiation 11 is performed on the front surface
20a of the n- semiconductor substrate 20 to generate crystal defects (for example, point defects) 12 in the n- drift layer.
Fig. 1(c) is a cross-sectional view illustrating this state. In Fig. 1(c), the crystal defects 12 are hatched (which holds for
Figs. 1(d) and 1(e)). The electron beam irradiation 11 may be performed under the conditions of, for example, acceleration
energy of about 0.5 MeV to 5 MeV and a dose of about 20 kGy to 3000 kGy. After the electron beam irradiation 11, pre-
heating (second heat treatment) for adjusting the amount of crystal defects 12 may be performed at a temperature of,
for example, about 300°C to 500°C for 1 to 10 hours. The pre-heating may not be performed when the amount of crystal
defects 12 formed by the electron beam irradiation 11 is proper.
[0023] The electron beam irradiation 11 (also including pre-heating when the pre-heating is performed to adjust the
amount of crystal defects 12) may be performed after grinding 21, which will be described below, is performed for the
n- semiconductor substrate 1 (Fig. 1(d)) or after proton implantation 13 (Fig. 1(e)) and before a heat treatment (first heat
treatment, Fig. 1(f)) for generating donors. In addition, as a method of generating the crystal defects 12, for example,
helium irradiation may be performed, instead of the electron beam irradiation 11. However, in some cases, a lifetime
killer is introduced by the electron beam irradiation 11.
[0024] Then, as illustrated in the process of Fig. 2(5), the grinding 21 is performed on a second main surface (rear
surface 20b) of the n- semiconductor substrate 20 to reduce the thickness to a predetermined value, for example, of
about 100 mm. The thin n- semiconductor substrate after the grinding 21 is denoted by reference numeral 1. Fig. 1(d)
is a cross-sectional view illustrating this state. Then, the rear surface 1a of the thin n- semiconductor substrate 1 is cleaned.
[0025] Then, as illustrated in the process of Fig. 2(6), the proton implantation 13 is performed on the rear surface 1a
of the n- semiconductor substrate 1 to introduce hydrogen (H) atoms 14 and crystal defects 15 into the n- semiconductor
substrate 1. Fig. 1(e) is a cross-sectional view illustrating this state. The conditions of the proton implantation 13 may
be, for example, an acceleration energy of 0.4 MeV or more and an implantation dose of about 131013/cm2 to 531014/cm2.
The amount of crystal defects in the n- semiconductor substrate 1 is determined by the crystal defects 15 formed by the
proton implantation 13 and the crystal defects 12 (including pre-heating when the pre-heating is performed to adjust the
amount of crystal defects 12) formed by the electron beam irradiation 11.
[0026] As such, after the proton implantation 13, the n- semiconductor substrate 1 includes the crystal defects 12
formed by the electron beam irradiation 11, the hydrogen atoms 14 and the crystal defects 15 formed by the proton
implantation 13, and oxygen (O) atoms (not illustrated) in the crystal of the n- semiconductor substrate 1. In Fig. 1(e),
the hydrogen atoms 14 and the crystal defects 15 are represented by the same mark 3 (which holds for Fig. 11(e)).
However, the concentration of the oxygen atoms in the n- semiconductor substrate 1 is not particularly limited.
[0027] Then, as illustrated in the process of Fig. 2(7), a heat treatment (hereinafter, referred to as a heat treatment
for generating donors) is performed to ionize the hydrogen atoms 14 introduced into the n- semiconductor substrate 1
and to generate donors. The generation of the donors is accelerated by the heat treatment and a donor layer 18 is
formed in the rear surface 1a of the n- semiconductor substrate 1. Fig. 1(f) is a cross-sectional view illustrating this state.
The donor layer 18 becomes an n-type FS layer 9 of the diode 100 and becomes a region with a peak higher than that
of the carrier concentration of the n- semiconductor substrate 1. The n-type FS layer 9 will be described below. The state
of a semiconductor crystal during the generation of the donors will be described below.
[0028] It is important that the temperature of the heat treatment for forming the donor layer 18 is sufficiently low to
completely recover the crystal defects 12 and 15. Specifically, the heat treatment for forming the donor layer 18 may be
performed at a temperature of 350°C to 550°C for a processing time of 1 to 10 hours. The reason is as follows. When
the heat treatment conditions for forming the donor layer 18 are greater than the above-mentioned values (the temperature
is higher than 550°C and the processing time is more than 10 hours), the amount of crystal defects 12 and 15 is small
during the generation of the donors and the donor layer 18 is insufficiently formed.
[0029] When the heat treatment conditions for forming the donor layer 18 are less than the above-mentioned values
(the temperature is lower than 350°C and the processing time less than 1 hour), the donors are insufficiently generated
and the donor layer 18 is insufficiently formed. In addition, when the heat treatment ends, the recovery of the crystal
defects 12 and 15 is insufficient and a large amount of crystal defects 12 and 15 remain. Therefore, there are a large
amount of lifetime killers in the n- drift layer, which causes a reduction in breakdown voltage or an increase in leakage
current. The preferred conditions of the heat treatment for generating the donor layer 18 in a good state are, for example,
a temperature of about 380°C to 450°C and a processing time of about 3 to 7 hours.
[0030] As such, during the heat treatment for generating donors, it is important that the crystal defects 12 and 15
formed by the electron beam irradiation 11 or the proton implantation 13 are not completely recovered, but some of the
crystal defects 12 and 15 remain. The remaining crystal defects 12 and 15 contribute to accelerating the generation of
donors by protons. When the heat treatment for generating donors ends, it is important to recover the crystal defects
12 and 15 such that an appropriate amount of crystal defects 12 and 15 remain in the n- drift layer.
[0031] Therefore, the conditions are that the crystal defects 12 and 15 formed by the proton implantation 13 or the
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electron beam irradiation 11 remain in the n- drift layer during the heat treatment for generating donors. In addition, after
the heat treatment for generating donors ends, it is preferable that the crystal defects 12 and 15 be recovered and an
appropriate amount of crystal defects 12 and 15 remain in the n- drift layer such that desired electrical characteristics
are obtained, in terms of a breakdown voltage, a leakage current, an on-voltage, and switching characteristics.
[0032] Then, as illustrated in the process of Fig. 2(8), after n-type impurity ions, such as phosphorus (P) ions, are
implanted into the rear surface 1a of the n- semiconductor substrate 1, for example, laser annealing is performed to
activate the n-type impurity ions, thereby forming an n+ cathode layer 3. Fig. 1(g) is a cross-sectional view illustrating
this state. Then, as illustrated in the process of Fig. 2(9), a cathode electrode 6 is formed on the rear surface 1a of the
n- semiconductor substrate 1. In this way, the diode 100 illustrated in Fig. 1(h) is completed. After the cathode electrode
6 is formed, a heat treatment may be performed on the cathode electrode 6, if necessary.
[0033] In the semiconductor device production method according to Embodiment 1, the concentration of the crystal
defects 12 (Fig. 1(c)) formed by the electron beam irradiation 11 is reduced by the heat treatment for generating donors
(Fig. 1(f)) and the thermal activation process for forming the n+ cathode layer 3 (Fig. 1(g)), but the crystal defects 12
remain without being completely recovered. Therefore, the lifetime of minority carriers in the n- drift layer is equal to or
less than 10 ms. In the diode 100, in order to reduce the reverse recovery time, a heat treatment may be performed
under the conditions that the crystal defects 12 formed by the electron beam irradiation 11 can remain and the lifetime
of the carriers in the n- drift layer may be in the range of about 0.1 ms to 1 ms. In this case, for example, after the electron
beam irradiation 11, a heat treatment may be performed under the conditions of a temperature of 350°C to 380°C and
a processing time of about 0.5 to 2 hours.
[0034] Next, Fig. 3 is a cross-sectional view illustrating a main portion of the diode 100 produced by the semiconductor
device production method according to Embodiment 1. Fig. 3 is a cross-sectional view illustrating the main portion of
the semiconductor device according to Embodiment 1 produced by the production method illustrated in Fig. 1. The
semiconductor device according to Embodiment 1 illustrated in Fig. 3 is the diode 100 with the n-type FS layer 9 whose
donor generation rate is improved by the electron beam irradiation 11 illustrated in Fig. 1(h).
[0035] The diode 100 according to Embodiment 1 illustrated in Fig. 3 differs from the diode 100a according to the
related art illustrated in Fig. 6 in that it includes the n-type FS layer 9 (donor layer 18) in which the crystal defects 12 are
additionally formed by the electron beam irradiation 11, instead of the n-type FS layer 9a (donor layer 18a) of the diode
100a according to the related art illustrated in Fig. 6.
[0036] The donor layer 18 which will be the n-type FS layer 9 is formed in the n- semiconductor substrate 1 by the
electron beam irradiation 11 and the proton implantation 13, as described above, and the crystal defects 12 and 15
remaining in the n- semiconductor substrate 1 contribute to the generation of donors during the heat treatment. In this
way, it is possible to obtain the diode 100 including the n-type FS layer 9 with a higher donor generation rate than that
in the related art. Fig. 4 illustrates the carrier concentration distribution of the n-type FS layer 9. Fig. 4 is a characteristic
diagram illustrating the relation between electron beam irradiation and a carrier concentration distribution on the line
X1-X2 of Fig. 3.
[0037] As illustrated in Fig. 4, the n-type FS layer 9 has an impurity concentration distribution in which impurity con-
centration has a peak position at a predetermined depth from the rear surface 1a of the n- semiconductor substrate 1
and is reduced from the peak position to the p-type anode region 2 and the n+ cathode layer 3. In addition, the n-type
FS layer 9 has a carrier concentration distribution in which the donor generation rate is higher than that of the n-type FS
layer 9a of the diode 100a according to the related art by the crystal defects 12 formed by the electron beam irradiation
11. In Fig. 4, the vertical axis is carrier concentration B and the horizontal axis is a depth C from the interface between
the n+ cathode layer 3 and the n-type FS layer 9. In Fig. 4, ’no electron beam irradiation’ represented by a dotted line
indicates the diode 100a according to the related art illustrated in Fig. 6 and ’electron beam irradiation’ represented by
a solid line indicates the diode 100 according to Embodiment 1 of the invention.
[0038] As represented by the solid line in Fig. 4, a method of adding the crystal defects 12 using the electron beam
irradiation 11 can improve the donor generation rate. For example, the donor generation rate in the related art is 1%,
but the donor generation rate in this embodiment can increase about 3%. That is, the carrier concentration is about three
times higher than that in the related art. As a result, for example, when a donor peak concentration of 131015/cm3 is
needed, the amount of hydrogen implanted (the amount of proton implanted) can be reduced to about one-third of the
amount of hydrogen implanted in the related art. In addition, the amount of oxygen in the n- semiconductor substrate
can be less than that in the related art. As such, since the amount of proton implanted can be reduced, the amount of
crystal defects can be reduced and mobility can be improved. As a result, it is possible to reduce the on-voltage, increase
the breakdown voltage, and reduce the leakage current.
[0039] In the semiconductor device production method according to Embodiment 1, in some cases, after the anode
electrode 5 of the semiconductor device (diode 100) is formed (after the processes of Figs. 1(g) or 1(h)), a copper or
nickel gold plating layer for soldering is formed on the anode electrode 5. In this case, the temperature when the plating
layer is formed on the anode electrode 5 needs to be lower than the temperature of the heat treatment for generating
the donors. When a lead frame, which is an external lead terminal, is soldered to the plating layer, a soldering temperature
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needs to be lower than the temperature of the heat treatment for generating the donors. When the surface protective
film is formed after the heat treatment for generating donors, the temperature of the heat treatment for forming the surface
protective needs to be lower than the temperature of the heat treatment for generating donors.
[0040] That is, the formation temperature of each portion formed after the heat treatment for generating the donors
needs to be lower than the temperature of the heat treatment for generating the donors. The reason is that, when the
formation temperature of each portion formed after the heat treatment for generating the donors is higher than the
temperature of the heat treatment for generating the donors, the donors generated by the heat treatment for generating
the donors are relaxed and return to a state close to a normal crystal state and the diffusion concentration distribution
of the n-type FS layer 9 deteriorates.
[0041] Next, the state of the semiconductor crystal during the generation of the donors will be described using a case
in which the n- semiconductor substrate 1 is, for example, a silicon (Si) substrate as an example. Fig. 5 is a diagram
illustrating the state of the semiconductor crystal during the generation of the donors in the semiconductor device
production method according to Embodiment 1. For example, the bond between silicon atoms in a silicon crystal is
cleaved and the silicon atoms in the silicon crystal are emitted by the electron beam irradiation 11 and the proton
implantation 13. As a result, crystal defects are generated. In addition, the hydrogen ions (H+) introduced by the proton
implantation 13 enter the silicon crystal, capture free electrons in the silicon crystal, and become interstitial hydrogen
(H) atoms (Fig. 5(a)).
[0042] The crystal defects generated by the electron beam irradiation 11 and the proton implantation 13 have silicon
atom dangling bond (Fig. 5(b)). In a portion in which the bond between the silicon atoms is cleaved, the heat treatment
causes the silicon atom to be substituted with the hydrogen atom through the dangling bond. In addition, the emitted
silicon atom is substituted with the hydrogen atom. The substituted hydrogen atom emits an electron, has positive charge,
is ionized into a hydrogen ion (H+), and becomes a donor with an extra electron like a group 15 element, such as
phosphorus (P) (Fig. 5(c)). Here, the involvement of oxygen will not be described.
[0043] As such, a heat treatment is performed, with three elements, that is, a crystal defect, hydrogen, and oxygen
included in the silicon substrate, to generate donors. Therefore, it is important that three elements, that is, a crystal
defect, hydrogen, and oxygen are appropriately present in order to improve the donor generation rate. In the invention,
in particular, when the amount of crystal defects formed by proton implantation is insufficient, it is possible to increase
the amount of crystal defects using the electron beam irradiation 11 before the heat treatment for generating donors.
Therefore, it is possible to ensure the amount of crystal defects required to generate donors and improve the donor
generation rate. For the reason, the invention is useful.
[0044] As described above, according to Embodiment 1, electron beam irradiation is performed to generate crystal
defects in the n- semiconductor substrate. In addition, the crystal defects in the n- semiconductor substrate are not
completely recovered, but some of the crystal defects remain during the heat treatment for generating donors which is
performed after proton implantation. Therefore, it is possible to improve the donor generation rate, as compared to the
related art. According to Embodiment 1, when the heat treatment for generating donors ends, the crystal defects formed
by electron beam irradiation and proton implantation are recovered and are controlled such that the amount of crystal
defects is appropriate. Therefore, it is possible to improve electrical characteristics. That is, for example, it is possible
to improve the breakdown voltage and reduce the leakage current.

(Embodiment 2)

[0045] Fig. 8 is a characteristic diagram illustrating a difference in carrier concentration distribution when electron
beam irradiation is performed and when no electron beam irradiation is performed. Fig. 8(a) is a diagram illustrating the
comparison between an example according to the invention in which electron beam irradiation is performed (hereinafter,
referred to as an example) and an example according to the related art in which no electron beam irradiation is performed
(hereinafter, referred to as Conventional example 1). Fig. 8(b) is a diagram illustrating the comparison between an
example in which no electron beam irradiation is performed and Rp2 is equal to or more than 0.5Rp1 (hereinafter,
referred to as Conventional example 2) and an example in which no electron beam irradiation is performed and Rp2 is
less than 0.5Rp1 (Conventional example 1). Here, Rp1 and Rp2 are proton implantation ranges and are average ranges
from a rear surface 1a of an n- semiconductor substrate 1. The average range means the depth of a peak concentration
position of the impurity concentration distribution of an n-type FS layer 9, which is represented by a Gaussian distribution,
from the rear surface of the substrate. Specifically, the average range is a depth from the rear surface of the substrate
to the proton peak position.
[0046] A semiconductor device production method according to Embodiment 2 differs from the semiconductor device
production method according to Embodiment 1 in that proton implantation is performed a plurality of times (hereinafter,
referred to as in a plurality of stages). Specifically, first proton implantation (first stage) is performed in which the deepest
position from the rear surface 1a of the n- semiconductor substrate 1 is a range Rp1 and then second proton implantation
(second stage) is performed in which a range Rp2 is less than half of the range Rp1 of the first proton implantation. In
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this case, the range Rp2 of the second proton implantation is less than 0.5Rp1 in both this example and Conventional
example 1 (Rp2 < 0.5Rp1). On the other hand, in Conventional example 2, the second proton implantation is performed
in a range Rp2b equal to or more than 0.5Rp1 (Rp2b ≥ 0.5Rp1). In this example and Conventional examples 1 and 2,
third proton implantation (third stage) in which a range Rp3 is about 5 mm is performed. In this example and Conventional
examples 1 and 2, electron beam irradiation was performed in the same sequence as that in Embodiment 1 (Fig. 2(4)).
[0047] First, as illustrated in Fig. 8(b), among a plurality of (three) proton implantation operations, in Conventional
example 2 in which the range Rp2b in the second stage is equal to or more than 0.5Rp1 with respect to the first stage
with the deepest range, carrier concentration is not reduced in a region (hereinafter, referred to as a region A) between
the first stage (the deepest range Rp1) and the second stage (Rp2b). However, in Conventional example 1 in which the
range Rp2 in the second stage is less (shallower) than 0.5Rp1, the carrier concentration is greatly reduced in the region
A. The reason is as follows. When spreading resistance is converted into resistivity (carrier concentration), a spread-
resistance profiling (SR) method uses the theoretical value (in the case of an n type, the electron mobility is about 1360
cm2/(Vs)) of silicon carrier mobility. That is, since implantation damage (various crystal defects occur in silicon and
disorder occurs) is introduced by the proton implantation, the actual mobility is greatly reduced. The reduction in the
mobility occurs in Conventional example 1 illustrated in Fig. 8 and apparently, carrier concentration is reduced. As such,
it is presumed that, when the range Rp2 in the second stage is less than 0.5Rp1, the reduction in the mobility in the
region A is not recovered by the implanted hydrogen and carrier concentration is greatly reduced.
[0048] As in Example 1, electron beam irradiation 11 is performed to introduce a large amount of point defects (va-
cancies and divacancies) before the first to third proton implantation operations. The result illustrated in Fig. 8(a) illustrates
that, even when the range Rp2 in the second stage is less than 0.5Rp1, carrier concentration is sufficiently recovered.
[0049] As described above, according to Embodiment 2, it is possible to obtain the same effect as that in Embodiment 1.

(Embodiment 3)

[0050] Fig. 9 is a flowchart illustrating the flow of a semiconductor device production process according to Embodiment
3. The semiconductor device production method according to Embodiment 3 is a modification of the semiconductor
device production method according to Embodiment 1 in which the order of processes before and after proton implantation
is changed. The semiconductor device production method according to Embodiment 3 differs from the semiconductor
device production method according to Embodiment 1 in that, after a rear surface of an n- semiconductor substrate is
ground and before proton implantation, ion implantation for forming a cathode layer is performed and the cathode layer
is activated by laser annealing. The other processes in the semiconductor device production method according to
Embodiment 3 are the same as those in the semiconductor device production method according to Embodiment 1.
[0051] Specifically, first, similarly to Embodiment 1, a surface forming process (Fig. 9(1)) to a rear surface grinding
process (Fig. 9(5)) are performed. Then, ion implantation for forming the cathode layer is performed (Fig. 9(6)). The ion
implantation for forming the cathode layer may be performed under the conditions of, for example, a phosphorus dose
of 131015/cm2 and an acceleration energy of 50 keV. Then, the cathode layer is activated by laser annealing (Fig. 9(7)).
The ion implantation for forming the cathode layer and the activation of the cathode layer by laser annealing may be
performed by the same method as that in Embodiment 1 except that they are performed at a different time from those
in Embodiment 1. Then, similarly to Embodiment 1, proton implantation is performed on a rear surface (ground surface)
of the n- semiconductor substrate and a heat treatment for generating donors is performed. Then, the subsequent
processes are performed (Figs. 9(8) to 9(10)) to complete the diode 100 illustrated in Fig. 3.
[0052] As described above, according to Embodiment 3, it is possible to obtain the same effect as that in Embodiment 1.

(Embodiment 4)

[0053] Fig. 10 is a flowchart illustrating the flow of a semiconductor device production process according to Embodiment
4. A semiconductor device production method according to Embodiment 4 differs from the semiconductor device pro-
duction method according to Embodiment 3 in that the activation of a cathode layer by laser annealing is performed
together with a heat treatment for generating donors which is performed after proton implantation. That is, in Embodiment
4, laser annealing for activating the cathode layer is not performed immediately after ion implantation (Fig. 10(6)) for
forming a cathode layer, but proton donors and the cathode layer are activated at the same time by a heat treatment
(Fig. 10(8)) after proton implantation (Fig. 10(7)). The other processes in the semiconductor device production method
according to Embodiment 4 are the same as those in the semiconductor device production method according to Em-
bodiment 3.
[0054] As described above, according to Embodiment 4, it is possible to obtain the same effect as that in Embodiment
1. In addition, according to Embodiment 4, it is possible to omit the laser annealing process, reduce an annealing device
introduction cost, and improve throughput, in addition to obtaining the same effect as that in Embodiment 1.
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(Example illustrating the background of the invention)

[0055] In Embodiment 1, electron beam irradiation is performed to introduce the point defects in the depth direction
of the substrate. As an FZ substrate doping method, a method has been known which performs nuclear transmutation
(Si→phosphorus) using neutron beams to dope a drift layer uniformly at a low concentration. A semiconductor device
production method according to the example illustrating the background of the invention differs from the semiconductor
device production method according to Embodiment 1 in that crystal defects 42 are generated by neutron beam irradiation.
The crystal defects 42 generated by the neutron beam irradiation are used to accelerate the change of protons to donors.
[0056] Fig. 11 is a cross-sectional view illustrating the sequence of a production process according to the example
illustrating the background of the invention. First, a neutron beam (not illustrated) is irradiated to an ingot produced by
a non-doped floating zone (FZ) method to form an FZ wafer (n- semiconductor substrate) 40 with a resistivity of, for
example, 50 Ωcm (Fig. 11(a)). Then, a front surface structure (for example, a p anode layer) or surface metal (for example,
an anode electrode 5) is formed on a front surface 40a of the FZ wafer 40 at a temperature lower than 1000°C (Fig.
11(b)). The reason why the front surface structure or the surface metal is formed at a temperature lower than 1000°C
is that the crystal defects 42 generated by the neutron beam irradiation remain in the FZ wafer 40. In Fig. 11(a), the
crystal defects 42 generated by the neutron beam irradiation are hatched (which holds for Figs. 11(b) to 11(e)). Then,
a passivation film (not illustrated) made of, for example, polyimide is formed on the front surface 40a of the FZ wafer 40
and the surface forming process ends (Fig. 11(c)).
[0057] Then, similarly to Embodiment 1, grinding 21 is performed on a rear surface 40b of the FZ wafer 40 to reduce
the thickness of the FZ wafer 40 (Fig. 11(d)). Hereinafter, the FZ wafer thinned by the grinding 21 is denoted by reference
numeral 41. Then, proton implantation is performed on the ground rear surface 41a of the FZ wafer 41 once or a plurality
of times (Fig. 11(e)). When the proton implantation is performed once, it is the same as the proton implantation 13 in
Embodiment 1. When the proton implantation is performed a plurality of times, it is the same as that the proton implantation
in Embodiment 2. Fig. 11(e) illustrates a state in which hydrogen atoms 14 and crystal defects 15 are introduced into
the FZ wafer 41 by one proton implantation operation 13.
[0058] Then, a heat treatment for generating donors is performed to change (activate) the hydrogen atoms 14 into
donors using protons (Fig. 11(f)). In this way, the same donor layer 18 as that in Embodiment 1 is formed. Then, similarly
to Embodiment 1, an n+ cathode layer 3 is formed on the rear surface 41a of the FZ wafer 41 (Fig. 11(g)) and a rear
surface electrode, which will be a cathode electrode 6, is formed by, for example, sputtering. In this way, the diode 100
illustrated in Fig. 3 is completed (Fig. 11(h)). In Fig. 3, the FZ wafer 41 is denoted by reference numeral 1.
[0059] Fig. 12 is a characteristic diagram illustrating the relation between neutron beam irradiation and a carrier
concentration distribution on the line X1-X2 of Fig. 3. Fig. 12 is a diagram illustrating the comparison between carrier
concentrations after the completion of processes when a neutron beam is irradiated (the diode 100 according to the
example illustrating the background of the invention) and when no neutron beam is irradiated (the diode 100a according
to the related art illustrated in Fig. 6). The carrier concentration of an n-type FS layer 9a when a neutron beam is irradiated
is less than that when an electron beam is irradiated (see Fig. 4). However, the generation of donors is accelerated by
the crystal defects (point defects) 42 generated by the neutron beam irradiation and the carrier concentration is higher
than that in the diode 100a according to the related art.
[0060] As described above, according to the example illustrating the background of the invention, it is possible to
obtain the same effect as that in Embodiment 1.

(Embodiment 5)

[0061] In Embodiment 5, the preferred proton peak position in the first proton irradiation operation among a plurality
of proton irradiation operation in the semiconductor device production method according to Embodiment 2, particularly,
the reason why the range Rp1 in the first stage is preferably equal to or more than a depth of 15 mm from the rear surface
of the substrate will be described below.
[0062] Fig. 16 illustrates an oscillation waveform during the reverse recovery of a general diode. When an anode
current is equal to or less than one-tenth of the rated current, in some cases, the amount of carriers accumulated is
small and oscillation occurs before the reverse recovery ends. The anode current is fixed to a certain value and the
diode is reversely recovered by a different power supply voltage VCC. In this case, when the power supply voltage VCC
is greater than a predetermined value, it is greater than the peak value of a general overshoot voltage in the voltage
waveform between the cathode and the anode and an additional overshoot occurs. The additional overshoot (voltage)
serves as a trigger and the subsequent waveform oscillates. When the power supply voltage VCC is greater than the
predetermined value, the additional overshoot voltage further increases and the subsequent oscillation amplitude also
increases. As such, a threshold voltage at which the voltage waveform starts to oscillate is referred to as an oscillation
start threshold value VRRO. When the oscillation start threshold value VRRO increases, the diode does not oscillate during
reverse recovery, which is preferable.
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[0063] The oscillation start threshold value VRRO depends on the first proton peak position that a depletion layer
(strictly, a space charge region including holes) which is spread from the pn junction between a p-type anode layer and
an n- drift layer of the diode to the n- drift layer reaches initially, among a plurality of proton peak positions. The reason
is as follows. When the depletion layer is spread from the p-type anode layer in the front surface to the n- drift layer
surface during reverse recovery, the end of the depletion layer reaches the first FS layer (field stop layer) and the
spreading of the depletion layer is suppressed. The sweep of the accumulated carriers is weakened. As a result, the
depletion of the carriers is suppressed and oscillation is suppressed.
[0064] During reverse recovery, the depletion layer is spread from the pn junction between the p anode layer and the
n- drift layer toward the cathode electrode in the depth direction. Therefore, the peak position of the FS layer which the
end of the depletion layer reaches initially is the FS layer which is closest to the pn junction. Here, the thickness of the
n- semiconductor substrate (the thickness of a portion interposed between the anode electrode and the cathode electrode)
is W0 and the depth of the peak position of the FS layer which the end of the depletion layer reaches first from the
interface between the cathode electrode and the rear surface of the n- semiconductor substrate (hereinafter, referred
to as a distance from the rear surface) is X. A distance index L is introduced. The distance index L is represented by
the following Expression (1). 

[0065] The distance index L represented by the above-mentioned Expression (1) is an index indicating the distance
of the end (depletion layer end) of the depletion layer (exactly, a space charge region), which is spread from the pn
junction to the n- drift layer, from the pn junction during reverse recovery when a voltage between the cathode and the
anode is VCE and a power supply voltage is VCC. In a fraction in the square root, a denominator indicates the space
charge density of the space charge region (simply, the depletion layer) during reverse recovery. The known Poisson
equation is represented by divE = ρ/ε, in which E is electric field intensity, p is space charge density, and ρ = q (p-
n+Nd-Na) is established. Here, q is an elementary charge, p is hole concentration, n is electron concentration, Nd is
donor concentration, Na is acceptor concentration, and ε is the permittivity of a semiconductor.
[0066] The space charge density ρ is described by the hole concentration p passing through the space charge region
(depletion layer) during reverse recovery and the average donor concentration Nd of the n- drift layer. The electron
concentration is lower than these concentrations so as to be negligible and there is no acceptor. Therefore, ρ ≈ q(p+Nd)
is established. In this case, the hole concentration p is determined by a breaking current of the diode. In particular, on
an assumption in which the current is flowing, the rated current density of the element is represented as p = JF/ (qvsat).
In addition, JF is the rated current density of the element and vsat is a saturated velocity in which the speed of the carrier
is saturated with predetermined electric field intensity.
[0067] The Poisson equation is integrated with respect to the distance x two times and the voltage V satisfies E = -
gradV (the relation between the known electric field E and the voltage V). Therefore, under appropriate boundary con-
ditions, V = (1/2) (ρ/ε)x2 is established. The length x of the space charge region obtained when the voltage V is half of
the rated voltage BV is the distance index L. This is because an operation voltage (power supply voltage), which is the
voltage V, is about half of the rated voltage in the actual device, such as an inverter. When the doping concentration of
the FS layer is higher than that of the n- drift layer, the FS layer prevents the expansion of the space charge region which
is spread during reverse recovery. In a case in which the anode current of the diode starts to be reduced from the
breaking current due to the turn-off of a MOS gate, when the peak position of the FS layer which the depletion layer
reaches initially is within the length range of the space charge region, it is possible to suppress the expansion of the
space charge region, with the accumulated carriers remaining in the n- drift layer. Therefore, the sweep of the remaining
carriers is suppressed.
[0068] In the actual reverse recovery operation, for example, when a motor is driven by a known PWM inverter with
an IGBT module, the power supply voltage or the breaking current is not fixed, but is variable. Therefore, in this case,
the preferred peak position of the FS layer which the depletion layer reaches initially needs to have a given width.
According to the results of the inventors’ research, the distance X of the peak position of the FS layer which the depletion
layer reaches initially from the rear surface is as illustrated in Fig. 18. Fig. 18 is a table illustrating the position conditions
of the field stop layer which the depletion layer reaches initially in the semiconductor device according to the invention.
Fig. 18 illustrates the distance X of the peak position of the FS layer which the end of the depletion layer reaches initially
from the rear surface at a rated voltage of 600 V to 6500 V. Here, X = W0-γL is established and γ is a coefficient. Fig.
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18 illustrates the distance X when γ is changed from 0.7 to 1.6.
[0069] As illustrated in Fig. 18, at each rated voltage, the element (diode) is safely designed so as to have a breakdown
voltage which is about 10% higher than the rated voltage. As illustrated in Fig. 18, the total thickness of the n- semicon-
ductor substrate (the thickness during a finishing process after the n- semiconductor substrate is thinned by, for example,
grinding) and the average resistivity of the n- drift layer are set such that an on-voltage or reverse recovery loss is
sufficiently reduced. The term ’average’ means the average concentration and resistivity of the entire n- drift layer
including the FS layer. The rated current density has the typical value illustrated in Fig. 18 due to the rated voltage. The
rated current density is set such that energy density which is determined by the product of the rated voltage and the
rated current density has a substantially constant value and has nearly the value illustrated in Fig. 18. When the distance
index L is calculated using these values according the above-mentioned Expression (1), the value illustrated in Fig. 18
is obtained. The distance X of the peak position of the FS layer which the end of the depletion layer reaches initially
from the rear surface is obtained by subtracting the product of the distance index L and γ, which is in the range of 0.7
to 1.6, from the thickness W0 of the n- semiconductor substrate.
[0070] The distance X of the peak position of the FS layer which the end of the depletion layer reaches initially from
the rear surface, at which reverse recovery oscillation is sufficiently suppressed, is as follows with respect to the distance
index L and the thickness W0 of the n- semiconductor substrate. Fig. 15 is a characteristic diagram illustrating a threshold
voltage at which the voltage waveform starts to oscillate. Fig. 15 is a graph illustrating the dependence of VRRO on γ at
some typical rated voltages Vrate (600 V, 1200 V, and 3300 V). In the graph, the vertical axis indicates a value obtained
by standardizing VRRO with the rated voltage Vrate. As can be seen from the graph, it is possible to rapidly increase VRRO
at three rated voltages when γ is equal to or less than 1.4. When γ is in the range of 0.8 to 1.3, it is possible to sufficiently
increase VRRO at any rated voltage. More preferably, when γ is in the range of 0.9 to 1.2, it is possible to maximize VRRO.
[0071] The important point in Fig. 15 is that the range of γ capable of sufficiently increasing VRRO is substantially the
same (0.8 to 1.3) at any rated voltage. The reason is that it is most effective to set the range of the distance X of the
peak position of the FS layer which the depletion layer reaches initially from the rear surface to be centered on W0-L (γ
= 1). That is, the above is caused by the nearly constant value of the product of the rated voltage and the rated current
density. Therefore, when the distance X of the peak position of the FS layer which the end of the depletion layer reaches
initially from the rear surface is set in the above-mentioned range, the accumulated carriers can sufficiently remain in
the diode during reverse recovery and it is possible to suppress the oscillation phenomenon during reverse recovery.
Therefore, for the distance X of the peak position of the FS layer which the end of the depletion layer reaches initially
from the rear surface, it is preferable that the coefficient γ of the distance index L be in the above-mentioned range at
any rated voltage. In this way, it is possible to effectively suppress the oscillation phenomenon during reverse recovery.
In addition, the depth of the first stage from the rear surface is γ = 1, that is, the range Rp1 of the first stage from the
rear surface of the substrate is equal to or more than 15 mm in order to maximize the effect of suppressing oscillation.
[0072] As such, in order to obtain good switching characteristics, it is necessary to form the FS layer in a region which
is at a depth of at least 15 mm from the rear surface of the semiconductor substrate. The inventors found that, when the
average range of proton irradiation was set to 15 mm or more in order to form the FS layer in the region which is at a
depth of 15 mm or more from the rear surface of the semiconductor substrate, the region in which protons reached a
depth of 15 mm from the rear surface of the semiconductor substrate was a region in which carrier concentration by the
SR method was significantly lower than the doping concentration of the semiconductor substrate, that is, a disorder
region. This will be described with reference to Fig. 14.
[0073] Fig. 14 is a characteristic diagram illustrating the relation between carrier concentration and the average range
of proton irradiation in the related art. Fig. 14 illustrates the carrier concentration of the silicon substrate measured by
the SR method after protons are irradiated to the silicon substrate and then a heat treatment is performed at 350°C. Fig.
14(a) illustrates a case in which the average range of the proton irradiation is 50 mm, Fig. 14(b) illustrates a case in
which the average range of the proton irradiation is 20 mm, and Fig. 14(c) illustrates a case in which the average range
of the proton irradiation is 10 mm. In Figs. 14(a) to 14(c), the horizontal axis is the distance (depth) of the proton from
an incident surface. In Fig. 14(c), when the average range of the proton irradiation is 10 mm, particularly, a reduction in
carrier concentration does not appear in a proton passage region. In Fig. 8(b), when the average range of the proton
irradiation is 20 mm, carrier concentration is lower than substrate concentration and a reduction in the carrier concentration
appears. That is, disorder remains in the region. As can be seen from Fig. 14(a), when the average range of the proton
irradiation is 50 mm, a reduction in the carrier concentration of the passage region is remarkable and a large amount of
disorder remains. As such, when there is a disorder region in the semiconductor substrate, a leakage current or conduction
loss increases, as described above. Therefore, it is necessary to remove disorder.
[0074] Therefore, as described above, even when the range Rp (Rp1) of the first stage is sufficiently deep, carrier
mobility is sufficiently re
covered and it is important that carrier concentration is equal to or more than substrate concentration. The invention can
solve the above-mentioned problems by performing proton irradiation a plurality of times.
[0075] The acceleration energy of protons may be determined from the following characteristics graph illustrated in
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Fig. 17 in order to form the FS layer with the peak position which the depletion layer initially reaches and which is at the
distance X from the rear surface using proton irradiation such that the above-mentioned range of γ is satisfied in practice.
[0076] The results of the inventors’ research proved that, for the range Rp (the peak position of the FS layer) of protons
and the acceleration energy E of protons, when the logarithm log(Rp) of the range Rp of the protons was x and the
logarithm log (E) of the acceleration energy E of the protons was y, x and y satisfied the following relation represented
by Expression (2).

[0077] Fig. 17 is a characteristics graph indicating the above-mentioned Expression (2). Fig. 17 is a characteristic
diagram illustrating the relation between the range of the protons and the acceleration energy of the protons in the
semiconductor device according to the invention. Fig. 17 illustrates the acceleration energy of the protons for obtaining
the desired range of the protons. In Fig. 17, the horizontal axis is the logarithm log(Rp) of the range Rp of the protons
and indicates the range Rp (mm) corresponding to the parentheses below the axis value of log(Rp). In addition, the
vertical axis is the logarithm log(E) of the acceleration energy E of the protons and indicates the acceleration energy E
of the protons corresponding to the parentheses below the axis value of log(E). The above-mentioned Expression (2)
is obtained by fitting the value of the logarithm log(Rp) of the range Rp of the protons and the value of the logarithm
log(E) of the acceleration energy with a four-order polynomial of x (= log(Rp)).
[0078] The following relation may be considered between the actual acceleration energy E’ and an average range Rp’
(proton peak position) which is actually obtained by the spreading resistance (SR) method when the above-mentioned
fitting equation is used to calculate the acceleration energy E (hereinafter, referred to as the calculated value E) of proton
irradiation from the desired average range Rp of protons and protons are implanted into the silicon substrate with the
calculated value E of the acceleration energy. When the actual acceleration energy E’ is in the range of about 610% of
the calculated value E of the acceleration energy, the actual average range Rp’ is within the range of about 610% of
the desired average range Rp and is in a measurement error range. Therefore, the influence of a variation in the actual
average range Rp’ from the desired average range Rp on the electrical characteristics of an IGBT is so small to be
negligible. When the actual acceleration energy E’ is in the range of 65% of the calculated value E, it is possible to
determined that the actual average range Rp’ is substantially equal to the set average range Rp. Alternatively, when the
actual average range Rp’ is in the range of about 610% of the average range Rp obtained by applying the actual
acceleration energy E’ to the above-mentioned Expression (2), no problem occurs. In the actual accelerator, since the
acceleration energy E and the average range Rp are both in the above-mentioned range (610%), it is considered that
the actual acceleration energy E’ and the actual average range Rp’ follow the above-mentioned fitting equation repre-
sented by the desired average range Rp and the calculated value E and no problem occurs. In addition, a variation or
error range may be equal to or less than 610% of the average range Rp. When the variation or error range is within the
range of 65%, it can be considered that the actual acceleration energy E’ and the actual average range Rp’ follow the
above-mentioned Expression (2).
[0079] The above-mentioned Expression (2) is used to calculate the acceleration energy E of the protons required to
obtain the desired range Rp of the protons. The acceleration energy E of each proton for forming the FS layer is also
calculated by the above-mentioned Expression (2) and is well matched with the value of a sample which is measured
by proton irradiation with the acceleration energy E’ and the known spreading resistance measurement method (SR
method). Therefore, when the above-mentioned Expression (2) is used, it is possible to predict the required acceleration
energy E of protons with high accuracy, on the basis of the range Rp of the protons.
[0080] As described above, according to Embodiment 5, it is possible to obtain the same effect as that in Embodiment 1.

(Embodiment 6)

[0081] Fig. 20 is a characteristic diagram illustrating the reverse recovery waveform of a semiconductor device ac-
cording to the invention. Fig. 20 illustrates the reverse recovery waveform of the semiconductor device according to
Embodiment 1 of the invention and a reverse recovery waveform according to a comparative example when proton
implantation is not performed, but only electron beam irradiation is performed. A rated voltage was 1200 V. A silicon
substrate produced by the FZ method was used, the doping concentration (average concentration) Nd of the silicon
substrate and the thickness W0 of the silicon substrate after grinding had values at a rated voltage of 1200 V illustrated
in Fig. 18. In the invention, γ (corresponding to the range Rp1 in the first stage) is 1. In the invention, electron beam
irradiation conditions were a dose of 300 kGy and acceleration energy of 5 MeV. In the comparative example, electron
beam irradiation conditions were a dose of 60 kGy. In both the invention and the comparative example, a forward voltage
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drop at the rated current density (a 1200-V field in Fig. 18) was 1.8 V. The test is performed under the conditions that a
power supply voltage VCC is 800 V and the initial normal anode current is the rated current (current density 3 an active
area (about 1 cm2)). In a chopper circuit, flowing inductance with respect to a diode, a driving IGBT (similarly, 1200 V),
and an intermediate capacitor is 200 nH.
[0082] As can be seen from Fig. 20, in the invention, a reverse recovery peak current is smaller than that in the
comparative example and an overshoot voltage higher than the power supply voltage VCC is about 200 V lower than
that in the comparative example. That is, the reverse recovery waveform according to the invention is a so-called soft
recovery waveform. Therefore, even when lifetime control is performed by electron beam irradiation in which high-speed
and hard recovery is likely to occur, the reverse recovery waveform according to the invention can be a very soft waveform,
which is a peculiar effect that is not obtained in the related art.
[0083] The effect and operation (reason) of the invention will be described with reference to Fig. 13. Fig. 13 is a
characteristic diagram illustrating the carrier lifetime of the semiconductor device according to the invention. Fig. 13
illustrates net doping concentration, point defect concentration, and carrier lifetime in the depth direction of the anode
electrode 5 in the diode which is produced according to Embodiment 2. In Fig. 13, reference numeral 9 (reference
numerals 9a to 9c) denotes an n-type FS layer. It is presumed that the effect of the invention is obtained because the
dangling bond is terminated by hydrogen atoms which are introduced by the implantation of protons into the rear surface
of the substrate in the point defects (vacancies and divacancies) introduced by electron beam irradiation. The crystal
defect which accelerates the generation and extinction of carriers is mainly a point defect and is energy center having
a vacancy (V) and a divacancy (VV) as main components. In addition, the dangling bond is formed in the point defect
(see Fig. 5). Protons are implanted into the portion in which the dangling bond is formed from the rear surface of the
substrate and a heat treatment for generating donors is performed. Then, the crystal defects are relaxed and the portion
returns to a state close to the normal crystal state. In this case, the dangling bond is terminated by a peripheral hydrogen
atom. Therefore, the center including the vacancy (V) and the divacancy (VV) as main components disappears. On the
other hand, as in the invention, when a donor (hydrogen induced donor) caused by the hydrogen atom is generated, a
VOH defect of a vacancy (V), oxygen (O), and hydrogen (H) is a main component in the hydrogen induced donor.
Therefore, the VOH defect is also formed only by the termination of the dangling bond by the hydrogen atom. It is
presumed that the VOH defect accelerates the generation of a VOH donor while reducing the density of the vacancies
(V) and the divacancies (VV) causing a leakage current or carrier recombination.
[0084] As illustrated in the middle part of Fig. 13, for the density of the point defects, a sufficiently amount of point
defects generated by electron beam irradiation remain from the anode to the n-type FS layer 9 and uniform lifetime
distribution is formed by the above-mentioned phenomenon. In this case, the lifetime is, for example, equal to or more
than 0.1 ms and equal to or less than 3 ms. In a portion from the n-type FS layer 9 to the cathode on the rear surface of
the substrate, hydrogen concentration is increased by proton implantation at a depth of about 70 mm or more (that is,
closer to the cathode) from the front surface of the substrate. Since the dangling bond is terminated by the hydrogen
atom, point defect concentration is reduced. The carrier lifetime on the rear surface side of the substrate is longer than
the carrier lifetime, 0.1 ms to 3 ms on the front surface side of the substrate and is, for example, about 10 ms. The carrier
lifetime on the rear surface side of the substrate is equal to or sufficiently close to the carrier lifetime (10 ms or more)
when electron beam irradiation is not performed. Therefore, the concentration distribution of the minority carriers (not
illustrated) (in this case, holes) is sufficiently low on the anode side and is sufficiently high on the cathode. As a result,
an ideal carrier concentration distribution is obtained by the soft recovery characteristics of the diode.
[0085] As described above, according to Embodiment 6, it is possible to obtain the same effect as that in Embodiment 1.

(Embodiment 7)

[0086] Fig. 19 is a diagram illustrating a semiconductor device according to Embodiment 7. The semiconductor device
according to Embodiment 7 is an example in which the structure of the semiconductor device according to Embodiment
1 is applied to an IGBT. Fig. 19(a) illustrates the cross-sectional structure of the IGBT and Fig. 19(b) illustrates a net
doping concentration distribution on the line A-A’ of Fig. 19(a). In a method for producing the semiconductor device
according to Embodiment 7, the element structure of the IGBT may be formed, instead of the element structure of the
diode in the semiconductor device production methods according to Embodiments 1 to 5.
[0087] As illustrated in Fig. 19, in the IGBT, it is possible to obtain the effect of accelerating the change of hydrogen
(related defect) into a donor by controlling point defect concentration using electron beam irradiation or neutron beam
irradiation, similarly the diode according to Embodiment 1. In the IGBT, the carrier lifetime is not actively reduced, unlike
the diode. Therefore, the average of the carrier lifetime may be equal to or less than 10 ms by a heat treatment which
is performed after proton implantation. In this case, the temperature of the heat treatment is preferably equal to or higher
than, for example, 380°C and more preferably, equal to or higher than 400°C and equal to or lower than 450°C.
[0088] In Fig. 19, reference numeral 9 (reference numerals 9a to 9c) denotes an n-type FS layer. Reference numeral
31 denotes an emitter electrode, reference numeral 32 denotes a collector electrode, reference numeral 33 denotes a
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p base layer, reference numeral 34 denotes an n+ emitter region, reference numeral 38 denotes an n buffer layer,
reference numeral 39 denotes a p collector layer, reference numeral 41 denotes an interlayer insulating film, reference
numeral 42 denotes a gate electrode, and reference numeral 43 denotes a gate insulating film. Reference numeral 1
denotes an n- semiconductor substrate which will be an n- drift layer and reference numeral 23 denotes an interface
between the n- drift layer and the p base layer 33.
[0089] As described above, according to Embodiment 7, it is possible to obtain the same effect as that in Embodiment 1.
[0090] As described above, in the invention, when the invention is applied to the IGBT, a p+ collector region may be
formed by the implantation of p-type impurity ions, such as boron (B) ions, and a thermal activation process, instead of
the process of forming the n+ cathode layer using the implantation of n-type impurity ions and thermal activation. In the
above-described embodiments, the silicon substrate is used as the semiconductor substrate. However, a SiC (silicon
carbide) substrate or a GaN (gallium nitride) substrate may be used. In this case, the same effect as described above
is expected.

Industrial Applicability

[0091] As described above, the semiconductor device and the method for producing the semiconductor device ac-
cording to the invention are useful as power semiconductor devices used for power conversion apparatuses such as
converters or inverters.

Reference Signs List

[0092]

1 THIN n- SEMICONDUCTOR SUBSTRATE
1a REAR SURFACE OF THIN n- SEMICONDUCTOR SUBSTRATE 1
1b FRONT SURFACE OF THIN n- SEMICONDUCTOR SUBSTRATE 1
2 p-TYPE ANODE REGION
3 n+ CATHODE LAYER
4 JUNCTION EDGE TERMINATION STRUCTURE
5 ANODE ELECTRODE
6 CATHODE ELECTRODE
8 INSULATING FILM
9 n-TYPE FIELD STOP LAYER
11 ELECTRON BEAM IRRADIATION
12 CRYSTAL DEFECT GENERATED BY ELECTRON BEAM IRRADIATION 11
13 PROTON IMPLANTATION
14 HYDROGEN ATOM
15 CRYSTAL DEFECT GENERATED BY PROTON IMPLANTATION 13
18 DONOR LAYER
20 THICK n- SEMICONDUCTOR SUBSTRATE
20a FRONT SURFACE OF THICK n- SEMICONDUCTOR SUBSTRATE 20
20b REAR SURFACE OF THICK n- SEMICONDUCTOR SUBSTRATE 20
21 GRINDING
100 DIODE

Claims

1. A method for producing a semiconductor device that forms a donor layer (18) in a silicon substrate (1) using proton
implantation (13), comprising:

a crystal defect forming step of generating vacancies and divacancies as point defects (12, 15) via electron
beam irradiation on a front surface of the silicon substrate (1) before the proton implantation (13); and
a donor layer forming step of forming the donor layer (18) using the proton implantation (13) into a rear surface
of the substrate (1) and a first heat treatment, wherein in the donor layer forming step a silicon dangling bond
of point defects is terminated by hydrogen atoms by applying a first heat treatment between 380°C and 450°C
for a duration of 3 to 7 hours.
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2. The method for producing a semiconductor device according to claim 1, wherein the crystal defect forming step
comprises one or more of the following:

the crystal defects (12, 15) are generated such that a predetermined amount of crystal defects (12, 15) remain
during the first heat treatment; and/or
a second heat treatment is performed to adjust the amount of crystal defects (12, 15) after the crystal defects
(12, 15) are formed.

3. The method for producing a semiconductor device according to claim 1, wherein the crystal defects (12, 15) which
remain in the silicon substrate (1) during the first heat treatment contribute to the formation of the donor layer (18).

4. The method for producing a semiconductor device according to claim 1, wherein the donor layer forming step further
comprises one or more of the following:

the proton implantation (13) is performed one or more times and the range of the proton implantation (13) of a
first stage from the rear surface of the substrate is equal to or more than 15 mm; and/or
the donor layer (18) is an n-type field stop layer (9) of a diode (100) or an insulated gate bipolar transistor.

5. The method for producing a semiconductor device according to claim 1, further comprising:
a step of grinding one main surface of the silicon substrate before the proton implantation (13)
wherein the proton implantation (13) is performed from the ground surface of the silicon substrate (1).

6. The method for producing a semiconductor device according to any one of claims 1 to 5, wherein
a processing temperature of a process performed after the first heat treatment is lower than the temperature of the
first heat treatment.

7. A semiconductor device obtainable by a method according to anyone of the foregoing claims comprising:

an n--conduction-type silicon substrate including an n---conduction-type drift layer (1);
a first p-conduction-type semiconductor layer (2) that is provided in one main surface of the silicon substrate
and is adjacent to the drift layer;
a second n-conduction-type or p-conduction-type semiconductor layer (3) that is provided in the other main
surface of the silicon substrate;
one n-conduction-type high-concentration layer (9, 18) that is provided between the drift layer (1) and the second
n-conduction-type or p-conduction-type semiconductor layer (3) and has a higher impurity concentration than
the drift layer (1);
a first crystal defect region including the drift layer (1); and a second crystal defect region that includes the high-
concentration layer (9, 18), is provided adjacent to the first crystal defect region, and has a lower defect con-
centration than the first crystal defect region
wherein the high-concentration layer has a hydrogen-induced donor wherein a carrier lifetime of the first crystal
defect region is uniform in a depth direction, wherein a carrier lifetime of the second crystal defect region is
longer than a carrier lifetime of the first crystal defect region,
wherein the second crystal defect region includes a dangling bond which is terminated by hydrogen due to
applying a first heat treatment between 380°C and 450°C for a duration of 3 to 7 hours.

8. The semiconductor device according to claim 7,
wherein a carrier lifetime of the second crystal defect region increases from one main surface to the other main
surface of the silicon substrate.

9. The semiconductor device according to claim 7,
wherein the distance of the high-concentration layer adjacent to the drift layer from the other main surface of the
semiconductor substrate is equal to or more than 15 mm.

10. The semiconductor device according to claim 7,
wherein, when q is an elementary charge, Nd is the average concentration of the drift layer, εS is the permittivity of
the semiconductor substrate, Vrate is a rated voltage, JF is rated current density, and vsat is a saturated velocity in
which a carrier speed is saturated with predetermined electric field intensity, a distance index L is represented by
the following Expression (1): 
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and
when the depth of a position, where the carrier concentration of the high-concentration layer which is adjacent to
the first semiconductor layer with the drift layer interposed therebetween is the maximum, from the other main
surface of the semiconductor substrate is X and the thickness of the semiconductor substrate is WO, X = W0-γL is
established and γ is in the range of 0.7 to 1.6.

Patentansprüche

1. Verfahren zum Herstellen einer Halbleitervorrichtung, die eine Donatorschicht (18) in einem Siliziumsubstrat (1)
bildet, unter Verwendung von Protonimplantation (13), umfassend:

einen Kristallfehlerbildungsschritt des Erzeugens von Leerstellen und Doppelleerstellen als Punktfehler (12,
15) mittels Elektronenbestrahlung auf einer Vorderfläche des Siliziumsubstrats (1) vor der Protonimplantation
(13); und
einen Donatorschichtbildungsschritt des Bildens der Donatorschicht (18) unter Verwendung der Protonimplan-
tation (13) in eine Rückfläche des Substrats (1) und einer ersten Wärmebehandlung, wobei in dem Donator-
schichtbildungsschritt eine nicht paarige Siliziumbindung von Punktfehlern durch Wasserstoffatome mittels
Anwenden einer ersten Wärmebehandlung zwischen 380 °C und 450 °C für eine Dauer von 3 bis 7 Stunden
beendet wird.

2. Verfahren zum Herstellen einer Halbleitervorrichtung nach Anspruch 1, wobei der Kristallfehlerbildungsschritt eines
oder mehrere des Folgenden umfasst:

Erzeugen der Kristallfehler (12, 15), sodass eine vorbestimmte Menge an Kristallfehlern (12, 15) während der
ersten Wärmebehandlung verbleibt; und/oder
Ausführen einer zweiten Wärmebehandlung, um die Menge an Kristallfehlern (12, 15) anzupassen, nachdem
die Kristallfehler (12, 15) gebildet sind.

3. Verfahren zum Herstellen einer Halbleitervorrichtung nach Anspruch 1,
wobei die Kristallfehler (12, 15), die in dem Siliziumsubstrat (1) während der ersten Wärmebehandlung verbleiben,
zur Bildung der Donatorschicht (18) beitragen.

4. Verfahren zum Herstellen einer Halbleitervorrichtung nach Anspruch 1,
wobei der Donatorschichtbildungsschritt ferner eines oder mehrere des Folgenden umfasst:

Ausführen der Protonimplantation (13) ein oder mehrere Male, und wobei der Bereich der Protonimplantation
(13) einer ersten Stufe von der Rückfläche des Substrats gleich oder größer als 15 mm ist; und/oder
wobei die Donatorschicht (18) eine n-Feldstoppschicht (9) einer Diode (100) oder ein Bipolartransistor mit
isoliertem Gate ist.

5. Verfahren zum Herstellen einer Halbleitervorrichtung nach Anspruch 1, ferner umfassend:
einen Schritt des Schleifens einer Hauptfläche des Siliziumsubstrats vor der Protonimplantation (13)
wobei die Protonimplantation (13) von der geschliffenen Fläche des Siliziumsubstrats (1) ausgeführt wird.

6. Verfahren zum Herstellen einer Halbleitervorrichtung nach einem der Ansprüche 1 bis 5, wobei
eine Verarbeitungstemperatur eines nach der ersten Wärmebehandlung ausgeführten Prozesses niedriger ist als
die Temperatur der ersten Wärmebehandlung.
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7. Halbleitervorrichtung, die durch ein Verfahren nach einem der vorstehenden Ansprüche erlangbar ist, umfassend:

ein n-leitendes Siliziumsubstrat, das eine n--leitende Driftschicht (1) umfasst;
eine erste p-leitende Halbleiterschicht (2), die in einer Hauptfläche des Siliziumsubstrats vorgesehen ist und
sich neben der Driftschicht befindet;
eine zweite n-leitende oder p-leitende Halbleiterschicht (3), die in der anderen Hauptfläche des Siliziumsubstrats
vorgesehen ist;
eine n-leitende Hochkonzentrationsschicht (9, 18), die zwischen der Driftschicht (1) und der zweiten n-leitenden
oder p-leitenden Halbleiterschicht (3) vorgesehen ist und eine höhere Störstellenkonzentration aufweist als die
Driftschicht (1);
eine erste Kristallfehlerregion einschließlich der Driftschicht (1); und eine zweite Kristallfehlerregion, welche die
Hochkonzentrationsschicht (9, 18) umfasst, die neben der ersten Kristallfehlerregion vorgesehen ist und eine
niedrigere Störstellenkonzentration als die erste Kristallfehlerregion aufweist,
wobei die Hochkonzentrationsschicht einen wasserstoffinduzierten Donator aufweist, wobei eine Trägerlebens-
dauer der ersten Kristallfehlerregion in einer Tiefenrichtung gleichförmig ist, wobei eine Trägerlebensdauer der
zweiten Kristallfehlerregion länger ist als eine Trägerlebensdauer der ersten Kristallfehlerregion,
wobei die zweite Kristallfehlerregion eine nicht paarige Bindung umfasst, die aufgrund des Anwendens einer
ersten Wärmebehandlung zwischen 380 °C und 450 °C für eine Dauer von 3 bis 7 Stunden durch Wasserstoff
beendet ist.

8. Halbleitervorrichtung nach Anspruch 7,
wobei eine Trägerlebensdauer der zweiten Kristallfehlerregion von einer Hauptfläche zu der anderen Hauptfläche
des Siliziumsubstrats zunimmt.

9. Halbleitervorrichtung nach Anspruch 7,
wobei der Abstand der Hochkonzentrationsschicht neben der Driftschicht von der anderen Hauptfläche des Halb-
leitersubstrats gleich oder größer als 15 mm ist.

10. Halbleitervorrichtung nach Anspruch 7,
wobei wenn q eine Elementarladung ist, Nd die mittlere Konzentration der Driftschicht ist, εS die Dielektrizitätskon-
stante des Halbleitersubstrats ist, Vrate eine Nennspannung ist, JF die Nennstromdichte ist und vsat eine Sättigungs-
geschwindigkeit ist, in der eine Trägergeschwindigkeit mit einer vorbestimmten elektrischen Feldstärke gesättigt
wird, ein Abstandsindex L durch den folgenden Ausdruck (1) dargestellt wird: 

und
wenn die Tiefe einer Position, an der die Ladungsträgerkonzentration der Hochkonzentrationsschicht, die sich neben
der ersten Halbleiterschicht befindet, wobei die Driftschicht dazwischen angeordnet ist, das Maximum beträgt, von
der anderen Hauptfläche des Halbleitersubstrats X ist und die Dicke des Halbleitersubstrats W0 ist, X = W0-γL
hergestellt ist und γ im Bereich von 0,7 bis 1,6 liegt.

Revendications

1. Procédé pour produire un dispositif semi-conducteur qui forme une couche donneuse (18) dans un substrat en
silicium (1) en utilisant une implantation de protons (13), comprenant :

une étape de formation de défauts cristallins consistant à générer des lacunes et dilacunes en tant que défauts
ponctuels (12, 15) via une irradiation par faisceau d’électrons sur une surface avant du substrat de silicium (1)
avant l’implantation de protons (13) ; et
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une étape de formation de couche donneuse consistant à former la couche donneuse (18) en utilisant l’implan-
tation de protons (13) dans une surface arrière du substrat (1) et un premier traitement thermique, dans lequel,
dans l’étape de formation de la couche donneuse, une liaison pendante de silicium de défauts ponctuels se
termine par des atomes d’hydrogène en appliquant un premier traitement thermique entre 380°C et 450°C
pendant une durée de 3 à 7 heures.

2. Procédé pour produire un dispositif semi-conducteur selon la revendication 1, dans lequel l’étape de formation de
défauts cristallins comprend un(e) ou plusieurs de ce qui suit :

les défauts cristallins (12, 15) sont générés de sorte qu’une quantité prédéterminée de défauts cristallins (12,
15) subsistent pendant le premier traitement thermique ; et/ou
un deuxième traitement thermique est effectué pour ajuster la quantité de défauts cristallins (12, 15) une fois
que les défauts cristallins (12, 15) sont formés.

3. Procédé pour produire un dispositif semi-conducteur selon la revendication 1, dans lequel les défauts cristallins (12,
15) qui subsistent dans le substrat de silicium (1) pendant le premier traitement thermique contribuent à la formation
de la couche donneuse (18).

4. Procédé pour produire un dispositif semi-conducteur selon la revendication 1, dans lequel l’étape de formation de
la couche donneuse comprend en outre un(e) ou plusieurs de ce qui suit :

l’implantation de protons (13) est effectuée une ou plusieurs fois, et l’étendue de l’implantation de protons (13)
d’un premier étage à partir de la surface arrière du substrat est supérieure ou égale à 15 mm ; et/ou
la couche donneuse (18) est une couche d’arrêt de champ de type n (9) d’une diode (100) ou d’un transistor
bipolaire à grille isolée.

5. Procédé pour produire un dispositif semi-conducteur selon la revendication 1, comprenant en outre :

une étape de rectification d’une surface principale du substrat de silicium avant l’implantation de protons (13),
dans lequel l’implantation de protons (13) est effectuée à partir de la surface rectifiée du substrat de silicium (1).

6. Procédé pour produire un dispositif semi-conducteur selon l’une quelconque des revendications 1 à 5, dans lequel
une température de traitement d’un processus réalisé après le premier traitement thermique est inférieure à la
température du premier traitement thermique.

7. Dispositif semi-conducteur pouvant être obtenu grâce à un procédé selon l’une quelconque des revendications
précédentes, comprenant :

un substrat de silicium de type de conduction n comprenant une couche de migration de type de conduction n (1) ;
une première couche semi-conductrice de type de conduction p (2) fournie dans une surface principale du
substrat de silicium et adjacente à la couche de migration ;
une deuxième couche semi-conductrice de type de conduction p ou de type de conduction n (3) fournie dans
l’autre surface principale du substrat de silicium ;
une couche à concentration élevée de type de conduction n (9, 18) qui est fournie entre la couche de migration
(1) et la deuxième couche semi-conductrice de type de conduction p ou de type de conduction n (3) et a une
concentration plus élevée d’impuretés que la couche de migration (1) ;
une première zone de défauts cristallins comprenant la couche de migration (1) ;
et une deuxième zone de défauts cristallins qui comprend la couche à concentration élevée (9, 18), est fournie
de manière adjacente à la première zone de défauts cristallins, et a une concentration de défauts plus faible
que la première zone de défauts cristallins ; dans lequel la couche à concentration élevée a un donneur induit
par hydrogène ;
dans lequel une durée de vie de porteur de la première zone à défauts cristallins est uniforme dans une direction
en profondeur,
dans lequel une durée de vie de porteur de la deuxième zone à défauts cristallins est plus longue qu’une durée
de vie de porteur de la première zone à défauts cristallins, dans lequel la deuxième zone à défauts cristallins
comprend une liaison pendante se terminant par de l’hydrogène du fait de l’application d’un premier traitement
thermique entre 380°C et 450°C pendant une durée de 3 à 7 jours.
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8. Dispositif semi-conducteur selon la revendication 7, dans lequel une durée de vie de porteur de la deuxième zone
de défauts cristallins augmente depuis une surface principale jusqu’à l’autre surface principale du substrat de silicium.

9. Dispositif semi-conducteur selon la revendication 7, dans lequel la distance entre la couche à concentration élevée
adjacente à la couche de migration et l’autre surface principale du substrat semi-conducteur est supérieure ou égale
à 15 mm.

10. Dispositif semi-conducteur selon la revendication 7,
dans lequel, lorsque q est une charge élémentaire, Nd est la concentration moyenne de la couche de migration, εS
est la permittivité du substrat semi-conducteur, Vrate est une tension nominale, JF est une densité de courant
nominale, et Vsat est une vitesse saturée où une vitesse de porteur est saturée avec une intensité de champ électrique
prédéterminée, un indice de distance L étant représenté par l’expression (1) suivante : 

et
lorsque la profondeur d’une position, où la concentration de porteurs de la couche à concentration élevée qui est
adjacente à la première couche semi-conductrice avec la couche de migration intercalée entre elles est le maximum,
à partir de l’autre surface principale du substrat semi-conducteur est de X et l’épaisseur du substrat semi-conducteur
est de Wo, X = W0-γL est établi et γ est dans la plage de 0.7 à 1.6.
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