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(57) ABSTRACT

In a step, acceptor 1ons are implanted from a back surface of
a semiconductor substrate. In a step, a wet process of
immersing the semiconductor substrate 1n a chemical solu-
tion including hydrofluoric acid 1s performed, to introduce
hydrogen atoms into the semiconductor substrate. In a step,
proton radiation 1s provided to the back surface of the
semiconductor substrate, to introduce hydrogen atoms 1nto
the semiconductor substrate and form radiation-induced
defects. In a step, an annealing process 1s performed on the
semiconductor substrate, to form hydrogen-related donors
by reaction of the hydrogen atoms and the radiation-induced
defects and reduce the radiation-induced defects.
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FIG.2

ST

FORM DIFFUSION LAYER *WAFER INTRODUGTION
ON FRONT SURFACE SIDE MOS STRUCTURE FORMATION

STEP NAME CONTENTS

.PHOTOLITHOGRAPHY
FORM ELECTRODE ON
FRONT SURFACE SIDE METAL SPUTTERING
. SINTERING
— —  *PHOTOLITHOGRAPHY
FORM SURFACE .PROTECTIVE FILM
PROTECTIVE FILM SPIN COATING

PROTECTIVE FILM HARDENING

REDUCE THICKNESS BACK SURFACE CLEANING
OF WAFER -BACK SURFACE GRINDING

GROUP 13 (GROUP 1II)
[ON IMPLANTATION

FORM DIFFUSION LAYER «FRONT SURFACE PROTECTION/

ON BACK SURFACE SIDFE ACID TREATMENT
-PARTICLE BEAM RADIATION

 ANNEALING PROCGESS

*PHOTOLITHOGRAPHY
METAL SPUTTERING
*SINTERING

FORM ELECTRODE ON
BACK SURFAGCE SIDE




Patent Application Publication  Apr. 30, 2020 Sheet 3 of 11 US 2020/0135847 Al

FIG.3
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FIG.0
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FIG.9
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METHOD OF MANUFACTURING
SEMICONDUCTOR DEVICE, AND
SEMICONDUCTOR DEVICE

TECHNICAL FIELD

[0001] The present invention relates to a method of manu-
facturing a semiconductor device, and a semiconductor
device, and more particularly to a method of manufacturing
a semiconductor device including a field stop layer, and a
semiconductor device.

BACKGROUND ART

[0002] Some semiconductor devices including an insu-
lated gate bipolar transistor (IGBT) or a diode, for example,
as a power semiconductor element, have a structure includ-
ing a field stop layer as an improved measure for meeting the
need for lower loss.

[0003] A field stop layer 1s provided, within a drift layer at
a position further from a breakdown voltage main junction
of the drift layer, as a layer having lower resistance than and
the same conductivity type (normally n type) as the dnit
layer. The field stop layer 1s formed after a semiconductor
functional layer such as a semiconductor element 1s manu-
factured on a front surface side of a silicon wafer. Thus, as
constraints when forming the field stop layer, the field stop
layer needs to be formed under conditions that do not
adversely aflect the semiconductor functional layer formed
on the front surface side of the silicon water.

[0004] When forming a field stop layer, heat treatment 1s
performed after an impurity is introduced. In recent years, a
silicon wafer (semiconductor substrate) 1s reduced in thick-
ness 1n order to save energy consumption of a power device.
The reduced thickness of the silicon wafer may cause
cracking of the silicon wafer due to the heat treatment. Thus,
there have been proposed methods 1n which heat treatment
1s performed at lower temperature in order to suppress the
cracking of a silicon water due to the heat treatment during
the formation of a field stop layer. That 1s, there has been
proposed a method of forming a field stop layer through
conversion into donors by proton radiation (PTL 1 and PTL
2).

[0005] PTL 1 proposes a method of recovering, by heat
treatment, radiation-induced defects generated by radiation
of protons (hydrogen atoms) to a single-crystal silicon
water, and forming composite defects (hydrogen-related
donors) by reaction of the radiation-induced defects and the
hydrogen atoms near the location of an average range of the
protons, to thereby form a high-concentration field stop
layer.

[0006] PTL 2 proposes a method of repeating proton
radiation multiple times from a back surface of an n type
semiconductor substrate, to thereby form an n type field stop
layer. During the multiple proton radiations, the locations of
radiation-induced defects left by a previous proton radiation
are used as targets for the next proton radiation. Hydrogen
atoms are thereby supplied to a region having many radia-
tion-induced defects formed by the previous proton radia-
tion, to terminate dangling bonds, leading to conversion of
the radiation-induced defects into donors. As a result,
according to PTL 2, an n type field stop layer having a
high-concentration hydrogen-related donor layer can be
formed while increase 1n leakage current caused by remain-
ing radiation-induced detects 1s suppressed.
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CITATION LIST

Patent Literature

[0007]
160559
[0008]

130523

PTL 1: Japanese Patent Laying-Open No. 2001-

PTL 2: Japanese Patent Laying-Open No. 2013-

SUMMARY OF INVENTION

Technical Problem

[0009] One problem with a method of forming a field stop
layer by proton radiation 1s that radiation-induced defects
generated 1n a silicon water due to proton radiation to the
silicon waler remain after an annealing process 1s per-
formed.

[0010] The present invention was made to solve such a
problem, and has one object to provide a method of manu-
facturing a semiconductor device 1n which remaining radia-
tion-induced defects are reduced, and has another object to
provide a semiconductor device having reduced remaining
radiation-induced defects.

Solution to Problem

[0011] A method of manufacturing a semiconductor
device according to the present invention includes the fol-
lowing steps. A semiconductor element 1s formed in a
semiconductor substrate having a first main surface and a
second main surface and being of a first conductivity type
having a first carrier concentration, the semiconductor ele-
ment being for conducting a current between the first main
surface and the second main surface. The forming of the
semiconductor element includes the following steps. Accep-
tor 1ons are implanted from the second main surface of the
semiconductor substrate. From the second main surface of
the semiconductor substrate, a wet process of accumulating
hydrogen atoms 1n a region of the semiconductor substrate
where the acceptor 1ons are implanted 1s performed. Radia-
tion of protons 1s provided from the second main surface of
the semiconductor substrate. After the wet process 1s per-
formed and the radiation of protons 1s provided, an anneal-
ing process 1s performed on the semiconductor substrate, to
form a field stop layer of the first conductivity type having
a second carrier concentration higher than the first carrier
concentration in the semiconductor substrate.

[0012] A semiconductor device according to the present
invention 1s a semiconductor device including a semicon-
ductor element that conducts a current between a first main
surface and a second main surface of a semiconductor
substrate of a first conductivity type, and includes an 1mpu-
rity region and a field stop layer of the first conductivity
type. The impurity region 1s formed to a first depth from the
second main surface of the semiconductor substrate having
a first carrier concentration. The field stop layer 1s formed
from a position of the first depth to a second depth deeper
than the first depth in the semiconductor substrate, and has
a second carrier concentration higher than the first carrier
concentration in the semiconductor substrate. In the field
stop layer, a maximum value of the second carrier concen-
tration 1s located between the first depth and the second
depth. The second carrier concentration exhibits a distribu-
tion 1n which the second carrier concentration decreases
toward the second main surface from a portion where the
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maximum value of the second carrier concentration 1s
located. Concentration of radiation-induced defects remain-
ing in the field stop layer 1s lower than the first carrier
concentration in the semiconductor substrate. Hydrogen
atoms are accumulated 1n the impurity region.

Advantageous Effects of Invention

[0013] According to the method of manufacturing a semi-
conductor device 1n the present invention, a semiconductor
device having reduced radiation-induced defects remaining
in the field stop layer can be manufactured by performing the
wet process and the proton radiation.

[0014] According to the semiconductor device in the pres-
ent invention, the radiation-induced defects remaining 1n the
field stop layer can be reduced.

BRIEF DESCRIPTION OF DRAWINGS

[0015] FIG. 1 1s a cross-sectional view of a semiconductor
device including an IGBT according to a first embodiment.
[0016] FIG. 2 1s a flowchart showing steps of manufac-
turing the semiconductor device 1n the first embodiment.

[0017] FIG. 3 1s a flowchart showing steps of forming a

diffusion layer on a back surface side of a semiconductor
substrate in the first embodiment.

[0018] FIG. 4 shows a distribution of boron and a distri-
bution of hydrogen atoms in the semiconductor substrate
alter acceptor 1on implantation and a wet process are per-
formed 1n the first embodiment.

[0019] FIG. 5 1s a diagram including a distribution of
hydrogen atoms and a distribution of radiation-induced
defects 1n the semiconductor substrate after proton radiation
1s provided in the first embodiment.

[0020] FIG. 6 1s a diagram 1including a distribution of
hydrogen atoms introduced by the proton radiation and a
distribution of hydrogen atoms introduced by the wet pro-
cess 1n the semiconductor substrate after an annealing pro-
cess 1s performed 1n the first embodiment.

[0021] FIG. 7 1s a diagram including design distributions
of carrier concentration 1 a field stop layer in the first
embodiment.

[0022] FIG. 8 1s a diagram including distributions of
carrier concentration in the field stop layer in a completed
semiconductor device 1n the first embodiment.

[0023] FIG. 9 1s a flowchart showing steps of forming a
diffusion layer on a back surface side of a semiconductor
substrate 1n a semiconductor device according to a second
embodiment.

[0024] FIG. 10 1s a diagram showing a distribution of
hydrogen atoms and a distribution of radiation-induced
defects 1n the semiconductor substrate after helium 1on
radiation 1s provided in the second embodiment.

[0025] FIG. 11 1s a diagram including a distribution of
hydrogen atoms introduced by a wet process after an anneal-
ing process 1s performed 1n the second embodiment.
[0026] FIG. 12 1s a diagram including design distributions
of carrier concentration 1n a field stop layer in the second
embodiment.

[0027] FIG. 13 1s a diagram including distributions of
carrier concentration in the field stop layer in a completed
semiconductor device in the second embodiment.

[0028] FIG. 14 1s a cross-sectional view of a semiconduc-
tor device including a diode according to a third embodi-
ment.

Apr. 30, 2020

[0029] FIG. 15 1s a flowchart showing steps of forming a
diffusion layer on a back surface side of a semiconductor
substrate 1n the third embodiment.

[0030] FIG. 16 1s a flowchart showing steps of forming a
diffusion layer on a back surface side of a semiconductor
substrate 1n a semiconductor device according to a fourth
embodiment.

DESCRIPTION OF EMBODIMENTS

First Embodiment

[0031] A semiconductor device including an IGBT 1s
described here as an example of a semiconductor device.
First, 1n the present specification and drawings, a region
indicated by “n” means that electrons are the majority
carrier. A region indicated by “p” means that holes are the
majority carrier. In addition, “+” or “-"" 1s attached to “n” or
“p”. The “+” indicates that carrier concentration 1s relatively
high. The “-” indicates that carrier concentration 1s rela-
tively low.

[0032] As shown in FIG. 1, 1n a semiconductor device 1
including an IGBT 2a, a p type base layer 9 1s formed to a
certain depth (depth A) from a first main surface of a
semiconductor substrate 3. An n™ type emitter layer 11 and
a p* type contact layer 7 are formed in p type base layer 9.
N™ type emitter layer 11 is formed to a depth (depth B)
shallower than depth A from a surface of p type base layer
9. P™ type contact layer 7 is formed to a position shallower
than depth A and deeper than depth B from the surface of p
type base layer 9.

[0033] A trench 3a extending from the first main surface
ol semiconductor substrate 3 to a position deeper than depth
A has a gate electrode 15 formed therein with a gate
insulating film 13 interposed therebetween (MOS gate struc-
ture). An interlayer insulating film 17 1s formed to cover gate
clectrode 15. An emitter electrode 19 1s formed to cover
interlayer insulating film 17. Emitter electrode 19 1s 1n
contact with n™ type emitter layer 11 and p* type contact
layer 7.

[0034] A p™ type collector layer 23 1s formed to a certain
depth (depth C) from a second main surface of semicon-
ductor substrate 3. An n type field stop layer 21 1s formed
from depth C to a position deeper than depth C. A collector
electrode 25 1s formed 1n contact with p™ type collector layer
23. An n™ type drift layer 5 (a region of semiconductor
substrate 3) 1s located between n type field stop layer 21 and
p type base layer 9. In the semiconductor device including
the IGBT, 1n addition to a cell region where the IGBT 1s
formed, a termination structure (nor shown) for holding the
breakdown voltage 1s formed in an outer peripheral portion.
[0035] As will be described later, semiconductor device 1
including IGBT 2a described above has a profile of carrier
concentration in n type field stop layer 21 and a manufac-
turing method that are different from a profile of carrier
concentration in an n type field stop layer and a manufac-
turing method of a semiconductor device including a con-
ventional IGBT.

[0036] Ina conventional method of forming an n type field
stop layer using hydrogen-related donors by proton radia-
tion, 1t 1s necessary to leave radiation-induced defects gen-
erated by the proton radiation without completely recovering
them by an annealing process after the proton radiation.
Theretore, the conventional method causes the radiation-

induced defects to remain 1n the n type field stop layer.
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[0037] For example, examination by a photoluminescence
method of an n type field stop layer formed by proton
radiation revealed that radiation-induced defects between
interstitial silicon pairs remain in the n type field stop layer.
It was also found that a longer annealing time or a higher
annealing temperature, which were considered 1n order to
recover the radiation-induced defects, led to recovery of the
radiation-induced defects, but resulted in a lowered activa-
tion ratio of donors.

[0038] Accordingly, when forming an n type field stop
layer using only proton radiation, 1t 1s inevitable that a large
amount of radiation-induced defects will remain, resulting 1n
a large amount of leakage current in an IGBT. In addition,
when forming an n type field stop layer using only proton
radiation, the activation ratio of donors 1s low. Accordingly,
the formation of an n type field stop layer involves an
increased radiation dose of protons and an 1ncreased process
COst.

[0039] 'To solve such problems, the semiconductor device
described above 1s characterized by the use of a wet process
in combination with radiation of charged particles (protons
or helium 1ons) 1n a back surface step, 1n order to reduce the
radiation-induced defects remaining 1n n type field stop layer

3

[0040] Thus, an example of a method of manufacturing
the semiconductor device above 1s described next. Radiation
of protons as the charged particles 1s described here. In the
following, steps of manufacturing portions that function as
an IGBT such as a MOS gate structure can be implemented
using a known manufacturing method, and are thus
described simply.

[0041] First, a flowchart of the method of manufacturing
the semiconductor device 1s described based on FIG. 2. First,
in step S1, various diffusion layers are formed on a front
surface side (first main surface side) of the semiconductor
substrate. After the semiconductor substrate 1s introduced, a
trench MOS gate structure and the like including p™ type
contact layer 7, p type base layer 9, n™ type emitter layer 11,
gate msulating film 13 and gate electrode 15 1s formed on the
first main surface side of semiconductor substrate 3 by a
photolithography step, an 1on 1implantation step, an anneal-
ing step and the like (see FIG. 1).

[0042] Next, in step S2, an electrode 1s formed on the front
surtace side of the semiconductor substrate. A metal film 1s
formed to cover p™ type contact layer 7, n* type emitter layer
11 and the like by a vacuum sputtering method, for example.
The metal film 1s patterned by a photolithography step and
an etching step, to form emitter electrode 19. Emitter

electrode 19 is in ohmic contact with p™ type contact layer
7 and n type emitter layer 11 (see FIG. 1).

[0043] Next, in step S3, a surface protective film covering
the first main surface of the semiconductor substrate i1s
formed. A silicon nitride film and the like are formed, for
example, as the surface protective film. Alternatively, the
protective film may be formed by a spin coating method, for
example. Further, a protective film in the form of a sheet
may be used. Next, in step S4, the semiconductor substrate
1s reduced in thickness. The thickness reduction of the
semiconductor substrate 1s performed by grinding a back
surface (second main surface) of the semiconductor sub-
strate. The thickness of the semiconductor substrate 1s
determined 1n relation to the breakdown voltage.

[0044] Next, 1n step S5, a diffusion layer 1s formed on the
back surface side (second main surface side) of the semi-
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conductor substrate. Ions of a Group 13 element are
implanted from the back surface of the semiconductor
substrate. The “Group 13 element” 1s represented as a
“Group III element” 1n the short period periodic table. After
the protective film 1s formed on the front surface side
(second main surface side) of the semiconductor substrate,
a wet process with a chemical solution and proton radiation
are performed. An annealing process 1s subsequently per-
formed to form n type field stop layer 21 and p™ type
collector layer 23 (see FIG. 1). This step 1s a characteristic
portion of this invention, and will be described in detail later.

[0045] Next, 1n step S6, an electrode 1s formed on the back
surtace side of the semiconductor substrate. A metal film 1s
formed to cover p* type collector layer 23 by a vacuum
sputtering method and the like, to form collector electrode
25. Collector electrode 25 1s in ohmic contact with p™ type
collector layer 23. The semiconductor device including the

IGBT having n type field stop layer 21 1s thus completed
(see FIG. 1).

[0046] In this method, owing to the inclusion of step S5,
radiation-induced defects 1n the n type field stop layer are
reduced, and furthermore, the n type field stop layer having
a high activation ratio of hydrogen-related donors 1s formed.
Next, the step of forming the diffusion layer on the back
surtace side of the semiconductor substrate 1s described 1n
detail.

[0047] In a step of forming hydrogen-related donors using
proton radiation, balance between the concentration of
radiation-induced defects and the concentration of hydrogen
atoms that are introduced into a semiconductor substrate
aflects an activation ratio of the hydrogen-related donors.
The ““activation” as used here means reaction of the radia-
tion-induced defects and the hydrogen atoms formed in the
semiconductor substrate by the proton radiation. Specifi-
cally, 1t 1s assumed that a negatively charged hydrogen atom
bonds with a silicon dangling bond of a radiation-induced
defect to form a covalent bond, and one extra electron 1s
released from the dangling bond or the hydrogen atom, to
form a donor. The activation ratio means the ratio of the
amount of newly generated donors (numerator) to the
amount of radiated protons (denominator).

[0048] In proton radiation, a distribution of hydrogen
atoms 1s concentrated around an average range of the proton
radiation. Thus, there 1s a shortage of hydrogen atoms 1n a
region closer to the back surface side of the semiconductor
substrate than the average range. In other words, only
radiation-induced defects are formed in that region. As a
result, the activation ratio of hydrogen-related donors 1s
lowered.

[0049] A radiation-induced defect whose dangling bond
was not terminated by a hydrogen atom has an impurity level
in the forbidden band of a semiconductor energy band,
causing reduced mobility or increased leakage current in the
semiconductor device. The leakage current means a current
that flows when a reverse bias 1s applied to a semiconductor
chip (semiconductor device), and the current flows by the

generation of electrons and holes from a radiation-induced
defect.

[0050] Thus, 1t was found by the inventor’s research that
a larger amount of hydrogen atoms should be diffused into
a semiconductor substrate, in order to reduce the remaining
radiation-induced defects whose dangling bonds are not
terminated, and to form an n type field stop layer having a
high activation ratio. Based on this finding, the inventor
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found a method of supplying hydrogen atoms into a semi-
conductor substrate using a wet process, 1n addition to the
proton radiation, 1n step S5.

[0051] As shown in FIG. 3, first, in step T1, acceptor 10ns
are 1mplanted from the back surface of the semiconductor
substrate. The acceptor 1ons may be boron 1ons, for example,
but are not limited to the boron 10ns as long as they are 1ons
of a Group 13 element. Next, local heat treatment that does
not affect the front surface side of the semiconductor sub-
strate 1s performed by laser annealing, to activate the
implanted acceptor 1ons.

[0052] Next, i step T2, a wet process of immersing the
semiconductor substrate in a chemical solution 1s performed.
In this step T2, a protective film 1s aflixed to the front surface
of the semiconductor substrate 1n order to protect emitter
electrode 19 (see FIG. 1) of the IGBT formed on the front
surface side of the semiconductor substrate from the chemi-
cal solution. As this protective film, a protective film used to
protect the front surface of the semiconductor substrate in
the step of reducing the thickness of the semiconductor
substrate may be used.

[0053] Next, with the protective film ailixed to the front
surface of the semiconductor substrate, a wet process of
diffusing hydrogen atoms into the semiconductor substrate
from the back surface of the semiconductor substrate is
performed. A chemical solution used for this wet process 1s
preferably a chemical solution including an acid such as
hydrofluoric acid. This wet process may be performed at
room temperature, but 1s preferably performed while the
chemical solution 1s heated to a temperature of about 50 to
90° C. 1n order to increase the amount of diffused hydrogen
atoms. The acid used may be hydrochloric acid, sulturic acid
or mtric acid, other than the hydrofluoric acid.

[0054] This wet process introduces hydrogen atoms into
the semiconductor substrate. It 1s known that a hydrogen
atom chemically bonds with a boron atom 1ntroduced during
proton 1on implantation, to form a B—H bond. The B—H
bond 1s assumed to be stable at room temperature. Accord-
ingly, the hydrogen atoms are not vaporized from within the
semiconductor substrate when the semiconductor substrate
1s held at room temperature after the wet process 1s per-
formed. In this manner, the wet process 1s performed to
accumulate hydrogen atoms 1n a region of the semiconduc-
tor substrate where the acceptor 1ons have been implanted.

[0055] Next, in step T3, proton radiation 1s provided to the
back surface of the semiconductor substrate. Since the
proton radiation 1s provided only this one time 1n the series
of steps of the semiconductor device, an average range of
protons 1s the location of a depth of the n type field stop layer
that 1s spaced furthest away from the back surface of the
semiconductor substrate. Thus, the depth of energy of the
proton radiation needs to be determined 1n consideration of
the breakdown voltage required of the IGB'T. According to
calculation with simulation software by the inventor, 1t was
estimated that, when proton incident energy 1s 1 MeV, for
example, the distance from the back surface of the semi-
conductor substrate to the end (depth) of the n type field stop
layer 1s about 16 um.

[0056] A high radiation dose of protons 1s desirable
because the carrier concentration in the n type field stop
layer 1s thereby increased. However, increase in the radiation
dose also ivolves increase 1n radiation-induced detects and
process cost. A low radiation dose of protons, on the other
hand, causes reduction 1n radiation-induced defects, result-
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ing 1n 1nability to set a desired carrier concentration 1n the n
type field stop layer. For this reason, the inventor set the
proton radiation dose from 5x10"'/cm” to 1x10"/cm”.

[0057] In this manner, the wet process and the proton
radiation are performed to form radiation-induced defects
and accumulate hydrogen atoms in a region on the back
surface side of the semiconductor substrate. Although the
proton radiation has been described as being provided after
the wet process 1s performed in the method above, the wet
process may be performed after the proton radiation 1s
provided.

[0058] Next, in step T4, an annealing process 1s performed
on the semiconductor substrate in order to diffuse the
hydrogen atoms accumulated in the semiconductor sub-
strate. The annealing process 1s performed using a diffusion
furnace, for example. The annealing process 1s performed on
the semiconductor substrate for 0.5 hours to 5 hours at a
temperature from 300° C. to 500° C. in an 1nert gas
atmosphere. The annealing process 1s more preferably per-
formed at a temperature from 350° C. to 450° C. 1n order to
elliciently activate the hydrogen-related donors. The inven-
tor confirmed that the hydrogen-related donors cannot be
formed efliciently when the temperature 1s lower than 300°
C. or higher than 500° C., and when the time 1s shorter than
0.5 hours or longer than 5 hours.

[0059] As aresult of this annealing process, the hydrogen
atoms supplied by the proton radiation are diffused toward
the back surface of the semiconductor substrate from within
the semiconductor substrate, and are also diffused to the side
opposite to the back surface of the semiconductor substrate
from within the semiconductor substrate. In addition, the
hydrogen atoms supplied by the wet process are diflused into
the semiconductor substrate from the back surface of the
semiconductor substrate.

[0060] As described above, 1n a region (region R) from the
back surface of the semiconductor substrate to the location
of the average range of protons, radiation-induced defects
are formed by the proton radiation. During the annealing
process, of the hydrogen atoms supplied by the proton
radiation and diffused, hydrogen atoms diffused toward the
back surface of the semiconductor substrate from the loca-
tion of the average range, and hydrogen atoms supplied by
the wet process and diffused into the semiconductor sub-
strate from the back surface of the semiconductor substrate
are captured by the radiation-induced defects formed 1n
region R.

[0061] Because of the capturing of the hydrogen atoms by
the radiation-induced defects, silicon dangling bonds of the
radiation-induced defects are terminated. As a result, some
of the radiation-induced defects are converted into hydro-
gen-related donors, and radiation-induced defects that
caused reduction 1n mobility are rendered electrically 1nert.
The radiation-induced defects can thus be reduced. In addi-
tion, since the proton radiation 1s provided one time, the
manufacturing cost can also be reduced as compared to an
example where the proton radiation 1s provided multiple
times.

[0062] Next, a supplementary explanation of step S5
described above 1s given with reference to concentration
profiles. First, FIG. 4 shows distributions of the concentra-
tion of impurity (boron) and the concentration of hydrogen
atoms 1n the depth direction from the back surface of the
semiconductor substrate, after the acceptor 1ons are
implanted and the wet process 1s performed. As shown 1n
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FIG. 4, 1t can be seen that the boron (acceptor i1ons) 1s
distributed over a relatively shallow region of up to about 1
um from the back surface of the semiconductor substrate
(see BP, HWP). Boron captures a hydrogen atom to form a
B—H bond. Accordingly, the hydrogen atoms have a dis-
tribution 1n the depth direction analogous to the distribution
of boron 1n the depth direction.

[0063] Next, FIG. 5 shows distributions of the concentra-
tion of impurity (boron) and the concentration of hydrogen
atoms 1n the depth direction from the back surface of the
semiconductor substrate, after the proton radiation. The
proton radiation leads to accumulation of hydrogen atoms
and formation of radiation-induced defects in the semicon-
ductor substrate. The accumulated hydrogen atoms do not
refer to the existence of a minute amount of hydrogen such
as mixed 1n a semiconductor manufacturing process, but
refers to hydrogen at a concentration within the range from
1x10'° to 1x10*' atoms/cm”, which is the same level as the
implanted acceptor 10ns. As shown 1n FIG. 5, the distribution
of hydrogen atoms 1s concentrated at the location of an
average range of about 16 um from the back surface of the
semiconductor substrate (see HPP). The radiation-induced
defects are distributed such that they are concentrated
around the location of the average range, and decrease
toward the back surface of the semiconductor substrate from
around the location of the average range (see DP).

[0064] Next, FIG. 6 shows distributions of the concentra-
tion of hydrogen atoms by the proton radiation and the
concentration of hydrogen atoms by the wet process in the
depth direction from the back surface of the semiconductor
substrate, after the annealing process. As shown in FIG. 6,
it can be seen that the distributions of the concentration of
hydrogen atoms by the proton radiation and the concentra-
tion of hydrogen atoms by the wet process spread in the
depth direction of the semiconductor substrate.

[0065] As a result of the annealing process, around the
location of the average range from the back surface of the
semiconductor substrate, the radiation-induced defects and
the hydrogen atoms react with each other to generate hydro-
gen-related donors. In addition, the hydrogen atoms 1ntro-
duced by the wet process and diffused into the semiconduc-
tor substrate from the back surface of the semiconductor
substrate, and some of the radiation-induced detects formed
between the back surface of the semiconductor substrate and
around the location of the average range react with each
other to generate hydrogen-related donors, and furthermore,
radiation-induced defects that caused reduction 1n mobility
are rendered electrically 1nert. The radiation-induced defects
are thus reduced.

[0066] In the method of manufacturing the semiconductor
device described above, a large amount of hydrogen atoms
1s supplied from the back surface of the semiconductor
substrate by the wet process, as compared to the methods
proposed in PTL 1 and PTL 2. As a result, after the annealing
process, a desired amount of hydrogen-related donors can be
generated by the reaction of the hydrogen atoms and the
radiation-induced defects, and the radiation-induced defects
can be eflectively terminated, to suppress the reduction 1n
mobility and the leakage current in the semiconductor
device.

[0067] Next, each carrier concentration 1 the semicon-
ductor device manufactured by the manufacturing method
above 1s described. FIG. 7 shows a design profile of carrier
concentration 1n each region of the semiconductor device,
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and FIG. 8 shows a profile of carrier concentration 1n each
region of a semiconductor device actually manufactured.
The profile of carrier concentration can be acquired by a
common SR (Spreading Resistance Profiling) method.

[0068] As shown in FIGS. 7 and 8, the carrier concentra-
tion 1n n type field stop layer 21 has a peak at the location
of an average range of protons. The carrier concentration 1n
n type field stop layer 21 decreases continuously and gradu-
ally toward the back surface of the semiconductor substrate
from the location of the average range. In n type field stop
layer 21, the hydrogen atoms terminate the silicon dangling
bonds of radiation-induced defects, thus eliminating radia-
tion-induced defects that cause reduction in carrier mobility.

Second Embodiment

[0069] Another example of the method of manufacturing
the semiconductor device according to the first embodiment
1s described 1n a second embodiment. A manufacturing
method using helium 1ons as charged particles 1s described
here.

[0070] FIG. 9 shows a flowchart of steps of forming a
diffusion layer on the back surface side of the semiconductor
substrate. As shown 1n FIG. 9, acceptor 1ons are implanted
in step V1. A wet process 1s performed 1n step V2. Helium
ion radiation 1s provided 1n step V3. An annealing process 1s
performed 1n step V4. Except for step V3 of the series of
steps V1 to V4, step V1 1s substantially the same as step T1,
step V2 1s substantially the same as step 12, and step V4 1s
substantially the same as step T4. Therefore, step V3 1s
described here, and a description of step V1, step V2 and
step V4 will not be repeated except when necessary.

[0071] In step V3, helium 1on radiation 1s provided to the
back surface of the semiconductor substrate. The depth of
energy of the helium 1ons needs to be determined 1n con-
sideration of the breakdown voltage required of the IGBT.
According to calculation with simulation software by the
inventor, 1t was estimated that, in the case of He4 which 1s
assumed to be high 1n abundance among isotopes, as an
example of the helium 1ons, when He4 incident energy 1is
3.75 MeV, the distance from the back surface of the semi-
conductor substrate to the end (depth) of the n type field stop
layer 1s about 16 um.

[0072] In the case of helium 1ons, too, a high radiation
dose of helium 1ons 1s desirable because the carrier concen-
tration 1n the n type field stop layer 1s thereby increased.
However, increase 1n the radiation dose also 1nvolves
increase 1n radiation-induced defects and process cost. A low
radiation dose of helium 1ons, on the other hand, causes
reduction in radiation-induced defects, resulting in inability
to set a desired carrier concentration in the n type field stop
layer. For this reason, the inventor set the helium 1on
radiation dose from 5x10'%/cm* to 1x10'*/cm*. The reason
that the helium 1on radiation dose was set to be lower than
the proton radiation dose 1s because more defects are formed
by helium 10ns than by protons.

[0073] In this manner, the wet process and the helium 1on
radiation are performed to form radiation-induced defects
and accumulate hydrogen atoms 1n a region on the back
surface side of the semiconductor substrate. Although the
helium 10n radiation has been described as being provided
after the wet process 1s performed 1n the method above, the
wet process may be performed after the helium 10n radiation
1s provided.
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[0074] Next, 1in step V4, an annealing process 1s performed
on the semiconductor substrate in order to diffuse the
hydrogen atoms accumulated in the semiconductor sub-
strate. The annealing process 1s performed using a diffusion
furnace, for example. The annealing process 1s performed on
the semiconductor substrate for 0.5 hours to 5 hours at a
temperature from 300° C. to 500° C. in an inert gas
atmosphere. The annealing process 1s more preferably per-
formed at a temperature from 350° C. to 450° C. 1n order to
efliciently activate the hydrogen-related donors.

[0075] As a result of this annealing process, the hydrogen
atoms supplied by the wet process are diffused into the
semiconductor substrate from the back surface of the semi-
conductor substrate. Unlike the proton radiation, hydrogen
does not enter the substrate during the helium 10n radiation.

[0076] As described above, 1n the region (region R) from
the back surface of the semiconductor substrate to the
location of the average range of helium 1ons, radiation-
induced defects are formed by the helium i1on radiation.
During the annealing process, hydrogen atoms supplied by
the wet process and diffused 1nto the semiconductor sub-
strate from the back surface of the semiconductor substrate
are captured by the radiation-induced defects formed in
region R. In the helium 10n radiation, there are no hydrogen
atoms that are diffused toward the back surface of the
semiconductor substrate from the location of the average
range of helium 1ons.

[0077] Because of the capturing of the hydrogen atoms by
the radiation-induced defects, silicon dangling bonds of the
radiation-induced defects are terminated. As a result, some
of the radiation-induced defects are converted into hydro-
gen-related donors, and radiation-induced defects that
caused reduction 1n mobility are rendered electrically 1nert.
The radiation-induced defects can thus be reduced. In addi-
tion, since the helium 1on radiation 1s provided one time, the
manufacturing cost can also be reduced as compared to an
example where the proton radiation 1s provided multiple
times.

[0078] Steps V1 to V4 described above correspond to step
S5 shown 1n FIG. 2. Next, a supplementary explanation of
step S5 1s given with reference to concentration profiles. As
described above, first, FIG. 4 shows distributions of the
concentration of impurity (boron) and the concentration of
hydrogen atoms 1n the depth direction from the back surface
of the semiconductor substrate, after the acceptor ions are
implanted and the wet process 1s performed. As shown 1n
FIG. 4, 1t can be seen that the boron (acceptor ions) is
distributed over a relatively shallow region of up to about 1
um from the back surface of the semiconductor substrate
(see BP, HWP). Boron captures a hydrogen atom to form a
B—H bond. Accordingly, the hydrogen atoms have a dis-
tribution 1n the depth direction analogous to the distribution
of boron 1n the depth direction.

[0079] Next, FIG. 10 shows distributions of the concen-
tration of impurity (boron) and the concentration of hydro-
gen atoms 1n the depth direction from the back surface of the
semiconductor substrate, after the helium 1on radiation. The
helium 1on radiation leads to formation of radiation-induced
defects 1n the semiconductor substrate. The radiation-in-
duced defects are distributed such that they are concentrated
around the location of the average range, and decrease
toward the back surface of the semiconductor substrate from
around the location of the average range (see DP).
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[0080] Next, FIG. 11 shows a distribution of the concen-
tration of hydrogen atoms by the wet process after the
annealing process, 1 the depth direction from the back
surface of the semiconductor substrate. As shown 1n FIG. 11,
it can be seen that the distribution of the concentration of
hydrogen atoms by the wet process spreads in the depth
direction of the semiconductor substrate after the annealing
process.

[0081] As a result of the annealing process, around the
location of the average range from the back surface of the
semiconductor substrate, the hydrogen atoms 1ntroduced by
the wet process and diffused into the semiconductor sub-
strate from the back surface of the semiconductor substrate,
and some of the radiation-induced defects formed between
the back surface of the semiconductor substrate and around
the location of the average range react with each other to
generate hydrogen-related donors, and furthermore, radia-
tion-induced defects that caused reduction 1n mobility are
rendered electrically inert. The radiation-induced defects are
thus reduced.

[0082] In the method of manufacturing the semiconductor
device described above, a large amount of hydrogen atoms
1s supplied from the back surface of the semiconductor
substrate by the wet process, as compared to the methods
proposed in PTL 1 and PTL 2. As a result, after the annealing
process, a desired amount of hydrogen-related donors can be
generated by the reaction of the hydrogen atoms and the
radiation-induced defects, and the radiation-induced defects
can be eflectively terminated, to suppress the reduction 1n
mobility and the leakage current in the semiconductor
device.

[0083] Next, each carrier concentration 1 the semicon-
ductor device manufactured by the manufacturing method
above 1s described. FIG. 12 shows a design profile of carrier
concentration 1n each region of the semiconductor device,
and FIG. 13 shows a profile of carrier concentration in each
region of a semiconductor device actually manufactured.

[0084] As shown in FIGS. 12 and 13, the carrier concen-
tration 1n n type field stop layer 21 has a peak at the location
of an average range of protons. The carrier concentration 1n
n type field stop layer 21 decreases continuously and gradu-
ally toward the back surface of the semiconductor substrate
from the location of the average range. In n type field stop
layer 21, the hydrogen atoms terminate the silicon dangling
bonds of radiation-induced defects, thus eliminating radia-
tion-induced defects that cause reduction in carrier mobility.

Third Embodiment

[0085] A semiconductor device including a diode 1is
described here as an example of a semiconductor device.
Radiation of protons as charged particles 1s described as 1ts
manufacturing method. As shown 1n FIG. 14, 1n semicon-
ductor device 1 including a diode 2b, a p™ type anode layer
31 1s formed to a certain depth from the first main surface of
semiconductor substrate 3. An anode electrode 33 1s formed
in contact with p™ type anode layer 31.

[0086] An n™ type cathode layer 35 1s formed to a certain
depth (depth D) from the second main surface of semicon-
ductor substrate 3. N type field stop layer 21 1s formed from
depth D to a position deeper than depth D. A cathode
electrode 37 is formed in contact with n™ type cathode layer
35. N~ type dniit layer 5 1s located between n type field stop
layer 21 and p™ type anode layer 31. In the semiconductor
device including the diode, 1n addition to a cell region where
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the diode 1s formed, a termination structure (nor shown) for
holding the breakdown voltage 1s formed 1n an outer periph-
eral portion.

[0087] Next, a method of manufacturing the semiconduc-
tor device above 1s described. The semiconductor device
including the diode i1s manufactured by substantially the
same manufacturing method as the method of manufacturing
the semiconductor device including the IGBT described
above (see FIG. 2), except for the back surface diffusion
step. The difference 1n the back surface diffusion step 1s
described later.

[0088] First, a diffusion layers 1s formed on the front
surface side (first main surface side) of semiconductor
substrate 3. After semiconductor substrate 3 1s introduced,
p~ type anode layer 31 is formed on the first main surface
side of semiconductor substrate 3 by a photolithography
step, an 10n 1mplantation step, a reactive 1on etching step and
the like (see step S1 1n FIG. 2, FIG. 14).

[0089] Next, an electrode 1s formed on the front surface
side of semiconductor substrate 3. A metal film 1s formed to
cover p* type anode layer 31 and the like by a vacuum
sputtering method, for example. The metal film 1s patterned
by a photolithography step and an etching step, to form
anode electrode 33. Anode electrode 33 1s 1n ohmic contact
with p™ type anode layer 31 (see step S2 in FIG. 2, FIG. 14).
[0090] Next, a surface protective film covering the first
main surface of semiconductor substrate 3 1s formed. A
polyimide film 1s formed, for example, as the surface
protective film (see step S3 in FIG. 2, FIG. 14). Next,
semiconductor substrate 3 1s reduced in thickness. The
thickness reduction of semiconductor substrate 3 1s per-
formed by grinding the back surface (second main surface)
of semiconductor substrate 3. The thickness of semiconduc-
tor substrate 3 1s determined 1n relation to the breakdown
voltage (see step S4 1 FIG. 2).

[0091] Next, n type field stop layer 21 and n™ type cathode
layer 35 are formed as a diffusion layer on the back surface
side (second main surface side) of semiconductor substrate
3 (see step S5 in FIG. 2). The step of forming n type field
stop layer 21 1s described later.

[0092] Next, an electrode 1s formed on the back surface
side of semiconductor substrate 3. A metal film 1s formed to
cover n- type cathode layer 35 by a vacuum sputtering
method and the like, to form cathode electrode 37. Cathode
electrode 37 1s 1n ohmic contact with n* type cathode layer
35. The semiconductor device including the diode having n

type field stop layer 21 shown 1n FIG. 14 1s thus completed
(see step S6 1n FIG. 2, FIG. 14).

[0093] Next, the step of forming the diffusion layer on the
back surface side of the semiconductor substrate 1s described
in detail. Generally, a step of implanting acceptor 1ons into
a back surface side of a semiconductor substrate i1s not
provided for a semiconductor device including a diode,
unlike a semiconductor device including an IGBT. Thus, a
step of implanting acceptor ions ito a back surface of a
semiconductor substrate 1s added for a semiconductor device
including a diode.

[0094] Therefore, as shown in FIG. 15, first, in step Ul,

boron 10ns are implanted, for example, as acceptor 1ons from
the back surface of the semiconductor substrate.

[0095] Next, in step U2, donor ions which will be an n™
type cathode layer are implanted. The donor ions may be
phosphorus 1ons, for example. Next, local heat treatment
that does not aflect the front surface side of the semicon-
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ductor substrate 1s performed by laser annealing, to activate
the implanted donor 1ons. At this time, implantation condi-
tions (1mplantation energy, dose amount) are set 1n advance
such that, when a distribution of the acceptor 1ons and a
distribution of the donor 10ns are overlaid on each other, the
concentration of the donor 10ons located in a region where the
n™ type cathode layer is formed is 100 times or more higher
than the concentration of the acceptor 1ons located i1n that
region.

[0096] By establishing such concentration relationship,
the n™ type cathode layer capable of accumulating hydrogen
atoms therein can be formed by the subsequently performed
wet process, while the conductivity type of the n™ type
cathode layer 1s maintained as n type. In other words, the n™
type cathode layer in which B—H bonds can be provided
can be formed.

[0097] Although the implantation conditions are set here
such that the acceptor ions remain in the region where the n™
type cathode layer i1s formed, the acceptor ions may be
distributed to a region spaced further away from the back
surface of the semiconductor substrate than the region where
the n*™ type cathode layer i1s formed. In this case, the
concentration of acceptor ions in the region spaced further
away than the region where the n™ type cathode layer is
formed 1s desirably set to one-hundredth or less of the carrier
concentration 1n the n~ type drift layer. Accordingly, carrier
compensation or defects 1n the n~ type drift layer that are
generated by the introduction of acceptor i1ons can be
prevented from yielding a signmificant effect on the charac-
teristics of the semiconductor device.

[0098] Next, in step U3, a wet process of immersing the
semiconductor substrate 1n a chemical solution 1s performed.
At this time, a protective film 1s atlixed to the front surface
of the semiconductor substrate in order to protect anode
clectrode 33 (see FIG. 14) of the diode formed on the front
surface side of the semiconductor substrate from the chemi-
cal solution.

[0099] Next, i step U4, proton radiation 1s provided to the
back surface of the semiconductor substrate. At this time, as
was described with regard to step T3 (see FIG. 3), the proton
radiation dose is desirably set from 5x10''/cm” to 1x10"/

cm?

[0100] Next, in step US, an annealing process 1s performed
on the semiconductor substrate i order to diffuse the
hydrogen atoms accumulated in the semiconductor sub-
strate. At this time, as was described with regard to step T4
(see FIG. 3), the annealing process 1s performed on the
semiconductor substrate for 0.5 hours to 5 hours at a
temperature from 300° C. to 500° C. 1mn an 1nert gas
atmosphere.

[0101] In the semiconductor device including the diode
manufactured by the steps described above, the distribution
of carrier concentration 1n n type field stop layer 21 1s the
same as the distribution of carrier concentration in the n type
field stop layer in the semiconductor device including the
IGBT described above. In the n type field stop layer,
therefore, the hydrogen atoms terminate the dangling bonds
of radiation-induced defects, thus eliminating radiation-
induced defects that cause reduction in carrier mobility.

Fourth Embodiment

[0102] Another example of the method of manufacturing
the semiconductor device according to the third embodiment
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1s described in a fourth embodiment. A manufacturing
method using helium 1ons as charged particles 1s described
here.

[0103] FIG. 16 shows a flowchart of steps of forming a
diffusion layer on the back surface side of the semiconductor
substrate. As shown 1n FIG. 16, acceptor 10ons are implanted
in step W1. Donor 1ons are implanted 1n step W2. A wet
process 1s performed in step W3. Helium 1on radiation 1s
provided in step W4. An annealing process 1s performed in
step W5. Except for step W4 of the series of steps W1 to W5,
step W1 1s substantially the same as step Ul, step W2 1s
substantially the same as step U2, step W3 i1s substantially
the same as step U3, and step W5 i1s substantially the same
as step US. Therefore, step W4 1s described here, and a
description of step W1 to step W3 and step W5 will not be
repeated except when necessary.

[0104] In step W4, helium 1on radiation 1s provided to the
back surface of the semiconductor substrate. At this time, as
was described with regard to step V3 (see FIG. 9), the

helium ion radiation dose is desirably set from 5x10'°/cm”
to 1x10"%/cm”.

[0105] Next, in step WS, an annealing process 1s per-
formed on the semiconductor substrate 1n order to diffuse the
hydrogen atoms accumulated in the semiconductor sub-
strate. At this time, as was described with regard to step V4
(see FIG. 9), the annealing process 1s performed on the
semiconductor substrate for 0.5 hours to 5 hours at a
temperature from 300° C. to 500° C. in an inert gas
atmosphere.

[0106] In the semiconductor device including the diode
manufactured by the steps described above, the distribution
of carrier concentration 1n n type field stop layer 21 1s the
same as the distribution of carrier concentration in n type
field stop layer 21 in the semiconductor device including the
IGBT described above. In n type field stop layer 21, there-
fore, the hydrogen atoms terminate the dangling bonds of
radiation-induced defects, thus eliminating radiation-in-
duced defects that cause reduction in carrier mobility.

[0107] The semiconductor devices described 1n the
respective embodiments can be combined 1n various man-
ners as needed.

[0108] The embodiments disclosed herein are illustrative
and non-restrictive. The scope of the present invention 1s
defined by the terms of the claims, rather than the descrip-
tion above, and 1s mtended to include any modifications
within the meaning and scope equivalent to the terms of the
claims.

INDUSTRIAL APPLICABILITY

[0109] The present invention 1s effectively utilized for a
semiconductor device including a field stop layer.

REFERENCE SIGNS LIST

[0110] 1 semiconductor device; 2a IGBT; 26 diode; 3
semiconductor substrate; 3a trench; 5 n~ type dnfit
layer; 7 p* type contact layer; 9 p type base layer, 11 n™
type emitter layer; 13 gate insulating film; 15 gate
clectrode; 17 interlayer insulating film; 19 emitter
electrode; 21 n type field stop layer; 23 p™ type col-
lector layer; 25 collector electrode; 31 p™ type anode
layer; 33 anode electrode; 35 n™ type cathode layer; 37
cathode electrode.
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1. A method of manufacturing a semiconductor device,
comprising;
forming a semiconductor element 1n a semiconductor
substrate having a first main surface and a second main
surface and being of a first conductivity type having a
first carrier concentration, the semiconductor element
being for conducting a current between the first main
surface and the second main surface,
the forming a semiconductor element 1ncluding
implanting acceptor 1ons from the second main surface
of the semiconductor substrate,
performing, from the second main surface of the semi-
conductor substrate, a wet process of accumulating
hydrogen atoms in a region of the semiconductor
substrate where the acceptor 10ons are implanted,
providing radiation of charged particles from the sec-
ond main surface of the semiconductor substrate, and
after the performing a wet process and the providing
radiation of charged particles, performing an anneal-
ing process on the semiconductor substrate, to form
a field stop layer of the first conductivity type having
a second carrier concentration higher than the first
carrier concentration 1n the semiconductor substrate.
2. The method of manufacturing a semiconductor device
according to claim 1, wherein
in the implanting acceptor 1ons, 1ons of a Group 13
clement are 1mplanted as the acceptor 1ons.
3. The method of manufacturing a semiconductor device
according to claim 1, wherein
in the performing a wet process, a chemical solution
including hydrofluoric acid 1s used.
4. The method of manufacturing a semiconductor device
according to claim 1, wherein
in the providing radiation of charged particles, radiation
of protons as the charged particles 1s provided under a
condition that a dose amount is from 5x10''/cm” to
1x10"/cm”.
5. The method of manufacturing a semiconductor device
according to claim 1, wherein
in the providing radiation of charged particles, radiation
of hellum 1ons as the charged particles 1s provided
under a condition that a dose amount is from 5x10"°/
cm” to 1x10'%cm?.
6. The method of manufacturing a semiconductor device
according to claim 1, wherein
in the performing an annealing process, the annealing
process 1s performed for an annealing time from 0.5
hours to 5 hours at an annealing temperature from 300°
C. to 500° C. 1n an 1nert gas atmosphere.
7. The method of manufacturing a semiconductor device
according to claim 1, wherein
the forming a semiconductor element includes forming an
IGBT, the forming an IGBT including forming a col-
lector layer of a second conductivity type 1n a region
from the second main surface of the semiconductor
substrate to the field stop layer.
8. The method of manufacturing a semiconductor device
according to claim 1, wherein
the forming a semiconductor element includes forming a
diode, the forming a diode including implanting donor
ions from the second main surface of the semiconduc-
tor substrate to form a cathode layer of the first con-
ductivity type 1n a region from the second main surface
of the semiconductor substrate to the field stop layer.
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9. A semiconductor device comprising a semiconductor
element that conducts a current between a first main surface
and a second main surface of a semiconductor substrate of
a first conductivity type, the semiconductor device compris-
ng:

an impurity region formed to a first depth from the second

main surface of the semiconductor substrate having a

first carrier concentration; and

a field stop layer of the first conductivity type, formed

from a position of the first depth to a second depth
deeper than the first depth 1n the semiconductor sub-
strate, and having a second carrier concentration higher
than the first carrier concentration 1n the semiconductor
substrate,

in the field stop layer,

a maximum value of the second carrier concentration
being located between the first depth and the second
depth,

the second carrier concentration exhibiting a distribu-
tion 1n which the second carrier concentration
decreases toward the second main surface from a
portion where the maximum value of the second
carrier concentration 1s located,

concentration of radiation-induced defects remaining 1n
the field stop layer being lower than the first carrier
concentration in the semiconductor substrate, and
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hydrogen atoms being accumulated in the impurity
region.
10. The semiconductor device according to claim 9,
wherein
the concentration of radiation-induced defects remaining
in the field stop layer 1s one-hundredth or less of the
first carrier concentration in the semiconductor sub-
strate.
11. The semiconductor device according to claim 9,
wherein
the hydrogen atoms have a distribution 1n which concen-
tration of the hydrogen atoms decreases continuously
from a surface of the impurity region toward a bound-
ary between the impurity region and the field stop layer.
12. The semiconductor device according to claim 9,
wherein
the semiconductor element includes an IGBT, and
the 1mpurity region 1s a collector layer of a second
conductivity type.
13. The semiconductor device according to claim 9,
wherein

the semiconductor element includes a diode, and
the impurity region 1s a cathode layer of the first conduc-

tivity type.
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