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(57) ABSTRACT

A semiconductor device manufacturing method includes the
steps of: successively forming, on a semiconductor substrate,
a gate insulating film and first and second dummy sections
stacked in this order; forming a notch section by processing
the gate insulating film and the first and second dummy gate
sections into a previously set pattern and making the first
dummy gate section move back in the gate length direction
relative to the second dummy gate section; forming a side
wall of an insulating material in a side part of each of the gate
insulating film and the first and second dummy gate sections
and embedding the notch section therewith; removing the first
and second dummy gate sections to leave the gate insulating
film and the notch section in the bottom of a removed portion;
and forming a gate electrode made of a conductive material by
embedding the removed portion with the conductive material.
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METHOD FOR MANUFACTURING
SEMICONDUCTOR DEVICE AND
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a method for manu-
facturing a semiconductor device and a semiconductor
device. In particular, the present invention relates to a semi-
conductor technology including transistors having a gate
electrode and a gate insulating film.

[0003] 2. Description of the Related Art

[0004] High integration and high speed of a transistor have
been realized by means of microfabrication of the transistor
on the basis of the scaling law. In general, though polysilicon/
SiON and SiO, are used as a gate stack material of a gate
electrode/gate insulating film of a transistor, it has become
difficult to make the gate insulating film thin due to an elec-
trical reason. Then, the “high-k/metal gate technology”
which is a combination of a high dielectric constant (high-k)
gate insulating film and a metal gate electrode attracts atten-
tion.

[0005] In the case where a metal gate electrode is applied
for bulk CMOS (complementary MOS), in order to make it
possible to control a threshold value by implanting impurities
into channels, metal materials having a different work func-
tion from each other are used in an n-type MOS transistor
(nMOS) and a p-type MOS transistor (pMOS). Such a gate
structure is also called a “dual metal gate structure”. Specifi-
cally, in the case of nMOS, a metal material having a work
function in the vicinity of a conduction band end of silicon is
used, and in the case of pMOS, a metal material having a work
function in the vicinity of a valence electron band end is used.
[0006] However, in the case where the foregoing “dual
metal gate structure” is formed in a usual gate forming pro-
cess, there is included the following fault. That is, when after
forming a metal gate electrode, a high-temperature heat treat-
ment such as annealing is carried out for the purpose of
achieving activation, the effective work function of a stack
gate composed of a high dielectric constant gate insulting film
and a metal gate electrode changes. For that reason, it is
difficult to obtain a work function in the vicinity of a desired
band end.

[0007] Then, there is reported a process in which a dummy
gate section is first formed, and after removing this dummy
gate section, a gate electrode is formed therein (this process
will be hereinafter referred to as “gate-last process™) (see
Non-Patent Document 1: Shinpei Yamaguchi, et al., “High
Performance Dual Metal Gate with High Mobility and Low
Threshold Voltage Applicable to Bulk CMOS Technology” in
2006 Symposium on VLSI Tehcnology Digest of Technical
Papers, IEEE, 2006, page 192). In the gate-last process, inte-
gration of a dual metal is realized, and very good device
characteristics can be obtained. In particular, in the case of the
gate-last process, after fabricating a metal material for the
purpose of controlling the work function, a device can be
formed in a low-temperature process. For that reason, it
becomes possible to control an effective work function of the
foregoing stack gate in the vicinity of a band end.

SUMMARY OF THE INVENTION

[0008] However, inthe gate forming method of the gate-last
process disclosed in Non-Patent Document 1, after removing
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the dummy gate section, a high dielectric constant material
film is formed in the removed portion, and a conductive
material is further embedded therein to form a gate electrode.
For that reason, there is produced a state in which the high
dielectric constant material film constituting a high dielectric
constant gate insulating film is widely formed over from a
lower part to a side part of the gate electrode. For that reason,
there are involved such problems that the fringe capacity
increases and that the metal-embedded portion becomes nar-
row, whereby increasing the gate resistance. Also, in the case
of forming a gate electrode in the gate-last process, when the
gate length is made short for the purpose of contriving to
enhance characteristics of a transistor (for example, realiza-
tion of high speed or low power consumption, etc.), an aspect
ratio of the electrode-embedded portion becomes high,
whereby embedding properties are deteriorated. The “gate
length” as referred to herein means a length of a portion where
the gate electrode and the gate insulating film come into
physical contact with each other.

[0009] Thus, it is desirable to provide a construction
capable of not only reducing the fringe capacity and gate
resistance of a transistor but shortening the effective gate
length, thereby contriving to enhance characteristics of the
transistor.

[0010] According to an embodiment of the present inven-
tion, there is provided a method for manufacturing a semi-
conductor device including the steps of forming, on a semi-
conductor substrate, a gate insulating film, a first dummy gate
section and a second dummy section stacked in this order;
forming a notch section by processing the gate insulating
film, the first dummy gate section and the second dummy gate
section into a previously set pattern and making the first
dummy gate section move back in the gate length direction
relative to the second dummy gate section; forming a side
wall made of an insulating material in a side part of each of the
gate insulating film, the first dummy gate section and the
second dummy gate section and embedding the notch section
with the insulating material; removing the first dummy gate
section and the second dummy gate section to leave the gate
insulating film and the notch section in the bottom of a
removed portion; and forming a gate electrode made of a
conductive material by embedding the removed portion with
the conductive material.

[0011] In the method for manufacturing a semiconductor
device according to the embodiment of the present invention,
the inner surface of the side wall is allowed to be exposed in
the removed portion when the first dummy gate section and
the second dummy gate section are removed. For that reason,
an aspect ratio at the time of embedding an electrode is low as
compared with the case where the inner surface of the side
wall is covered by a gate insulating film. Also, there is pro-
duced a state in which in embedding the foregoing removed
portion with a conductive material to form a gate electrode, a
gate insulating film does not exist in a boundary portion
between the gate electrode and the side wall but exists only in
a lower part of the gate electrode. Also, there is produced a
state in which a lower end section of the gate electrode is
diameter-reduced in the gate length direction due to the pres-
ence of the notch section.

[0012] According to another embodiment of the present
invention, there is provided a semiconductor device including
a gate insulating film formed on a semiconductor substrate; a
gate electrode on the gate insulating film; and a side wall
formed in a state of coming into contact with the gate elec-
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trode in a side part of the gate electrode, wherein the gate
insulating film is formed beneath the gate electrode in the
same width as a gap between the side walls facing each other
in the gate length direction so as to interpose the gate elec-
trode therebetween; and the gate electrode has a restricted
section which is narrower than the gap between the side walls
in the gate length direction in a lower end section of the gate
electrode and comes into contact with the gate insulating film
in the same width as the restricted section.

[0013] In the semiconductor device according to the
embodiment of the present invention, the side wall is formed
in a state of coming into contact with the side part of the gate
electrode, and the gate insulating film is formed beneath of
the gate electrode. For that reason, the fringe capacity and
gate resistance of a transistor are low as compared with the
case of forming a gate insulating film over from a lower part
to a side part of the gate electrode. Also, since the gate elec-
trode comes into contact with the gate insulating film in the
same width as the restricted section provided in the lower end
section thereof, the effective gate length is short as compared
with the case where no restricted section is provided.

[0014] According to the embodiments of the present inven-
tion, not only the fringe capacity and gate resistance of a
transistor can be reduced, but the effective gate length can be
made short so that it is possible to contrive to enhance char-
acteristics of the transistor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIGS. 1A and 1B are each a process diagram (Part 1)
showing a method for manufacturing a semiconductor device
according to an embodiment of the present invention.
[0016] FIGS.2A and 2B are eacha process diagram (Part 2)
showing a method for manufacturing a semiconductor device
according to an embodiment of the present invention.
[0017] FIGS.3A and 3B are each a process diagram (Part 3)
showing a method for manufacturing a semiconductor device
according to an embodiment of the present invention.
[0018] FIGS. 4A and 4B are eacha process diagram (Part4)
showing a method for manufacturing a semiconductor device
according to an embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0019] Specific modes according to embodiments of the
present invention are hereunder described in detail with ref-
erence to the accompanying drawings. The technical scope of
the present invention is not limited to the modes described
below, but it should be construed that various changes and
modifications are also included within the range from which
specified effects obtained by constituent features of the
present invention and combinations thereof can be derived.

[0020] FIGS. 1A and 1B to FIGS. 4A and 4B are each a
process diagram showing a method for manufacturing a semi-
conductor device according to an embodiment of the present
invention. A semiconductor device to which an embodiment
of the present invention is objective for the manufacture is
broadly a semiconductor device including a field effect tran-
sistor (FET), more specifically a semiconductor device
including a MOS transistor, and further specifically a semi-
conductor device including a CMOS transistor. The term
“MOS” is originally a term combining the initials of “Metal-
Oxide-Semiconductor” and means a stacked structure of
metal/oxide/semiconductor. However, in this specification,
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the term “MOS” means not only a stacked structure of metal/
oxide/semiconductor but a stacked structure of conductor/
insulator/semiconductor, the sense of which is broader than
that of the former.

[0021] First of all, as shown in FIG. 1A, a gate insulating
film 2, a first dummy gate section 3 and a second dummy gate
section 4 are formed and stacked in this order on a semicon-
ductor substrate 1, and a hard mask film 5 is then formed and
stacked on the second dummy gate section 4.

[0022] As one example, a silicon substrate is used as the
semiconductor substrate 1. The gate insulating film 2 is
formed (fabricated) as a high dielectric constant gate insulat-
ing film on the upper surface of the semiconductor substrate
1 by using a high dielectric constant material (high-k mate-
rial), for example, hafnium oxide (HfO,), etc. for a fabricat-
ing material. The first dummy gate section 3 is formed (fab-
ricated) in a thickness thicker than that of the gate insulating
film 2 in a state of covering the gate insulating film 2 on the
semiconductor substrate 1. The second dummy gate section 4
is formed (fabricated) in a thickness thicker than that of the
first dummy gate section 3 in a state of covering the first
dummy gate section 3 on the semiconductor substrate 1. The
second dummy gate section 4 is formed by using, for
example, polysilicon. The first dummy gate section 3 is
formed by using a metal material which is not reactive with
polysilicon and has high heat resistance, for example, tita-
nium nitride (TiN), etc. The hard mask film 5 is formed by
using, for example, silicon oxide (Si0,), silicon nitride (SiN),
etc. The hard mask film 5 may be formed as the need arises.
[0023] Subsequently, a non-illustrated resist mask is
formed on the hard mask film 5 by using a photolithography
technology and an etching technology; and the gate insulating
film 2, the first dummy gate section 3, the second dummy gate
section 4 and the hard mask film 5 are processed into a
previously set pattern by means of etching using this resist
mask for an etching mask. According to this, as shownin FIG.
1B, the gate insulating film 2, the first dummy gate section 3,
the second dummy gate section 4 and the hard mask film 5 are
processed in the same pattern shape with the same width in
the gate length direction X on the semiconductor substrate 1.
The pattern shape is determined by a design of the transistor.
[0024] Subsequently, as shown in FIG. 2A, the first dummy
gate section 3 is made to move back in the gate length direc-
tion X relative to the second dummy gate section 4, thereby
forming a notch section 6. The formation of the notch section
6 is carried out by using, for example, a wet etching technol-
ogy. In this wet etching, the notch section 6 is formed by
selectively etching the first dummy gate section 3. Specifi-
cally, for example, in the case where the first dummy gate
section 3 is made of titanium nitride, the formation is carried
out by wet etching using an amine based organic chemical
solution as an etching solution. According to this, the first
dummy gate section 3 made of titanium nitride is etched while
inhibiting etching of the second dummy gate section 4 made
of polysilicon. For that reason, the notch section 6 can be
formed in a state in which the side surface of the first dummy
gate section 3 is made to move back in the gate length direc-
tion by, for example, from about 5 to 15 nm relative to the side
surface of the second dummy gate section 4.

[0025] Subsequently, as shown in FIG. 2B, similar to a
well-known CMOS process, an extension region and a hollow
region are formed in the semiconductor substrate 1 by means
ofion implantation, and a side wall 7 is then formed in a side
part of each of the gate insulating film 2, the first dummy gate
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section 3 and the second dummy gate section 4. The forma-
tion of the side wall 7 is carried out by using an insulating
material. On that occasion, the notch section 6 is embedded
with the insulating material which forms the side wall 7. The
side wall 7 is formed by using an insulating material, for
example, silicon oxide, silicon nitride, etc. The side wall 7
may be formed as a single layer or two or more layers.
[0026] Subsequently, impurities are introduced into the
semiconductor substrate 1 by means of ion implantation
using the side wall 7 as a mask, thereby forming source/drain
regions 8 and 9, and an annealing treatment (for example,
laser annealing) or the like is then carried out for the purpose
of activating the impurity ions. Thereafter, silicide layers 10
and 11 with low electrical resistance are formed in the source/
drain regions 8 and 9, respectively by a salicide technology
using cobalt (Co), nickel (Ni), etc.

[0027] Subsequently, as shown in FIG. 3A, an interlayer
insulating film 12 is formed on the semiconductor substrate 1
in a state of covering the hard mask film 5, the wide wall 7 and
the silicide layers 10 and 11, and the upper surface of the hard
mask film 5 is then exposed by means of flattening processing
using, for example, a CMP (chemical mechanical polishing)
technology. At that time, the upper surface of the second
dummy gate section 4 may be exposed by completely remov-
ing the hard mask film 5 by a CMP technology.

[0028] Subsequently, as shown in FIG. 3B, the hard mask
layer 5, the second dummy gate section 4 and the first dummy
gate section 5 are removed by using a dry etching technology
and a wet etching technology, and the gate insulating film 2
and the notch section 6 are left in the bottom of a removed
portion 13 thereof. At that time, there is produced a state in
which the inner surface of the side wall 7 is exposed in the
removed portion 13. For that reason, an aspect ratio at the time
of embedding an electrode is low as compared with the case
where the inner surface of the side wall is covered by the gate
insulating film. Accordingly, embedding properties in
embedding the removed portion 13 with a conductive mate-
rial in a post step can be enhanced. Also, the notch section 6
made of an insulating material remains on the gate insulating
film 2 in the gate length direction X in the bottom of the
removed portion 13 in a state of covering a part of the gate
insulating film 2 and exposing other part of the gate insulating
film 2. Also, the notch section 6 remains in a rectangular
corner portion formed between each of the wide walls 7
facing each other in the gate length direction X and the gate
insulating film 2 in a state of coming into contact with the both
(2 and 7).

[0029] Subsequently, as shown in FIG. 4A, a first metal
layer 14 and a second metal layer 15 are fabricated in this
order on the interlayer insulating film 12 in a state of embed-
ding the removed portion 13 by using, for example, a CVD
(chemical vapor deposition), ALD (atomic layer deposition),
sputtering or plating technology. At that time, the first metal
layer 14 is formed (fabricated) in a state of covering the inner
surface of the side wall 7 exposed in the removed portion 13
as well as the gate insulating film 2 remaining in the removed
portion 13 and the surface of the notch section 6 (surface
exposed in the removed portion 13). Because of necessity for
changing a work function of a gate electrode between nMOS
and pMOS, the first metal layer 14 is formed as a metal layer
for controlling the work function (work function controlling
metal layer). The second metal layer 15 is formed as a metal
layer for embedding the removed portion 13 (embedding
metal layer)
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[0030] In the first metal layer 14, the following materials
are useful as a conductive material. That is, in the case of
nMOS, metal materials, for example, La (lanthanum), Er
(erbium), Y (yttrium), Yb (ytterbium), Zn (zinc), Sc (scan-
dium), Pb (lead), Mg (magnesium), Mn (manganese), Al
(aluminum), Hf (hafnium), Ta (tantalum), Ti (titanium), Zr
(zirconium), V (vanadium), etc.; silicide films, silicon nitride
films and carbide films containing such a metal material; and
alloys containing two or more kinds of such a metal material
are useful. On the other hand, in the case of PMOS, metal
materials, for example, Ti (titanium), Ta (tantalum), Ru (ru-
thenium), Pr (praseodymium), Pt (platinum), Mo (molybde-
num), W (tungsten), Ni (nickel), Co (cobalt), Cr (chromium),
Re (rhenium), Rh (rhodium), Pb (lead), etc.; silicide films,
silicon nitride films and carbide films containing such a metal
material; and alloys containing two or more kinds of such a
metal material are useful. The structure of the first metal layer
14 is not limited to a single layered structure but may be of a
stacked structure of two or more layers. In the second metal
layer 15, a metal material, for example, W (tungsten), Al
(aluminum), Cu (copper), etc. or an alloy containing such a
metal material is useful as a conductive material.

[0031] Subsequently, as shown in FIG. 4B, the excessive
conductive material (metal material) stacked on the interlayer
insulating film 12 is removed by using, for example, a CMP
technology, thereby forming a gate electrode 16. This gate
structure is a dual metal gate structure because the gate elec-
trode 16 is formed of the first metal layer 14 and the second
metal layer 15. Also, the gate electrode 16 is formed as a metal
gate electrode.

[0032] A semiconductor device obtained by such a manu-
facturing method has the following configuration. That is,
such a semiconductor device is provided with the gate insu-
lating film 2 formed on the semiconductor substrate 1, the
gate electrode 16 formed on the gate insulating film 2 and the
side wall 7 formed in a side part of the gate electrode 16. The
gate insulating film 2 is a high dielectric constant gate insu-
lating film in view of the fact that a high dielectric constant
material is used as its fabricating material. The gate electrode
16 is a metal gate electrode in view of the fact that a metal
material is used as its electrode material. Also, the gate insu-
lating film 2 is formed beneath the gate electrode 16 in the
same width as a gap between the side walls 7 facing each other
in the gate length direction X so as to interpose the gate
electrode 16 therebetween. Also, the gate electrode 16 has a
restricted section 17 (see FIG. 4B) which is narrower than the
gap between the side walls 7 in the gate length direction in a
lower end section of the gate electrode 16. The restricted
section 17 refers to a portion where the diameter of the gate
electrode 16 is reduced in the gate length direction X in the
lower end section of the gate electrode 16. For that reason, the
gate electrode 16 comes into contact with the gate insulating
film 2 in the same width as the restricted section 17. Also, the
notch section 6 in a state in which it is embedded with an
insulating material is provided in a portion excluding the
restricted section 17 of the gate electrode 16 (portion inter-
posing the restricted section 17 in the gate length direction X)
on the gate insulating film 2. For that reason, the restricted
section 17 of the gate electrode 16 is diameter-reduced in the
gate length direction X due to the presence of the notch
section 6.

[0033] The gate insulating film 2 exists only beneath the
gate electrode 16 and does not exist at the boundary between
the gate electrode 16 and the side wall 7. For that reason, there
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is produced a state in which the gate electrode 16 comes into
contact with the notch section 6 and the gate insulating film 2
in a lower end section thereof and comes into contact with the
side wall 7 in an upper part relative to the former. Accord-
ingly, the fringe capacity and gate resistance of a transistor are
low as compared with the case of forming a gate insulating
film over from a lower part to a side part of the gate electrode.
Also, the electrical connection between the gate electrode 16
and the gate insulating film 2 is effected by the contact
between the restricted section 17 and the gate insulating film
2. Accordingly, the effective gate length of a MOS transistor
becomes short corresponding to a diameter-reduced portion
in the restricted section 17 due to the presence of the notch
section 6. According to this, in applying the gate-last process,
not only reduction of the fringe capacity and gate resistance of
a transistor but shortening of the effective gate length can be
realized. Also, by shortening the gate length, it is possible to
contrive to enhance characteristics of a transistor (for
example, realization of high speed or low power consump-
tion, etc.).
[0034] In the foregoing embodiment, while the case where
the gate insulating film 2, the first dummy gate section 3, the
second dummy gate section 4 and the hard mask film 5 are
pattern processed, and the notch section 6 is then formed by
using a wet etching technology has been exemplified, it
should not be construed that the present invention is limited
thereto. That is, the notch section 6 may be formed by using
a dry etching technology. Specifically, in the case of pattern
processing the gate insulating film 2, the first dummy gate
section 3, the second dummy gate section 4 and the hard mask
film 5, the second dummy gate section 4 is anisotropically
etched, and the first dummy gate section 3 is then isotropi-
cally etched, thereby forming the notch section 6. As an
etching condition of the first dummy gate section 3, for
example, in the case of forming the first dummy gate section
3 using titanium nitride, a bias electric power is lowered by
using an SF based or Cl based gas as an etching gas for dry
etching, and a processing condition with isotropy is applied.
According to this, the side etching amount becomes relatively
low at the time of etching the second dummy gate section 4,
whereas the side etching amount becomes relatively high at
the time of etching the first dummy gate section 3. For that
reason, it is possible to make the first dummy gate section 3
move back in the gate length direction X relative to the second
dummy gate section 4, thereby forming the notch section 6 in
the portion where the first dummy gate section 3 has moved
back.
[0035] The present application contains subject matter
related to that disclosed in Japanese Priority Patent Applica-
tion JP filed in the Japan Patent Office on Jul. 9, 2008, the
entire contents of which is hereby incorporated by reference.
[0036] It should be understood by those skilled in the art
that various modifications, combinations, sub-combinations
and alterations may occur depending on design requirements
and other factors insofar as they are within the scope of the
appended claims or the equivalents thereof.

What is claimed is:

1. A method for manufacturing a semiconductor device
comprising the steps of:

successively forming, on a semiconductor substrate, a gate

insulating film, a first dummy gate section and a second
dummy gate section stacked in this order;
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forming a notch section by processing the gate insulating
film, the first dummy gate section and the second
dummy gate section into a previously set pattern and
making the first dummy gate section move back in the
gate length direction relative to the second dummy gate
section;
forming a side wall made of an insulating material in a side
part of each of the gate insulating film, the first dummy
gate section and the second dummy gate section and
embedding the notch section with the insulating mate-
rial;
removing the first dummy gate section and the second
dummy gate section to leave the gate insulating film and
the notch section in the bottom of'a removed portion; and
forming a gate electrode made of a conductive material by
embedding the removed portion with the conductive
material.
2. The method for manufacturing a semiconductor device
according to claim 1, wherein
the gate insulating film is formed as a high dielectric con-
stant gate insulating film, and
the gate electrode is formed as a metal gate electrode.
3. The method for manufacturing a semiconductor device
according to claim 1 or 2, wherein
the first dummy gate section and the second dummy gate
section are pattern processed, and the first dummy gate
section is then selectively etched to form the notch sec-
tion.
4. The method for manufacturing a semiconductor device
according to claim 1 or 2, wherein
when the first dummy gate section and the second dummy
gate section are pattern processed, the second dummy
gate section is anisotropically etched, and the first
dummy gate section is then isotropically etched to form
the notch section.
5. A semiconductor device comprising:
a gate insulating film formed on a semiconductor substrate;
a gate electrode on the gate insulating film; and
a side wall formed in a state of coming into contact with the
gate electrode in a side part of the gate electrode,
wherein
the gate insulating film is formed beneath the gate electrode
in the same width as a gap between the side walls facing
each other in the gate length direction so as to interpose
the gate electrode therebetween; and
the gate electrode has a restricted section which is narrower
than the gap between the side walls in the gate length
direction in a lower end section of the gate electrode and
comes into contact with the gate insulating film in the
same width as the restricted section.
6. The semiconductor device according to claim 5, having
a notch section in a state in which it is embedded with an
insulating material in a portion excluding the restricted
section of the gate electrode on the gate insulating film.
7. The semiconductor device according to claim 5 or 6,
wherein
the gate insulating film is composed of a high dielectric
constant gate insulating film, and
the gate electrode is composed of a metal gate electrode.
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