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(57) ABSTRACT

A method for manufacturing an ion implantation mask is
disclosed which includes the steps of: forming an oxide film
as a protective film over the entire surface of a semicon-
ductor substrate; forming a thin metal film over the oxide
film; and forming an ion-inhibiting layer composed of an
ion-inhibiting metal over the thin metal film. The obtained
ion implantation mask is used to form a deeper selectively
electroconductive region.
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FIG.4

FIRST OXIDE FILM FORMATION STEP ——S11
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FIRST THIN METAL FILM FORMATION STEP |——S12

;

ION-INHIBITING LAYER FORMATION STEP | ——S13

y
SECOND THIN METAL FILM FORMATION STEP |——S14

Y
SECOND OXIDE FILM FORMATION STEP | ——S15

y
RESIST PATTERN FORMATION STEP ——S16

Y
SECOND OXIDE FILM ETCHING STEP ——S17
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FIG.O

HIGH-RESISTANCE LAYER FORMATION STEP [——S21
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LOW-RESISTANCE LAYER FORMATION STEP |——S22

¢

GATE REGION FORMATION STEP ——S523

Y
ELECTRODE FORMATION STEP ——S24
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ION IMPLANTATION MASK AND METHOD FOR
MANUFACTURING SAME, SILICON CARBIDE
SEMICONDUCTOR DEVICE USING ION
IMPLANTATION MASK, AND METHOD FOR
MANUFACTURING SAME

FIELD OF THE INVENTION

[0001] The present invention relates to an ion implantation
mask used in an ion implantation process for forming an
electrically electroconductive area on a semiconductor sub-
strate, to a manufacturing method thereof, to a silicon
carbide semiconductor device that uses an ion implantation
mask, and to a manufacturing method thereof.

BACKGROUND OF THE INVENTION

[0002] The silicon carbide (SiC) semiconductor has a
higher withstand voltage and better heat resistance than does
silicon because of its larger band gaps, and is expected to
have great potential when applied to power devices.

[0003] FIGS. 11 and 12 hereof respectively show in cross-
section and top plan part of a junction field-effect transistor
100 as a typical example of a SiC power device. FIG. 12
illustrates an example of a junction field-effect transistor 100
having five sources. FIG. 11 illustrates on an enlarged scale
the structure in cross section taken along line B-B of FIG.
12. This junction field-effect transistor 100 is composed of
a drain region 101, which is an n-type low-resistance layer;
a drift region 102, which is an n-type high-resistance layer;
source regions 103, which are n-type low-resistance regions;
gate regions 104, which are p-type low-resistance regions
formed so as to enclose the source regions; and three types
of electrodes, which include a drain electrode 105, source
electrodes 106, and a gate electrode 107. In this structure, a
high-resistance n~ layer 102 is formed by epitaxial growth
on a low-resistance n* SiC substrate (101). The substrate
constitutes the drain region 101, which is one of primary
electrodes. The source regions 103, which are other primary
electrodes, are provided on the surface of the high-resistance
n~ layer 102. Each of the source electrodes 106 has a long,
thin shape, and multiple source electrodes 106 are in align-
ment separated from each other, as shown in FIG. 12. The
gate electrode 107, which is a control electrode, is provided
encompassing the source electrodes 106. The electric cur-
rent flowing between the source electrodes 106 and the drain
electrode 105 is turned on and off by a signal applied to the
gate electrode 107.

[0004] The silicon process often cannot be used without
modification in the production of such SiC devices because
of differences in the properties of the materials used, and
development of new processing techniques is a major issue.
An example is a technique for forming a p* gate region 104
or another selectively electroconductive region in the case
shown in FIG. 11. Thermal diffusion, which is commonly
used with silicon, cannot be used when a gate region 104 is
formed as a selectively electroconductive region. This is
because the impurities in SiC used to control the conduc-
tivity of the semiconductor have a low diffusion coefficient.
In view of'this, ion implantation is used exclusively with SiC
to form gate regions 104 as selectively electroconductive
regions.

[0005] FIG. 13 is a cross-sectional view of part of a
junction field-effect transistor 100 at a manufacturing stage
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in which the gate region is formed by ion implantation.
Elements similar to those shown in FIG. 11 are denoted by
the same symbols. In ion implantation, as shown in FIG. 13,
a mask 109 having openings 108 is provided in advance in
order to prevent impurity ions from being implanted in the
SiC in regions other than the gate region 104 to be formed,
and the impurity ions are then directed onto the entire
surface as shown by the arrows 110, allowing the ions to be
implanted only in the required areas. High implantation
energy is needed to form deep gate regions, and a special
mask must be prepared when it is impossible to use the mask
materials and thicknesses commonly employed with con-
ventional silicon. Available literature (Research & Devel-
opment Association for Future Electron Devices, “2002
Report on the Results Commissioned by the New Energy
and Industrial Technology Development Organization,
Development of Ultralow-loss Power Devices Technology,
Element Processing Technology”) discloses an example in
which a silicon oxide film (Si0,) that has a thickness of 3.2
um and has been formed by chemical vapor deposition
(CVD) is used as a mask, and aluminum ions are used to
form a gate by ion implantation at a maximum energy of 1.4
MeV. A gate region with a depth of about 2 um is thereby
formed. It has also been confirmed that applying a reverse
voltage to the gate electrode in a junction field-effect tran-
sistor formed in this manner causes the channels to be
blocked and the transistor to be turned off. Specifically, it has
been confirmed that normally-on type characteristics are
exhibited so that the junction field-effect transistor is turned
off when a negative voltage is applied to the gate electrode.

[0006] There is high demand for power devices that turn
off when an abnormality causes a control signal to the gate
to be cut off. An important condition of such power devices
is that they have normally-off type characteristics. In the
aforementioned publication (Research & Development
Association for Future Electron Devices, “2002 Report on
the Results Commissioned by the New Energy and Indus-
trial Technology Development Organization, Development
of Ultralow-loss Power Devices Technology, Element Pro-
cessing Technology”), a gate depth of about 2 um was
obtained, but the junction field-effect transistor had nor-
mally-on type characteristics. In view of this, a need exists
for deeper gates to be formed in order to make the transition
from normally-on characteristics, in which a negative volt-
age is applied to the gate to turn the device off, to normally-
off characteristics, in which the device can be kept off at a
gate voltage of 0 V. In order to form a deeper gate region as
a selectively electroconductive region, ions of higher energy
must be implanted. However, in cases in which a conven-
tional mask made of SiO, or the like is used, the implanta-
tion of high-energy ions causes problems in that the ions
pass through the mask and are implanted in regions other
than the openings in the mask. Another problem is that the
gate region may be contaminated because the SiC is exposed
through the openings in the mask, and the quality of the
selectively electroconductive region may be reduced.

[0007] Therefore, a need exists for an ion implantation
mask that can be used to form deeper selectively electro-
conductive regions and to yield higher-quality selectively
electroconductive regions than in conventional practice; for
a manufacturing method thereof; for a silicon carbide semi-
conductor device that uses this ion implantation mask; and
a manufacturing method thereof.
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SUMMARY OF THE INVENTION

[0008] In one aspect, the present invention provides an ion
implantation mask comprising an oxide film as a protective
film formed over the entire surface of a semiconductor
substrate, an ion-inhibiting layer composed of an ion-inhib-
iting metal, and a thin metal film that is disposed between the
oxide film and the ion-inhibiting layer to bond the oxide film
and the ion-inhibiting layer together.

[0009] In this configuration, the ion-inhibiting layer is
composed of a denser metal than a silicon oxide film used in
conventional masks. Therefore, an ion implantation mask in
which this ion-inhibiting layer is a component will have a
higher capacity to inhibit ions than will a conventional mask.
Accordingly, the ion-inhibiting layer is capable of inhibiting
ions at higher energies, and a deeper selectively electrocon-
ductive region can therefore be formed in the semiconductor
by implanting ions using an ion implantation mask in which
this ion-inhibiting layer is a component.

[0010] Tt is preferable that the thin metal film used in the
ion implantation mask oxidize more easily than the metal
used in the ion-inhibiting layer.

[0011] In this configuration, the thin metal film constitut-
ing the ion implantation mask oxidizes more easily than the
metal used in the ion-inhibiting layer. Accordingly, the
interatomic bonds between the oxygen atoms of the oxide
film and the metal atoms of the thin metal film are stronger
than the interatomic bonds between the oxide film and the
metal atoms of the ion-inhibiting layer, and the thin metal
film between the ion-inhibiting layer and the oxide film
therefore acts to prevent the ion-inhibiting layer from peel-
ing away.

[0012] Tt is preferable that the oxide film used in the ion
implantation mask be a silicon oxide film, that the thin metal
film be a thin film obtained using at least one element
selected from the group consisting of titanium, zirconium,
vanadium, niobium, hafnium, and chromium, and that the
metal used in the ion-inhibiting layer be molybdenum or
tungsten.

[0013] In this configuration; the ion-inhibiting layer is
composed of molybdenum or titanium, which is denser than
silicon oxide films used as conventional ion implantation
masks. Therefore, the ion-inhibiting layer has a higher
capacity to inhibit ions than a silicon oxide film. Accord-
ingly, this ion-inhibiting layer is capable of inhibiting ions at
higher energies, and a deeper selectively electroconductive
region can therefore be formed in the semiconductor by
implanting ions using an ion implantation mask in which
this ion-inhibiting layer is a component. Also, the thin film,
which is made of titanium, zirconium, vanadium, niobium,
hafnium, or chromium and which is used as the thin metal
film constituting the ion implantation mask, oxidizes more
easily than the molybdenum or tungsten used in the ion-
inhibiting layer. Therefore, the interatomic bonds between
the oxygen atoms of the oxide film and the titanium,
zirconium, vanadium, niobium, hafnium, or chromium
atoms of the thin metal film are stronger than the interatomic
bonds between the oxide film and the molybdenum or
tungsten atoms in the ion-inhibiting layer. Accordingly, the
thin film made of titanium, zirconium, vanadium, niobium,
hafnium, or chromium and disposed between the ion-inhib-
iting layer and the oxide film acts to prevent the ion-
inhibiting layer from peeling away.
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[0014] The present invention also provides an ion implan-
tation mask comprising a nitride film as a protective film
formed over the entire surface of a semiconductor substrate,
an ion-inhibiting layer composed of an ion-inhibiting metal,
and a thin metal film that is disposed between the nitride film
and the ion-inhibiting layer to bond the nitride film and the
ion-inhibiting layer together.

[0015] In this configuration, the ion-inhibiting layer is
composed of a denser metal than silicon oxide films used as
conventional masks. Therefore, an ion implantation mask in
which this ion-inhibiting layer is a component will have a
higher capacity to inhibit ions than will a conventional mask.
Accordingly, the ion-inhibiting layer is capable of inhibiting
ions at higher energies, and a deeper selectively electrocon-
ductive region can therefore be formed in the semiconductor
by implanting ions using an ion implantation mask in which
this ion-inhibiting layer is a component.

[0016] 1t is preferable that the thin metal film used in the
ion implantation mask nitride more easily than the metal
used in the ion-inhibiting layer.

[0017] In this configuration, the thin metal film that con-
stitutes the ion implantation mask forms a nitride more
easily than the metal used in the ion-inhibiting layer.
Accordingly, the interatomic bonds between the nitrogen
atoms of the nitride film and the metal atoms of the thin
metal film are stronger than the interatomic bonds between
the nitride film and the metal atoms of the ion-inhibiting
layer, and the thin metal film between the ion-inhibiting
layer and the nitride film therefore acts to prevent the
ion-inhibiting layer from peeling away.

[0018] It is preferable that the nitride film used in the ion
implantation mask be a silicon oxide film, that the thin metal
film be a thin film obtained using at least one element
selected from the group consisting of titanium, zirconium,
vanadium, niobium, hafnium, and chromium, and that the
metal used in the ion-inhibiting layer be molybdenum or
tungsten.

[0019] In this configuration, the ion-inhibiting layer is
composed of molybdenum or titanium, which is denser than
silicon oxide films used as conventional ion implantation
masks, and the ion-inhibiting layer therefore has a higher
capacity to inhibit ions than does a silicon oxide film.
Accordingly, this ion-inhibiting layer is capable of inhibiting
ions at higher energies, and a deeper selectively electrocon-
ductive region can therefore be formed in the semiconductor
by implanting ions using an ion implantation mask in which
this ion-inhibiting layer is a component. Also, the thin film
that is made of titanium, zirconium, vanadium, niobium,
hafnium, or chromium and that is used as the thin metal film
that constitutes the ion implantation mask forms a nitride
more easily than the molybdenum or tungsten used in the
ion-inhibiting layer. Therefore, the interatomic bonds
between the nitrogen atoms of the nitride film and the
titanium, zirconium, vanadium, niobium, hafnium, or chro-
mium atoms of the thin metal film are stronger than the
interatomic bonds between the nitride film and the molyb-
denum atoms or tungsten atoms in the ion-inhibiting layer.
Accordingly, the thin film made of titanium, zirconium,
vanadium, niobium, hafnium, or chromium and disposed
between the ion-inhibiting layer and the nitride film acts to
prevent the ion-inhibiting layer from peeling away.

[0020] Furthermore, the present invention provides a
method for manufacturing an ion implantation mask com-
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prising an oxide film formation step for forming an oxide
film as a protective film over the entire surface of a semi-
conductor substrate, a thin metal film formation step for
forming a thin metal film over the oxide film, and an
ion-inhibiting layer formation step for forming an ion-
inhibiting layer composed of an ion-inhibiting metal over
the thin metal film.

[0021] Tt is preferable that the thin metal film used in the
method for manufacturing an ion implantation mask oxidize
more easily than the metal used in the ion-inhibiting layer.

[0022] Tt is preferable that the oxide film used in the
method for manufacturing an ion implantation mask be a
silicon oxide film, that the thin metal film be a thin film
obtained using at least one element selected from the group
consisting of ftitanium, zirconium, vanadium, niobium,
hafnium, and chromium, and that the metal used in the
ion-inhibiting layer be molybdenum or tungsten.

[0023] The present invention also provides a method for
manufacturing an ion implantation mask comprising a
nitride film formation step for forming a nitride film as a
protective film over the entire surface of a semiconductor
substrate, a thin metal film formation step for forming a thin
metal film over the nitride film, and an ion-inhibiting layer
formation step for forming an ion-inhibiting layer composed
of an ion-inhibiting metal over the thin metal film.

[0024] Tt is preferable that the thin metal film used in the
method for manufacturing an ion implantation mask nitride
more easily than the metal used in the ion-inhibiting layer.

[0025] 1t is preferable that the nitride film used in the
method for manufacturing an ion implantation mask be a
silicon nitride film, that the thin metal film be a thin film
obtained using at least one element selected from the group
consisting of ftitanium, zirconium, vanadium, niobium,
hafnium, and chromium, and that the metal used in the
ion-inhibiting layer be molybdenum or tungsten.

[0026] Furthermore, the present invention provides a sili-
con carbide semiconductor device comprising a first elec-
troconductive high-resistance layer formed on a silicon
carbide semiconductor substrate, which is a first electrocon-
ductive low-resistance layer; source regions composed of
the first electroconductive low-resistance layer; a gate
region, which is a second electroconductive low-resistance
layer formed by ion implantation using the ion implantation
mask configured as described above; and source electrodes,
a gate electrode, and a drain electrode.

[0027] The present invention also provides a method for
manufacturing a silicon carbide semiconductor device, com-
prising a high-resistance layer formation step for forming a
first electroconductive high-resistance layer on a silicon
carbide semiconductor substrate, which is a first electrocon-
ductive low-resistance layer; a low-resistance layer forma-
tion step for forming a first electroconductive low-resistance
layer that will constitute source regions; a gate region
formation step for forming a gate region, which is a second
electroconductive low-resistance layer formed by ion
implantation using the ion implantation mask having the
configuration described above; and an electrode formation
step for forming source electrodes, a gate electrode, and a
drain electrode.

[0028] According to the present invention, the ion-inhib-
iting layer is composed of a denser metal than a silicon oxide
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film used in conventional masks, and an ion implantation
mask in which this ion-inhibiting layer is a component will
therefore have a higher capacity to inhibit ions than will a
conventional mask. Accordingly, the ion-inhibiting layer is
capable of inhibiting ions at higher energies, and a deeper
selectively electroconductive region can therefore be formed
in the semiconductor by implanting ions using an ion
implantation mask in which this ion-inhibiting layer is a
component. Also, the thin metal film constituting this ion
implantation mask oxidizes more easily than the metal used
in the ion-inhibiting layer, and the interatomic bonds
between the oxygen atoms of the oxide film and the metal
atoms of the thin metal film are therefore stronger than the
interatomic bonds between the oxide film and the metal
atoms of the ion-inhibiting layer. Accordingly, the thin metal
film disposed between the ion-inhibiting layer and the oxide
film acts to prevent the ion-inhibiting layer from peeling
away.

[0029] According to the present invention, the ion implan-
tation mask is a multilayer film composed of several types
of materials, and it is therefore possible to easily retain only
the oxide film or the nitride film by controlling the etching
conditions so that the etch rate differs depending on the type
of' material. The semiconductor substrate can be protected by
the remaining unetched oxide film or nitride film from being
contaminated. Therefore, the process is stable and is of high

quality.

[0030] According to the present invention, a deeper selec-
tively electroconductive region can be formed in the semi-
conductor as described above, and the process is stable and
of high quality. Therefore, a high-quality silicon carbide
semiconductor device can be manufactured.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] Certain preferred embodiments of the present
invention will be described in detail below, by way of
example only, with reference to the accompanying drawings,
in which

[0032] FIG. 1 is a longitudinal cross-sectional view show-
ing the basic structure of an ion implantation mask accord-
ing to an embodiment of the present invention;

[0033] FIG. 2 is a plan view showing the basic structure of
an ion implantation mask according to an embodiment of the
present invention;

[0034] FIG. 3 is a graph depicting the results of simulating
the distribution of aluminum in silicon oxide and molybde-
num when aluminum ions are implanted with energies of 3
MeV;

[0035] FIG. 4 is a flowchart depicting the steps of manu-
facturing an ion implantation mask according to the method
for manufacturing an ion implantation mask in an embodi-
ment of the present invention;

[0036] FIGS. 5A through 5F are cross-sectional views of
a semiconductor substrate in the various steps of manufac-
turing an ion implantation mask according to the method for
manufacturing an ion implantation mask in an embodiment
of the present invention;

[0037] FIG. 6 is a graph of the results of measuring the
aluminum concentration on the semiconductor surface when
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aluminum ions have been implanted into a specimen
obtained by forming a molybdenum film on a semiconductor
substrate;

[0038] FIG. 7 is a cross-sectional view of part of a silicon
carbide semiconductor device in an embodiment of the
present invention;

[0039] FIGS. 8A through 8C are diagrams describing the
operation of a junction field-effect transistor in an embodi-
ment of the present invention;

[0040] FIG. 9 is a flowchart showing the steps of manu-
facturing a junction field-effect transistor according to the
method for manufacturing a silicon carbide semiconductor
device in an embodiment of the present invention;

[0041] FIGS. 10A through 10F are cross-sectional views
of a semiconductor substrate in the various steps of manu-
facturing a junction field-effect transistor according to the
method for manufacturing a silicon carbide semiconductor
device in an embodiment of the present invention;

[0042] FIG. 11 is a cross-sectional view of part of a
conventional junction field-effect transistor;

[0043] FIG. 12 is a plan view of a conventional junction
field-effect transistor; and

[0044] FIG. 13 is a cross-sectional view of a junction
field-effect transistor at a stage in which a gate region is
formed by ion implantation.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0045] Reference is made initially to FIGS. 1 and 2
showing, respectively in longitudinal cross-section and top
plan, the basic structure of an ion implantation mask 10 of
the present invention. This ion implantation mask 10 can be
used, for example, in an ion implantation process when a
SiC power device is manufactured. In view of this, a mask
for manufacturing the gate region of a SiC junction field-
effect transistor is described as an example. FIG. 2 shows
part of the ion implantation mask 10 as seen from the top of
a substrate 11 in a manufacturing process in which an
opening 17 is provided in order to form a gate region, which
is a selectively electroconductive region disposed on the
periphery of five source regions. FIG. 1 shows an enlarged
view of the cross sectional structure along line A-A in FIG.
2. Structures are formed on the SiC substrate 11 by forming
a drain region, source regions, and other regions whose
formation precedes the formation of the gate region, but
these structures are omitted because the present embodiment
is only intended to describe the structure of the ion implan-
tation mask.

[0046] The ion implantation mask 10 comprises a first
oxide film 12 composed of a silicon oxide film (SiO,) and
formed over the entire surface of the SiC substrate 11, a first
thin metal film 13 composed of titanium (Ti) and formed on
the first oxide film 12, an ion-inhibiting layer 14 composed
of molybdenum (Mo) and formed on the first thin metal film
13, a second thin metal film 15 composed of titanium and
formed on the ion-inhibiting layer 14, and a second oxide
film 16 composed of a silicon oxide film (Si0,) and formed
on the second thin metal film 15. An opening 17 is created,
leaving only the first oxide film 12 remaining in order to
implant ions to form a gate region.
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[0047] The ion-inhibiting layer 14 is composed of a metal
that is denser than a silicon oxide film used in a conventional
mask. An ion implantation mask 10 that has this ion-
inhibiting layer 14 as a component will therefore have a
grater capacity to inhibit ions than will a conventional mask.
Therefore, the ion-inhibiting layer 14 is capable of inhibiting
ions of greater energy, and an ion implantation mask 10
having this ion-inhibiting layer 14 as a component can be
used to implant ions of greater energy, whereby a deeper
selectively electroconductive region (gate region) is formed
in the semiconductor while ions are adequately inhibited by
the mask portion.

[0048] The metal molybdenum that is used in the ion-
inhibiting layer 14 can be easily formed by a sputtering
device or a vapor deposition device, or etching can also be
readily performed. Specifically, a conventional semiconduc-
tor processing apparatus can be used without modification to
perform the processing in which molybdenum is used.
Furthermore, there is only a small difference in the coeffi-
cient of thermal expansion between molybdenum and the
SiC substrate 11. Therefore, the thermal stress that acts on
the ion-inhibiting layer 14 is low when an ion-inhibiting
layer 14 composed of molybdenum is formed at a high
temperature and the substrate is then returned to room
temperature. Accordingly, cracks do not easily form in the
ion-inhibiting layer 14, and a high-quality ion-inhibiting
layer 14 can be formed. Therefore, ion implantation can be
more satisfactorily reduced by the ion-inhibiting layer 14.

[0049] The titanium thin film used in the first thin metal
film 13 and the second thin metal film 15 constituting the ion
implantation mask 10 is more easily oxidized than molyb-
denum, which is the metal used in the ion-inhibiting layer
14. Specifically, the interatomic bonds between the oxygen
atoms in the oxide films 12, 16 and the titanium atoms of the
thin metal films 13, 15 are stronger than the interatomic
bonds between the oxide films 12, 16 and the molybdenum
bonds of the ion-inhibiting layer 14. Therefore, the thin
metal films 13, 15 composed of titanium thin films between
the ion-inhibiting layer 14 and the oxide films 12, 16 act as
adhesive layers that prevent the ion-inhibiting layer 14 from
peeling off.

[0050] The reasons that titanium oxidize more easily than
molybdenum will now be described. The standard free
energy change (or the standard enthalpy change of formation
obtained by adding the enthalpy change to the standard free
energy change) of oxidation reactions is used as a measure
of how easily oxidation occurs at the operating temperature
of'the ion implantation mask 10. It is believed that oxidation
occurs more easily with greater negative absolute values of
standard free energy change in oxidation reactions. Table 1
shows the standard enthalpy change of formation AH® per
mole of the metal for oxidation reactions of various metals.

TABLE 1
Metal AH® (kJ/mol)
Ti -916.3
Zr -1094.5
Hf -11209
A% -736.8
Nb -800.0
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TABLE 1-continued

Metal AH® (kJ/mol)
Cr -581.2
w -569.9
Mo -543.5

[0051] As shown in Table 1, the standard enthalpy change
of formation in an oxidation reaction that involves molyb-
denum is —543.5 (kJ/mol), and the standard enthalpy change
of formation in an oxidation reaction that involves titanium
is =916.3 (kJ/mol). Consequently, titanium has a greater
negative absolute value of standard enthalpy of formation in
an oxidation reaction than does molybdenum. Therefore, it
is fair to say that titanium oxidizes more easily than molyb-
denum, because the negative absolute value of standard free
energy obtained by subtracting the entropy change in an
oxidation reaction from these values is also greater for
titanium than for molybdenum.

[0052] Titanium can also be formed into a film more easily
by a commonly used sputtering device or vapor deposition
device, and is more easily subjected to etching. Therefore,
titanium is suitable as the metal used in the first thin metal
film and the second thin metal film. A material other than
titanium may also be used as the thin metal films 13, 15 as
long as this material can be employed in commonly used
semiconductor processes, oxidizes easily, and can function
sufficiently as an adhesive layer. Other possible examples
besides titanium include zirconium, vanadium, niobium,
hafnium, and chromium.

[0053] The second oxide film 16 is formed to function as
a mask during the etching of molybdenum that forms the
ion-inhibiting layer 14. If a photoresist can be formed
directly on the molybdenum layer, then the second thin
metal film 15 and the second oxide film 16 are not necessary.
However, a photoresist cannot be formed directly on molyb-
denum in the reaction system of a processing device in
which molybdenum is etched using reactive ion etching
(RIE) in a conventional CF /O, gas mixture, and the second
oxide film 16 is therefore provided in such a system.

[0054] The ion implantation mask 10 shown in FIG. 1 is
used as a mask structure that performs the functions of an
inhibiting layer for aluminum ion implantation at 3 MeV or
more. Molybdenum, which is primarily used as the ion-
inhibiting layer 14 for inhibiting high-energy ions, is a
material that can be formed into a film having a thickness of
several micrometers by a semiconductor processing device,
has a high capacity to inhibit ions, lends itself very easily to
semiconductor processing, and has a coefficient of thermal
expansion near that of the semiconductor material.

[0055] In addition to molybdenum, tungsten is another
example of a material can be used for the ion-inhibiting layer
14 because tungsten also has the properties described above.
As shown in Table 1 in FIG. 3, the standard enthalpy change
of formation in an oxidation reaction involving tungsten is
-569.9 (kJ/mol), which is a lower negative absolute value
than the standard enthalpy change of formation of -916.3
(kJ/mol) in an oxidation reaction involving titanium. Tung-
sten is as difficult to oxidize as molybdenum. Therefore, an
ion-inhibiting layer 14 in which tungsten is used can be
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made more difficult to peel away from the first oxide film 12
by using a titanium thin film as the first thin metal film 13.
Furthermore, the difference in the coefficient of thermal
expansion between tungsten and SiC is small. Therefore,
when an ion-inhibiting layer 14 composed of tungsten is
formed at high temperatures and then returned to room
temperature, cracks are not likely to form in the ion-
inhibiting layer 14 because only minimal thermal stress
develops in the ion-inhibiting layer 14. Accordingly, using
tungsten allows a high-quality ion-inhibiting layer 14 to be
formed, and an ion implantation mask that satisfactorily
inhibits ion implantation can be formed.

[0056] FIG. 3 shows the results of a simulation conducted
to confirm the high capacity of the molybdenum to inhibit
ions. FIG. 3 shows the results of simulating the distribution
of aluminum in silicon oxide and molybdenum when alu-
minum is implanted at 3 MeV. The horizontal axis indicates
the depth of implantation, and the vertical axis indicates
aluminum concentration. The white circle plot P10 indicates
the aluminum concentration at various implantation depths
when aluminum ions are implanted in molybdenum. The
black circle plot P11 indicates aluminum concentration at
various implantation depths when aluminum ions are
implanted in silicon oxide. The thickness at which the
concentration of aluminum decreases three orders of mag-
nitude from the peak concentration of about 1x10'® cm™ to
1x10*® cm™ is about 3 pm with the silicon oxide and about
1.7 um with molybdenum. Thus, when molybdenum is used
for the inhibition layer, the mask thickness can be expected
to be reduced by about one half.

[0057] During ion implantation, it is preferable that the
semiconductor surface not be exposed and be covered by a
thin silicon oxide film or the like in order to prevent
contamination. Therefore, in the present invention, the semi-
conductor surface is covered by a first oxide film 12 com-
posed of a silicon oxide film, as shown in FIG. 1.

[0058] As described above, the ion implantation mask 10
is capable of inhibiting aluminum ions at high energies of 3
MeV or greater. Also, since there is a small difference
between the coefficient of thermal expansion of the SiC
substrate 11 and the coefficient of thermal expansion of the
tungsten or molybdenum used in the ion-inhibiting layer 14,
a small amount of thermal stress acts on the ion-inhibiting
layer 14 when the temperature is returned to room tempera-
ture from the high temperature used during the formation of
the ion-inhibiting layer 14. It is therefore possible to form a
high-quality ion implantation mask 10. Furthermore, the
ion-inhibiting layer 14 can be prevented from peeling away
because a first thin metal film 13 composed of titanium,
which oxidizes more easily than molybdenum or tungsten, is
disposed between the first oxide film 12 and the ion-
inhibiting layer 14.

[0059] Reactive ion etching (RIE) or another semiconduc-
tor process can be used to process molybdenum under
conditions of etching selectivity with regard to silicon oxide.
When molybdenum or tungsten is etched using the topmost
second oxide film 16 as a mask, the molybdenum or tungsten
can be etched at a high speed by using conditions that allow
for a high etch rate ratio of the first oxide film 12 and
molybdenum or tungsten. After the etching of the titanium
and either the molybdenum or the tungsten is complete, the
etching rate decreases when the first oxide film 12 on the SiC
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is exposed, and it is therefore easy to stop the etching at this
point. It is thus easy to complete the etching process with
only minimal etching of the first oxide film 12, which
protects the SiC surface from being contaminated. Further-
more, the etching process can be controlled with greater
precision by incorporating a method that uses optical inter-
ference to detect when the etching has ended.

[0060] FIG. 4 is a flowchart depicting the method for
manufacturing the ion implantation mask 10 according to
the present invention. The method for manufacturing the ion
implantation mask 10 comprises a first oxide film formation
step (step S11) for forming a first oxide film 12 composed of
a silicon oxide film over the entire surface of the semicon-
ductor substrate, a first thin metal film formation step (step
S12) for forming a first thin metal film 13 composed of
titanium over the first oxide film 12, an ion-inhibiting layer
formation step (step S13) for forming an ion-inhibiting layer
14 composed of molybdenum over the first thin metal film
13, a second thin metal film formation step (step S14) for
forming a second thin metal film 15 composed of titanium
over the ion-inhibiting layer 14, and a second oxide film
formation step (step S15) for forming a second oxide film 16
composed of a silicon oxide film over the second thin metal
film 15. As described above, step S14, step S15, and step
S17 may be omitted for some processing devices. The
titanium used in the first thin metal film 13 and the second
thin metal film 15 in this manufacturing method oxidizes
more easily than the molybdenum used in the ion-inhibiting
layer 14. The method for manufacturing the ion implantation
mask 10 also has a resist pattern formation step (step S16),
a second oxide film etching step (step S17), and an ion-
inhibiting layer etching step (step S18).

[0061] Next, FIGS. 5A through 5F are diagrams describ-
ing the process of forming the ion implantation mask 10 of
the present invention. A substrate that is offset from the
4H—SiC (0001) surface by 8° is used for the substrate 11
(FIG. 5A). In the first oxide film formation step (step S11),
the substrate 11 is washed and is then heat-oxidized to form
a silicon oxide film on the SiC surface. This layer constitutes
the first oxide film 12. In this example, an oxide film of about
50 nm can be formed by oxidation for 20 hours at a
temperature of 1100° C. in a dry oxygen atmosphere. The
oxide film 12 can also be formed by chemical vapor depo-
sition (CVD).

[0062] Next, in the first thin metal film formation step
(step S12), titanium having a thickness of 50 nm is deposited
by sputtering to form the first thin metal film 13. In the
ion-inhibiting layer formation step (step S13), molybdenum
having a thickness of 2.3 um is deposited by sputtering to
form the ion-inhibiting layer 14.

[0063] The thickness 2.3 um of the molybdenum used in
the ion-inhibiting layer 14 is determined from the test results
shown in FIG. 6. FIG. 6 shows the results of subjecting a
specimen obtained by forming an Mo film on an Si semi-
conductor surface to ion implantation in 11 steps at a
maximum implantation energy of 3 MeV and an Al concen-
tration of 5x10"° cm™>, and then measuring the Al concen-
tration on the Si semiconductor surface. The horizontal axis
indicates the thickness of the molybdenum, and the vertical
axis indicates the aluminum concentration on the semicon-
ductor surface. The actual ion implantation requires a thicker
Mo layer than calculated because of a gently sloping distri-
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bution of implanted ions unanticipated in the simulation
results shown in FIG. 3, but it is clear that the Al ions can
be sufficiently inhibited by molybdenum having a thickness
of 2.3 um. Consequently, in the present embodiment, a
thickness of 2.3 um was used for the ion-inhibiting layer 14.
The Al concentration does not change at a thickness of 2.3
um or greater, and this is believed to be because of the
limitations of the measuring device that is used.

[0064] In the second thin metal film formation step (step
S14), titanium having a thickness of 50 nm is then deposited
by sputtering to form the second thin metal film 15.

[0065] In the second oxide film formation step (step S15),
a 1.2 um silicon oxide film is subsequently formed by CVD
or another method. This layer constitutes the second oxide
film 16. The ion implantation multilayer film shown in FIG.
5B can be formed through the steps described above. The
thicknesses of the layers used herein are merely an example
and can be appropriately varied according to the depth of the
ion implantation layer to be formed.

[0066] After the multilayer film is formed, the following
process is conducted. In the resist pattern formation step
(step S16), a photoresist pattern is first formed by a photo-
resist 18 on the multilayer film in a commonly used photo-
lithography step (FIG. 5C).

[0067] In the second oxide film formation step (step S17),
a second oxide film 16 composed of a silicon oxide film is
subsequently processed using the photoresist 18 as a mask
(FIG. 5D). For example, the silicon oxide film can be etched
by reactive ion etching (RIE) in a gas mixture of CHF;,
argon, oxygen, and the like.

[0068] After the silicon oxide film is etched, the photore-
sist 18 is removed with oxygen plasma.

[0069] Then, in the ion-inhibiting layer etching step (step
S18), the second thin metal film 15, the ion-inhibiting layer
14, and the first thin metal film 13 (Ti/Mo/Ti layer) are
etched by RIE or the like in a gas mixture of CF, and oxygen
using a silicon oxide film as a mask (FIG. 5E). The etch rate
ratio of the Mo/silicon oxide film can be increased to 3 or
greater by adjusting the etching conditions. Etching is
stopped when etching of the bottommost titanium layer (first
thin metal film 13) is complete.

[0070] The process is easily completed with the bottom-
most first oxide film 12 remaining, because the first oxide
film 12 is etched under conditions with a low etching rate.
More-precise control can also be achieved by conducting
while the etching state is monitored based on optical inter-
ference by using an observation region on the substrate.

[0071] Aluminum ions are implanted at high energies (for
example, 3 MeV) as shown by the arrows 20 from the top
of the ion implantation mask formed as described above,
whereby the aluminum ions are implanted in the substrate 11
through the opening 17, and a selectively electroconductive
region 21 (gate region) is formed (FIG. 5F).

[0072] Aluminum ions were implanted at a maximum
energy of 3 MeV and a concentration of 1x10'° ecm™ by
using the ion implantation mask 10 manufactured as
described above, and it was found that the implantation
depth, defined as the point at which the aluminum concen-
tration decreases to 1x10'® cm™=3, was about 2.5 um. Also, in
cases in which implantation was conducted at a temperature
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of 800° C., no problems whatsoever occurred with pattern
collapse or the like. These techniques were used to create a
junction field-effect transistor, and satisfactory characteris-
tics were obtained.

[0073] FIG. 7 shows a cross-sectional structure of part of
a silicon carbide semiconductor device 30 (example of a
junction field-effect transistor) according to an embodiment
of'the present invention. The device which was formed using
the ion implantation mask 10 described above. The junction
field-effect transistor 30 has a drain region 31, which is an
n-type low-resistance layer; a drift region 32, which is an
n-type high-resistance layer; source regions 33, which are
n-type low-resistance regions; a gate region 34, which is a
p-type low-resistance region formed to enclose the source
regions 33; and a drain electrode 35, source electrodes 36,
and a gate electrode 37. In this structure, a high-resistance n~
layer (32) is formed by epitaxial growth on a low-resistance
n* SiC substrate. The substrate constitutes the drain region
31, which is one of primary electrodes. The source regions
33, which constitute other primary electrodes, are provided
on the surface of the high-resistance n~ layer (32). Each of
the source regions 33 and source electrodes 36 has a long,
thin shape, and multiple source electrodes 36 are in align-
ment separated from each other, similar to the conventional
junction field-effect transistor 100 shown in FIG. 14. The
gate electrode 37, which is a control electrode, is provided
encompassing the source electrodes 36. The electric current
flowing between the source electrodes 36 and the drain
electrode 35 is turned on and off by a signal applied to the
gate electrode 37. When the gate region 34 is produced in
this junction field-effect transistor 30, the ion implantation
mask 10 is used to implant aluminum ions at high energies,
whereby a gate region 34 is formed deeper than the gate
region 104 of the conventional junction field-effect transistor
100 shown in FIG. 11.

[0074] FIGS. 8A through 8C are diagrams describing the
operation of the junction field-effect transistor 30 according
to the present embodiment. FIG. 8A shows a state in which
a drain voltage VD is applied between the source electrodes
36 and the drain electrode 35, and in which a voltage equal
to or less than the pinch-off voltage is applied to the gate
electrode 37 in the junction field-effect transistor 30. At this
time, the depletion region dr expands within the drift region
of'the gate region 34, and electrons (arrow e) from the source
regions 33 are blocked by the depletion layer dr and do not
pass through the drift region. As shown in FIG. 8B, when a
voltage equal to or greater than the pinch-off voltage is
applied to the gate electrode 37, the depletion layer grows
smaller, electrons (arrow e2) pass between the source elec-
trodes 36 and the drain electrode 35, and an electric current
flows through. Also, when voltage is further applied to the
gate electrode 37 as shown in FIG. 8C, holes (arrows h1) are
injected in the drift region 32 from the gate region 34.
Electrons (arrow el) are thereby injected from the source
regions 33, and the conductivity of the high-resistance layer
32 is changed so that the charge neutrality condition is
satisfied. The conductivity of the high-resistance layer 32 is
thereby changed and the on-resistance decreases.

[0075] The junction field-effect transistor 100 produced by
the conventional manufacturing method shown in FIG. 11
does not have a deep gate region 104, and therefore has
normally-on characteristics with a pinch-off voltage of zero
volts or less. However, the junction field-effect transistor 30

Feb. 8, 2007

of the present invention has a deep gate region 34, and
therefore has normally-off characteristics with a pinch-off
voltage of zero volts or greater.

[0076] Consequently, the junction field-effect transistor 30
according to the present invention has the characteristic of
being turned off when an abnormality occurs to block the
control signal to the gate.

[0077] Next, the method for manufacturing the silicon
carbide semiconductor device according to an embodiment
of the present invention will be described.

[0078] FIG. 9 is a flowchart showing the steps of manu-
facturing a junction field-effect transistor by means of the
method for manufacturing the silicon carbide semiconductor
device according to an embodiment of the present invention.
FIGS. 10A through 10F are cross-sectional structural views
of each of these steps. The method for manufacturing the
silicon carbide semiconductor device has a high-resistance
layer formation step (step S21) for forming an n~ type
high-resistance layer 32 on a first electro-conductive (n*
type) silicon carbide semiconductor substrate 31, a low-
resistance layer formation step (step S22) for forming a first
electroconductive (n* type) low-resistance layer 33 that will
constitute the source regions, a gate region formation step
(step S23) implanting ions by using the ion implantation
mask 10 to form a second electroconductive (p* type) gate
region 34, and an electrode formation step (step S24) for
forming the source electrodes 36, the gate electrode 37, and
the drain electrode 35.

[0079] In the high-resistance layer formation step (step
S21), a SiC layer 32 obtained by doping the layer with
nitrogen having a thickness of 10 um and a concentration of
1x10*® cm™ as an impurity is formed by epitaxial growth on
the SiC (silicon carbide) high-concentration n-type substrate
31 (FIG. 10A). In the low-resistance layer formation step
(step S22), a source layer 33, which is obtained by doping
the layer with nitrogen having a thickness of 0.2 to 0.4 pm
and a concentration of 1 to 5x10"° cm™ as an impurity, is
then formed by ion implantation on the SiC layer 32 (FIG.
10B).

[0080] Next, in the gate region formation step (step S23),
a p-type gate region is formed by selective ion implantation.
In FIG. 10C, first, the ion implantation mask 10 of the
present invention is formed on the surface to protect the
regions in which the gate region is not formed. The numeri-
cal symbol 12 in FIGS. 10C and 10D denotes a silicon oxide
film.

[0081] After the ion implantation mask 10 is formed,
high-energy ion implantation is conducted (arrows A) to
form the gate region 34 (FIG. 10D).

[0082] After ion implantation, the ion implantation mask
10 is removed by etching (FIG. 10E).

[0083] After ion implantation, the implanted ions are
electrically activated in the semiconductor, and an activation
heat-treatment is performed to remove crystallization
defects that have formed during ion implantation. For
example, a heat-treatment is performed for about 10 minutes
at a high temperature of about 1700 to 1800° C. by using a
high-frequency heat-treatment furnace or the like. Argon is
used for the ambient gas.
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[0084] Then, the source electrodes 36, the gate electrode
37, and the drain electrode 35 are formed (FIG. 10F). Nickel
or titanium is used for the source electrodes 36 and the drain
electrode 35, and titanium or aluminum or the like is used for
the gate electrode 37. The electrodes are formed by vapor
deposition or by sputtering. Dry etching, wet etching, lift-
off, or another method is used together with photolithogra-
phy to form the pattern. After the electrodes are formed, a
heat-treatment is performed to reduce contact resistance
between the metal and the semiconductor. The heat-treat-
ment is performed for about 10 to 30 minutes at 800 to 1000°
C.

[0085] An upper layer wiring step is finally performed to
incorporate the separated sources into one electrode. For
example, after a CVD oxide film or the like is formed as an
interlayer film, the CVD oxide film on the source electrodes
36 is removed by photolithography and etching, and an
upper layer electrode is then deposited. Aluminum is used as
the electrode material.

[0086] A highly functional silicon carbide semiconductor
device 30 having normally-off characteristics as shown in
FIG. 7 can thus be manufactured. The thicknesses of the
layers, the amount of ion implantation energy, and other
specific numeric values given in the present embodiment are
merely examples and can be suitably varied within a range
in which the present invention can be implemented.

[0087] In the present embodiment, molybdenum was used
as the ion-inhibiting layer 14, but tungsten can also be used.
Silicon oxide was used for the first oxide film 12 and the
second oxide film 16, but the first oxide film 12 and the
second oxide film 16 are not limited to this material alone
and may be formed from oxide films other than silicon oxide
films. A silicon nitride film or another nitride film besides
silicon nitride may also be used in place of the first oxide
film 12 and second oxide film 16. At this time, normal
semiconductor processes can be applied to the first thin
metal film 13 and the second thin metal film 15 as described
above, and it is also possible to use a material that forms a
nitride more easily than the metal used in the ion-inhibiting
layer 14 and that functions sufficiently as an adhesive layer.
For example, a titanium thin film is preferred for the first thin
metal film 13 and the second thin metal film 15.

[0088] In the ion implantation mask 10 of the present
invention as shown in FIG. 1, the first oxide film 12, the first
thin metal film 13, the ion-inhibiting layer 14, the second
thin metal film 15, and the second oxide film 16 are all
configured from a single layer, but these films may be
formed in multiple layers in combination with other mate-
rials as long as these films fulfill the same functions. For
example, the first thin metal film 13, which is an adhesive
layer, may have a multilayered structure that includes tita-
nium or the like.

[0089] The present invention can be employed as an ion
implantation mask that is used when a gate region or another
selectively electroconductive region is formed on a semi-
conductor substrate by ion implantation; as a method for
manufacturing this ion implantation mask; as a method for
manufacturing a silicon carbide semiconductor device; and
as a silicon carbide semiconductor device that is manufac-
tured using this manufacturing method.

[0090] Obviously, various minor changes and modifica-
tions of the present invention are possible in light of the
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above teaching. It is therefore to be understood that within
the scope of the appended claims the invention may be
practiced otherwise than as specifically described.

What is claimed is:
1. An ion implantation mask comprising:

an oxide film formed as a protective film over an entire
surface of a semiconductor substrate;

an ion-inhibiting layer comprised of an ion-inhibiting
metal; and

a thin metal film disposed between the oxide film and the
ion-inhibiting layer to bond the oxide film and the
ion-inhibiting layer together.

2. The ion implantation mask of claim 1, wherein the thin
metal film oxidizes more easily than the metal used in the
ion-inhibiting layer.

3. The ion implantation mask of claim 1, wherein

the oxide film is a silicon oxide film;

the thin metal film is a thin film obtained using at least one
element selected from the group consisting of titanium,
zirconium, vanadium, niobium, hafnium, and chro-
mium; and

the metal used in the ion-inhibiting layer is molybdenum
or tungsten.
4. An ion implantation mask comprising:

a nitride film as a protective film formed over the entire
surface of a semiconductor substrate;

an ion-inhibiting layer composed of an ion-inhibiting
metal; and

a thin metal film disposed between the nitride film and the
ion-inhibiting layer to bond the nitride film and the
ion-inhibiting layer together.

5. The ion implantation mask of claim 4, wherein

the thin metal film forms a nitride more easily than the
metal used in the ion-inhibiting layer.
6. The ion implantation mask of claim 4, wherein

the nitride film is a silicon nitride film;

the thin metal film is a thin film obtained using at least one
element selected from the group consisting of titanium,
zirconium, vanadium, niobium, hafnium, and chro-
mium; and

the metal used in the ion-inhibiting layer is molybdenum
or tungsten.
7. A method for manufacturing an ion implantation mask,
comprising the steps of:

forming an oxide film as a protective film over the entire
surface of a semiconductor substrate;

forming a thin metal film over the oxide film; and

forming an ion-inhibiting layer composed of an ion-
inhibiting metal over the thin metal film.
8. The method of claim 7, wherein

the thin metal film oxidizes more easily than the metal
used in the ion-inhibiting layer.
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9. The method of claim 7, wherein
the oxide film is a silicon oxide film;

the thin metal film is a thin film obtained using at least one
element selected from the group consisting of titanium,
zirconium, vanadium, niobium, hafnium, and chro-
mium; and

the metal used in the ion-inhibiting layer is molybdenum
or tungsten.
10. A method for manufacturing an ion implantation
mask, comprising the steps of:

forming a nitride film as a protective film over the entire
surface of a semiconductor substrate;

forming a thin metal film over the nitride film; and

forming an ion-inhibiting layer composed of an ion-
inhibiting metal over the thin metal film.
11. The method of claim 10, wherein

the thin metal film forms a nitride more easily than the
metal used in the ion-inhibiting layer.
12. The method of claim 10, wherein

the nitride film is a silicon nitride film;

the thin metal film is a thin film obtained using at least one
element selected from the group consisting of titanium,
zirconium, vanadium, niobium, hafnium, and chro-
mium; and

the metal used in the ion-inhibiting layer is molybdenum
or tungsten.
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13. A silicon carbide semiconductor device comprising:

a first electroconductive high-resistance layer formed on
a silicon carbide semiconductor substrate, which is a
first electroconductive low-resistance layer;

source regions composed of the first electroconductive
low-resistance layer;

a gate region, which is a second electroconductive low-
resistance layer formed by ion implantation using the
ion implantation mask of claim 1 or 4; and

source electrodes, a gate electrode, and a drain electrode.

14. A method for manufacturing a silicon carbide semi-
conductor device, comprising the steps of:

forming a first electroconductive high-resistance layer on
a silicon carbide semiconductor substrate, which is a
first electroconductive low-resistance layer;

forming a first electroconductive low-resistance layer that
will constitute source regions;

forming a gate region, which is a second electro-conduc-
tive low-resistance layer formed by ion implantation
using the ion implantation mask of claim 1 or 4; and

forming source electrodes, a gate electrode, and a drain
electrode.



