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(72) Inventor:

(54) [Title of Invention] Semiconductor Device and Its Manufacturing Method

(57) [Abstract]

[Problem to be Solved] The goal is to achieve both high-speed operation and high reliability in a semiconductor device. As a result, a
high-performance semiconductor device with high-speed operation and high reliability is provided.

[Means for Solving the Problem] The gate insulating film 5 is present on the source-drain region 7, and the gate insulating film 5 on
the source-drain region 7 has a different thickness from the gate insulating film 5 under the gate electrode 6 containing metal. By
adjusting the position of the induced polarization charge on the surface and bottom of the gate insulating film 5, it is possible to mitigate
the electric field at the lower end corner of the gate electrode 6. This suppresses problems such as insulation breakdown and decreased
reliability of the gate insulating film.

[Selected Representative Drawing] Fig. 1
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[Scope of patent claims]

[Claim 1] A semiconductor device comprising a semiconductor substrate, a pair of source-drain regions adjacent to the channel region
planned to be formed on the surface of the aforementioned semiconductor substrate in the gate length direction, a gate electrode
formed on the channel region planned on the side of the semiconductor substrate containing metal, and having a first thickness in the
overlap region between the semiconductor substrate and the gate electrode, and a pair of edge portions with a film thickness different
from the first thickness formed on a portion of the source-drain region sandwiching the central portion along the gate length direction
of the aforementioned gate insulating film.

[Claim 2] The semiconductor device according to Claim 1, wherein the gate insulating film contains metal.

[Claim 3] The semiconductor device according to Claim 1 or 2, further comprising gate-side walls or interlayer insulating films with
a lower dielectric constant than the gate insulating film on the pair of edge portions of the gate insulating film.

[Claim 4] The semiconductor device according to any one of Claims 1 to 3, wherein the film thickness of the pair of edge portions is
thinner than the first thickness.

[Claim 5] The semiconductor device according to Claim 4, wherein the length parallel to the gate length direction of the pair of edge
portions is longer than the first thickness.

[Claim 6] The semiconductor device according to Claim 5, wherein the length parallel to the gate length direction of the pair of edge
portions is longer than 1.5 times the first thickness.

[Claim 7] The semiconductor device according to any one of Claims 4 to 6, wherein gate-side walls are formed on the pair of edge
portions.

[Claim 8] The semiconductor device according to any one of Claims 4 to 7, wherein the pair of edge portions extend under the gate
electrode.

[Claim 9] The semiconductor device according to any one of Claims 4 to 7, wherein the central portion extends beyond the side wall
of the gate electrode.

[Claim 10] The semiconductor device according to any one of Claims 1 to 3, wherein the film thickness of the pair of edge portions
is thicker than the first thickness.

[Claim 11] The semiconductor device according to Claim 10, wherein the thick pair of edge portions are spaced apart from the side
surface of the gate electrode.

[Claim 12] A method for manufacturing a semiconductor device comprising

a step of forming a gate insulating film on the surface of a semiconductor substrate,

a step of forming a gate electrode containing metal on a portion of the gate insulating film,

a step of removing the upper part of the gate insulating film on both sides of the gate electrode and leaving only the lower part on the
surface of the semiconductor substrate, and

a step of adding impurities to the surface of the semiconductor substrate sandwiched by the gate electrode to form source-drain regions.
[Claim 13] A method for manufacturing a semiconductor device comprising

a step of forming a gate insulating film on the surface of a semiconductor substrate,

a step of forming a pattern surrounding the gate electrode formation region on the gate insulating film,
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a step of removing the upper part of the gate insulating film only and leaving the lower part on the surface of the semiconductor
substrate in the gate electrode formation region surrounded by the pattern,

a step of forming a gate electrode containing metal on a portion of the gate insulating film in the gate electrode formation region, and
a step of adding impurities to the surface of the semiconductor substrate sandwiched by the gate electrode to form source-drain regions.

[Detailed explanation of the invention]

[Technical Field]

[0001]

This invention relates to a semiconductor device and its manufacturing method, particularly relates to a field-effect transistor with a
gate insulating film using a high dielectric material.

[Background Technology]

[0002]

Conventionally, as integration progresses in semiconductor integrated circuit devices, field concentration at the edge of the gate
electrode becomes a problem in field-effect transistors. In order to alleviate this field concentration, a thermal oxidation treatment is
performed on the gate oxide film of the gate electrode after processing the polycrystalline silicon gate electrode wiring to thicken the
gate oxide film (refer to Patent Document 1).

[0003]

In addition, in order to increase the operating speed of field-effect transistors, gate electrodes with low resistance using high melting
point metals are employed, and it has been proposed to use high dielectric materials in the gate insulating film to enhance current
driving force. High dielectric materials refer to materials with higher dielectric constants compared to the conventional silicon dioxide
used in the gate insulating film, such as metal silicates.

[Patent Document 1] Japanese Unexamined Patent Application Publication Official Gazette No. H 11(1999)-307774

[Disclosure of the Invention]

[Problems to be Solved by the Invention]

[0004]

When using a gate electrode with metal or metal silicide (hereinafter referred to as a metal gate), applying an oxidation process to
round the corner at the lower end of the electrode after processing the gate electrode, as described in the above Patent Document, is
not preferable as it can lead to deterioration of the gate electrode's characteristics compared to using a polycrystalline silicon gate
electrode.

[0005]

In addition, even when using a polycrystalline silicon gate electrode, the oxidation process after processing the gate electrode is not
preferred considering the potential degradation of the high dielectric material used in the gate insulating film.

[0006]

Furthermore, using a high dielectric material in the gate insulating film can complicate the behavior of field concentration due to the
differing dielectric constants between the gate insulating film and the surrounding interlayer insulating film. This behavior of field
concentration is elaborately discussed in Japanese Patent Application No. 2002-8287.

[0007]

In other words, the electric field is minimized when aligning the high dielectric material for gate insulating film formation with the
channel direction end of the gate electrode during processing. Whether the edge of the gate insulating film is on the central side or
opposite side of the gate electrode, the electric field rapidly increases. Particularly, protruding the gate insulating film outside the gate
electrode during processing results in higher values of the electric field.

[0008]

Here, it is undesirable for residual gate electrode material to remain in unwanted regions during gate electrode processing, so the
removal process of the gate electrode material is typically performed under excessive conditions. If the semiconductor substrate under
the gate electrode material is inadvertently removed during this process, the source-drain junction depth needs to be increased to
reduce the resistance of the source-drain on the semiconductor substrate surface. This can lead to a significant short-channel effect,
affecting the normal operation of the device.

[0009]

To prevent this, the gate insulating film is commonly used as a protecting material for the semiconductor substrate during gate
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electrode processing. Alternatively, to prevent short-circuiting between the source-drain region and the gate electrode, gate-side walls
are provided on both sides of the gate electrode to protect the gate edge while removing the gate insulating film on the source-drain
region.

[0010]

As a result, in any of the methods described, the gate insulating film protrudes over the source-drain region more than the gate
electrode. This can lead to a very strong electric field at the channel length end of the gate electrode, causing issues such as insulation
breakdown of the insulating film, an increase in the required insulation withstand voltage of the insulating film, and a decrease in
reliability.

[0011]

Due to these circumstances, it was difficult to achieve both the improvement of the device's current drive capability and reduction of
gate resistance, while ensuring insulation withstand voltage of the insulating film and meeting the reliability requirements. This
hindered the realization of a balance between high-speed operation and high reliability.

[0012]

This invention has been made to solve the above problems, with the goal of providing a device that maintains high-speed operation
while mitigating the electric field at the channel length end of the gate electrode, and ensuring both sufficient high-speed operation
and high reliability.

[Means for solving the problem]

[0013]

In order to achieve the above objectives, this invention provides a semiconductor device comprising: a semiconductor substrate; a
pair of source-drain regions adjacent to the gate length direction of the channel intended region formed on the surface of the
semiconductor substrate; a gate electrode containing metal on the semiconductor substrate side and formed on the channel intended
region; and a gate insulating film formed in the overlap region between the semiconductor substrate and the gate electrode, comprising
a central portion with a first thickness, and a pair of end portions with a different film thickness from the first thickness formed
partially on the source-drain region, sandwiching the central portion from the gate length direction.

[0014]

In addition, this invention provides a manufacturing method for a semiconductor device, comprising a step of forming a gate insulating
film on the surface of the semiconductor substrate, a step of forming a gate electrode containing metal in the portion adjacent to the
gate insulating film, a step of removing the upper part of the gate insulating film on both sides of the gate electrode and leaving only
the lower part on the surface of the semiconductor substrate, and a step of adding impurities to the semiconductor substrate surface
sandwiched by the gate electrode to form source-drain regions.

[0015]

Furthermore, this invention provides a manufacturing method for a semiconductor device, comprising a step of forming a gate
insulating film on the surface of the semiconductor substrate, a step of forming a pattern surrounding the gate electrode formation
intended region on the gate insulating film, a step of removing the upper part of the gate insulating film on the gate electrode formation
intended region surrounded by the pattern and leaving only the lower part on the surface of the semiconductor substrate, a step of
forming a gate electrode containing metal in the portion adjacent to the gate insulating film on the gate electrode formation intended
region, and a step of adding impurities to the semiconductor substrate surface sandwiched by the gate electrode to form source-drain
regions.

[Effect of the Invention]

[0016]

According to the semiconductor device and its manufacturing method of this invention, a high dielectric constant gate insulating film
for obtaining high current drive capability, a metal gate for achieving low gate resistance, and prevention of insulation breakdown of
the insulating film through suppression of electric field concentration are realized, leading to high reliability of the device. Therefore,
a high-speed operation and high-reliability device is provided.

[Best Mode for Implementing the Invention]

[0017]

Below, embodiments of this invention are detailed with the aid of figures. Throughout the embodiments, the same reference numerals
are used for common components, and repetitive explanations are omitted. The figures are schematic diagrams to
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assist in understanding the invention, and while shapes, dimensions, and proportions may differ from actual devices, appropriate
design modifications can be made based on the following description and known techniques.

[0018]

(Embodiment 1)

Fig. 1 is a cross-sectional schematic diagram illustrating Embodiment 1 of the invention, showing a cross-section parallel to the
channel length of the field-effect transistor.

[0019]

This embodiment explains an N-channel field-effect transistor as an example. The same principles apply to a P-channel field-effect
transistor by reversing the conductivity type of impurities. In addition, complementary field-effect transistors can be formed using
methods such as selective doping in specific regions within the substrate, such as through photolithography, to achieve similar effects.
[0020]

Firstly, the structure of the field-effect transistor in Embodiment 1 is described. On the surface of the semiconductor substrate 1, such
as a P-type silicon substrate, groove-type element isolation regions 2 are formed to electrically separate adjacent device regions. In
the device region where the field-effect transistor is formed, a P-well region 3 is created, on top of which gate insulating film 5 and
gate electrode 6 are formed.

[0021]

In addition, a pair of source-drain regions 7 are formed on the surface of the P-well region 3, sandwiching the gate electrode 6 along
the channel length. An N-channel region 4 is formed on the substrate surface between the source-drain regions 7. Contact wiring 8,
connecting to the gate electrode 6 and source-drain regions 7, is also formed. Interlayer insulating film 9 is present between each
contact wiring 8 to electrically isolate wiring and transistors.

[0022]

The unique feature of the field-effect transistor in Embodiment 1 is that the gate insulating film 5 is present on the source-drain regions
7, and the gate insulating film 5 on the source-drain regions 7 is thinner than the gate insulating film 5 under the gate electrode 6. If
the thicker region of the gate insulating film 5 under the gate electrode 6 is considered the central portion, then the thinner regions on
the source-drain regions 7 are the pair of edges sandwiching the central portion.

[0023]

Due to the electric field lines originating from the gate electrode 6 and reaching the substrate, the gate insulating film 5 and interlayer
insulating film 9 become polarized. This leads to the generation of polarization charges on the surface of the gate insulating film 5 on
the source-drain region 7 and on the underside of the interlayer insulating film 9 above it. Considering that the gate insulating film 5
has a higher dielectric constant than the interlayer insulating film 9, the net charge appearing at this interface will be negative when a
positive potential is applied to the gate electrode 6 relative to the substrate 1, and positive when a negative potential is applied. This
charge always works to keep the potential of the interface away from the potential of the gate electrode 6.

[0024]

For that reason, although the electric field at the lower end corner of the gate electrode 6 is enhanced, the electric field within the gate
insulating film 5 near the lower end corner of the gate insulating film 5 is relaxed because the upper surface of the gate insulating
film 5 is away from the lower end corner of the gate electrode 6. This ultimately provides a semiconductor device with high reliability
of the insulation film.

[0025]

The details of this electric field relaxation are further explained here. In a field-effect transistor, the gate insulating film and interlayer
insulating film become polarized by the electric field lines connecting the gate electrode to the substrate through their surfaces and
sides. This results in the induction of polarization charges on the surface and sides of the gate insulating film due to the difference in
dielectric constant between the gate insulating film and the interlayer insulating film. This state is illustrated using a schematic diagram
in Fig. 2.

[0026]

Fig. 2 is a cross-sectional schematic diagram showing an enlarged view of the end corner of the gate electrode 6 along the channel
length in the field-effect transistor shown in Fig. 1. Let's consider the scenario where a positive potential is applied to the gate electrode
6 relative to the semiconductor substrate 1. The discussion remains entirely similar even if a negative potential
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is applied, with only a reversal of overall signs.

[0027]

In Fig. 2, only two electric field lines are shown originating from the gate electrode 6 and reaching the semiconductor substrate 1.
The diagram does not depict the bending of these electric field lines at the interface of media with different dielectric constants.
[0028]

When it comes to the gate insulating film, high dielectric constant materials like metal oxides are used, while generally high dielectric
constant materials are not used for interlayer insulating films. Therefore, the dielectric constant of the gate insulating film is higher.
Since a positive potential is applied to the gate electrode, the direction of the electric field on the surface of the gate insulating film
points from the outside to the inside of the gate insulating film. This induces negative polarization charge on the surface of the gate
insulating film and positive polarization charge on the underside of the interlayer insulating film facing it.

[0029]

In this state, since the dielectric constant of the gate insulating film is higher than that of the interlayer insulating film, the net charge
induced at the interface becomes negative. This causes the gate electrode's electric field near the channel length end to strengthen by
moving the surface potential of the gate insulating film away from the gate electrode.

[0030]

Here, when the gate insulating film has the same thickness above both the source-drain region and below the gate electrode, this
negative charge is located at the lower corner beneath the gate electrode. Thus, the electric field near the lower corner of the gate
electrode becomes the strongest. If the gate insulating film above the source-drain region differs in thickness from the gate insulating
film under the gate electrode, this negative charge moves away from the lower corner of the gate electrode, weakening the
enhancement of the electric field mentioned earlier, resulting in a decrease in the electric field near the lower corner of the gate
electrode.

[0031]

As shown in Fig. 2, the direction of the electric field on the side surface of the gate insulating film 5 beneath the lower corner of the
gate electrode 6 points from the inside to the outside of the gate insulating film 5. Conversely to the case of the surface of the gate
insulating film 5 mentioned above, positive polarization charge is induced on this side surface, and negative polarization charge is
induced on the side surface of the interlayer insulating film 9 facing it.

[0032]

Since the gate insulating film 5 has a higher dielectric constant than the interlayer insulating film 9, the net charge induced at the
interface becomes positive.

This will bring the surface potential of the gate insulating film 5 closer to the gate electrode 6, weakening the electric field near the
lower corner of the gate electrode 6.

Therefore, it is expected that if the gate insulating film 5 above the source-drain region 7 is thinner than the gate insulating film 5
below the gate electrode 6, the electric field near the lower corner of the gate electrode 6 will further weaken.

In this way, the relaxation of the electric field near the lower corner of the gate electrode 6 is achieved.

[0033]

Fig. 3 is a cross-sectional schematic diagram parallel to the channel direction related to a part of the field-effect transistor. Regarding
the field-effect transistor, the value of the electric field in the gate insulating film 5 at the lower end (marked with a circle in the
diagram) of the gate electrode 6 as a function of A2 in Fig. 3 was examined through simulation. The dielectric constant of the interlayer
insulating film covering elements like the gate side walls is taken to be the dielectric constant of silicon oxide, which is 3.9. The
results are shown in Fig. 4.

[0034]

The sign of A2 indicates that when the gate insulating film 5 above the source-drain region 7 is thicker than the gate insulating film
5 below the gate electrode 6, it is positive, and when it is thinner, it is negative, as shown in Fig. 4.

When A2 is zero, i.e., when the thickness of the gate insulating film 5 above the source-drain region 7 is equal to the thickness of the
gate insulating film 5 below the gate electrode 6, the electric field is strongest. As A2 moves away from zero, the electric field weakens.
[0035]

Furthermore, when A2 is negative, meaning that the thickness of the gate insulating film 5 above the source-drain region 7 is thinner
than the thickness of the gate insulating film 5 below the gate electrode 6, it is observed that the electric field weakens.

Therefore, it is preferable for the thickness of the gate insulating film 5 above the source-drain region 7 to be thinner than the thickness
of the gate insulating film 5 below the gate electrode 6.
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[0036]

Furthermore, the relationship between A2 and the capacitance was investigated as shown in Fig. 3, and the results are presented in
Fig. 5. From Fig. 5, it is considered that when the thickness of the gate insulating film 5 on the source-drain region 7 is thicker than
the thickness of the gate insulating film 5 under the gate electrode 6, the capacitance formed between the gate electrode 6 and the
source-drain region 7 increases. The increase in capacitance between the gate electrode 6 and the source-drain region 7 implies an
increase in parasitic capacitance of the device, leading to a decrease in the operating speed of the device. Therefore, it is preferable
for the capacitance between the gate electrode 6 and the source-drain region 7 to be smaller.

[0037]

Therefore, it can be seen that reducing A2 results in a monotonous decrease in capacitance, and it is more preferable to set A2 to a
negative value, that is, to set the thickness of the gate insulating film 5 on the source-drain region 7 thinner than the thickness of the
gate insulating film 5 under the gate electrode 6.

[0038]

In Japanese Patent Application 2002-8287, by applying a potential to the gate electrode with respect to the semiconductor substrate,
the electric field in the gate insulating film near the lower end corner of the gate electrode is relaxed by bringing the potential of the
gate insulating film closer to the potential of the gate electrode through the polarization charge that appears when a potential is applied
to the gate electrode. In contrast, in this invention, the potential of the gate insulating film near the lower end corner of the gate
electrode is kept away from the potential of the gate electrode by the polarization charge that appears when a potential is applied to
the gate electrode, thereby preventing the enhancement of the electric field and relaxing the electric field.

[0039]

Furthermore, not limited to the patent of Japanese Patent Application 2002-8287, a structure with side walls made of high dielectric
constant material provided on the gate electrode allows all electric field lines extending from the side of the gate electrode to the
semiconductor substrate to pass through the high dielectric constant material side walls. The high dielectric constant material used
for these side walls may be the same material as the gate insulating film material or different. As a result, the capacitance formed
between the gate electrode and the semiconductor substrate becomes extremely large, which hinders high-speed operation of the
device and is undesirable. On the other hand, the structure of this invention does not have the upper part of the gate electrode's side
connected to an insulator made of high dielectric constant material, and the capacitance formed between the side of the gate electrode
and the semiconductor substrate is suppressed. Therefore, sufficient high-speed operation is achieved.

[0040]

Next, the manufacturing method of the field-effect transistor shown in Fig. 1 will be explained using sectional schematic diagrams
along the channel length direction from Fig. 6 to Fig. 10.

[0041]

First, as shown in Fig. 6, an element isolation region 2 is formed on a P-type silicon substrate 1, for example, by a trench isolation
method. Next, B ions are implanted into a P well formation region at approximately 100 keV and approximately 2.0x10'* cm,
followed by a thermal process at approximately 1050°C for about 30 seconds to form a P well region 3. Within the P well region 3, B
ions are further implanted at approximately 30 keV and approximately 1.0x10'* ¢cm? to adjust the surface concentration of the N-
channel 4 and obtain the desired threshold voltage.

[0042]

Subsequently, a HfO, film 11 with a thickness of approximately 5 nm is formed on the silicon substrate 1 using, for example, a
sputtering method (Fig. 7).

[0043]

On top of the HfO, film 11, a high melting point metal film, such as tungsten with a thickness of approximately 100 nm, is deposited
using, for example, a CVD method. Using a mask pattern formed by resist film formation and photolithography processing on this
high melting point metal film, a gate electrode 6 is formed by performing anisotropic etching using RIE (Fig. 8). Subsequently, the
upper part of the HfO, film 11 is removed by performing anisotropic etching using, for example, RIE (Fig. 8).

[0044]

Next, arsenic (As) ions are implanted into the surface of the silicon substrate 1 at 50 keV and 5.0x10'> cm™. Then, through a thermal
process, impurity regions where the As ions have diffused (source-drain regions) 7 are formed (Fig. 9).
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[0045]

Next, as shown in Fig. 10, an oxide silicon film 9 is deposited on the surface of the silicon substrate 1 as an interlayer insulating film
using, for example, a CVD method with a thickness of approximately 500 nm. Using, for example, RIE with a mask pattern, wiring
holes 12 connecting to the source-drain region 7 and gate electrode 6 are opened in the oxide silicon film 9.

[0046]

Contact wiring is formed in the opened holes 12. For example, an Al film with a thickness of approximately 300 nm containing 1%
Si is formed on the surface of the silicon substrate 1 using a sputtering method. By performing anisotropic etching, such as RIE, on
the Al film, the Al film is removed from the interlayer insulating film 9 adjacent to the openings, thereby forming the field-effect
transistor shown in Fig. 1.

[0047]

In Embodiment 1 described above, various modifications are possible.

[0048]

In this embodiment, an N-type field-effect transistor was used as an example, but the same applies to P-type field-effect transistors if
the dopant conductivity type is reversed.

Moreover, using methods such as photolithography, impurities can be selectively introduced into only certain regions within a
substrate, making it applicable to complementary field-effect transistors as well. Furthermore, these techniques can also be applied to
semiconductor devices that incorporate them in part.

[0049]

Moreover, in addition to field-effect transistors, other active devices such as bipolar transistors and single-electron transistors, passive
components like resistors, diodes, inductors, and/or capacitors can also be formed as part of a semiconductor device that includes the
field-effect transistors described above. The same applies when forming field-effect transistors as part of OEICs (Opto-Electrical
Integrated Circuits) or MEMS (Microelectro Mechanical Systems). In addition, these techniques can be applied to devices with SOI
(Silicon On Insulator) structures. Furthermore, they can be used in devices with FIN-type or pillar-like structures.

[0050]

In addition, in this embodiment, arsenic (As) was used as the dopant for forming the N-type semiconductor layer, while boron (B)
was used as the dopant for forming the P-type semiconductor layer. For forming the N-type semiconductor layer, other Group V
dopants can be used, and for forming the P-type semiconductor layer, other Group III dopants can also be used. The introduction of
Group III or V dopants can be done in a compound form.

[0051]

While ion implantation was used for dopant introduction in this embodiment, other methods such as solid-phase diffusion or vapor-
phase diffusion can also be utilized. Deposition or growth methods involving semiconductor materials containing dopants are also
fine to use.

[0052]

In addition, although a single-drain structure was shown in this embodiment, other structures such as extension structures, LDD
(Lightly Doped Drain) structures, GDD (Graded Diffused Drain) structures, halo structures, pocket structures, or elevated structures
can be applied to the elements.

[0053]

In addition, regarding the formation of source-drain regions, it was performed after processing the gate electrode and gate insulating
film in this embodiment. However, the order of these processes is not essential and can be reversed if necessary. Depending on the
material of the gate electrode or gate insulating film, it may be preferable not to subject them to heat treatment. In such cases, it is
favorable to introduce dopants into the source-drain region before processing the gate electrode or gate insulating film.

[0054]

In addition, in this embodiment, the formation of metal layers for wiring is carried out using a sputtering method, but it is also fine to
form metal layers using different methods such as deposition methods other than sputtering. Furthermore, it is fine to use methods
such as selection and growth of metals or damascene methods.
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In Addition, there is no necessity for the wiring metal material to be Al containing Si, and other metals such as Cu may be used. Cu
is especially preferable due to its low resistivity.

[0055]

In addition, in this embodiment, although a high melting point metal was used for the gate electrode, it is not necessarily limited to
high melting point metals, and metals or compounds containing metals may also be used. Furthermore, the gate electrode is not limited
to a single metal layer. For example, a semiconductor-metal stack such as polycrystalline silicon, monocrystalline silicon, or
amorphous silicon with a metal is fine. However, when stacking non-metal layers and metal layers, it is essential to form the metal
layer closer to the gate insulating film and then form the non-metal layer on top of the metal layer.

[0056]

Furthermore, it is fine to stack non-high melting point metals or compounds containing metals with high melting point metals as the
gate electrode. Forming the gate electrode with a metal or metal-containing compound can suppress gate resistance, leading to faster
device operation, which is preferable.

[0057]

In addition, in this embodiment, the top of the gate electrode exposes the electrodes (refer to Fig. 9), but it is also fine to provide an
insulating material such as silicon oxide or silicon nitride on top. Especially when the gate electrode is formed of a material containing
metal and if a silicide layer is to be formed on the source-drain region, it is necessary to protect the gate electrode, which requires
providing protective materials such as silicon oxide or silicon nitride on top of the gate electrode.

[0058]

In addition, in this embodiment, the formation of the gate electrode is done by depositing the gate electrode material and then
performing anisotropic etching. However, it is also fine to form the gate electrode using methods such as embedding processes like
the damascene process.

[0059]

In addition, in this embodiment, the length of the gate electrode measured in the main direction of the current flowing through the
device (horizontal direction on Fig. 1) is equal at the top and bottom of the gate electrode, but this is not essential. For example, it is
fine for the length measured at the top of the gate electrode to be longer than the length measured at the bottom, resembling the shape
of the letter "T." In this case, additional benefits such as reducing gate resistance can be achieved.

[0060]

In addition, in this embodiment, a HfO, film formed by sputtering was used as the gate insulating film. However, gate insulating films
made of oxides of different valences of Hf, Zr, Ti, Sc, Y, Ta, Al, La, Ce, Pr, elements from the lanthanide series, metal oxides containing
various elements including these, silicate materials containing these elements, insulating films containing nitrogen in these silicate
materials, other high dielectric constant films, or stacked insulating films can also be used as the gate insulating film.

[0061]

In this embodiment, polarization charges induced on the surface of the gate insulating film and the bottom surface of the interlayer
insulating film facing it are utilized. Generally, the polarization charge induced at the interface of two types of insulators is the
difference between the polarization charges induced on the surfaces of each insulator, so the net induced polarization charge increases
with a higher dielectric constant of the gate insulating film. Therefore, the effects obtained in this embodiment are attributed to the
high dielectric constant of the gate insulating film. Hence, if a gate insulating film material with a low dielectric constant, such as
silicon nitride film or silicon oxynitride, commonly used in conventional gate insulating films, is used, the effects of this embodiment
may not be expected.

[0062]

In addition, the formation method of the gate insulating film is not limited to sputtering and can include methods such as evaporation,
CVD, or epitaxial growth. In addition, when using oxide of a certain substance as the gate insulating film, a method such as first
forming a film of that substance and then oxidizing it may be employed. Devices using ferroelectric films as the gate insulating film
are also fine.

[0063]
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In this embodiment, element isolation region 2 was implemented using a trench type isolation method. However, other methods such
as local oxidation or mesa type isolation methods can also be used for device isolation.

[0064]

When a material containing metal is used in the gate electrode or gate insulating film, for example, and it is not possible to have a
post-oxidation process considering the properties of that material, the issue of electric field concentration becomes significant. In such
cases, the structure and method of this embodiment effectively alleviate the electric field.

[0065]

In addition, in this embodiment, an oxide silicon film is used as the interlayer insulating film. However, other materials besides silicon
oxides, such as low dielectric constant materials, can also be used as the interlayer insulating film. The polarization charge induced
on the surface of the gate insulating film and the bottom surface of the interlayer insulating film facing it is utilized in this embodiment.
Generally, the lower the dielectric constant of the interlayer insulating film, the higher the net induced polarization charge due to the
difference in polarization charges induced at the interface of two types of insulators. Therefore, the effects mentioned above become
more pronounced when a material with a low dielectric constant is used in the interlayer insulating film.

[0066]

It is also possible to form a self-aligned contacts in the contact holes.

[0067]

In addition, while only the wiring of the first layer was described in this embodiment, devices and wiring can have two or more layers,
which can increase the device integration density and are therefore preferable.

[0068]

In addition, in this embodiment, it was assumed that the side surface of the gate insulating film near the lower end corner of the gate
electrode is a vertical plane with respect to the semiconductor substrate surface. However, this aspect is not essential. Variations in
structure, such as shown in the cross-sectional diagrams in Fig. 11 and Fig. 12 along the channel length direction, are also possible.
This means that similar effects can be achieved even if the side surface adjacent to the lower end corner of the gate insulating film is
not vertical to the semiconductor substrate surface, as shown in these figures.

[0069]

Furthermore, it is not necessary for the inclination angles of the side surfaces on the source region side and drain region side to be
equal. One side can incline outward from the gate electrode, while the other side can incline inward. In addition, these side surfaces
do not need to be flat; they can be curved, as shown in Fig. 13 and Fig. 14.

[0070]

In addition, for example, as shown in Fig. 15 and Fig. 16, the side surface of the gate insulating film 5 can smoothly connect with the
surface on the source-drain region 7, and as shown in Fig. 17 and Fig. 18, the thickness of the gate insulating film on the source-drain
region 7 does not need to be uniform.

[0071]

Changing the shape of the gate insulating film 7 near the lower end corner of the gate electrode will alter the capacitance formed
between the gate electrode 5 and the source-drain region 7.

[0072]

The capacitance formed between the gate electrode 6 and the source-drain region 7 is preferable to be larger from the perspective of
suppressing parasitic resistance due to the resistance of the source-drain region 7, and it is preferable to be smaller from the perspective
of reducing the parasitic capacitance of the device. By changing the shape of the gate insulating film 5 near the lower end corner of
the gate electrode as shown in the modified examples in Fig. 11 to Fig. 18, it is possible to adjust the capacitance formed between the
gate electrode 6 and the source-drain region 7, allowing for optimization, which is an advantage.

[0073]

(Embodiment 2)

Next, Embodiment 2 related to this invention will be explained using Fig. 19 to Fig. 23.

Fig. 19 to Fig. 23 are cross-sectional schematic diagrams parallel to the gate length direction of a field-effect transistor.

[0074]

As shown in Fig. 23, in this embodiment, by forming a silicide layer 15 on the surface of the source-drain region 7, it is possible
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to reduce the parasitic resistance of the device and speed up the operation speed of the device.

[0075]

Below is a description of the manufacturing method of the field-effect transistor related to Embodiment 2.

[0076]

After the steps described in Fig. 7, a high-melting-point metal film, such as tungsten, with a thickness of about 100 nm is formed on
the HfO, film 11 using, for example, a CVD method. In addition, a silicon nitride film 13 with a thickness of about 50 nm is formed,
for example, by a CVD method. Then, a resist film is formed, and a resist pattern is formed using photolithography. By subjecting
the silicon nitride film 13 and the high-melting-point metal film 11 to anisotropic etching using methods like RIE after forming the
resist pattern, the gate electrode 6 is formed (Fig. 19). Furthermore, the top portion of the HfO, film 11 is removed using anisotropic
etching methods like RIE (Fig. 19).

[0077]

Next, for example, arsenic ions are implanted into the surface of the silicon substrate 1 at around 50 keV and approximately 5.0x10"°
cm 2. Subsequently, by activating As through a thermal process, the source-drain region 7 is formed (Fig. 20).

[0078]

Following that, a silicon nitride film 14 with a thickness of approximately 5 nm is formed on the surface of the silicon substrate 1, for
example, by a CVD method (Fig. 21).

[0079]

Then, as shown in Fig. 22, by subjecting the silicon nitride film 14 to anisotropic etching using methods like RIE, the gate-side wall
10 is formed. Subsequently, by applying anisotropic etching methods like RIE to the aforementioned HfO, film 11, the regions of the
HfO, film 11 excluding the gate-side wall 10 and the area below the gate electrode 6 are removed to form the gate insulating film 5
(Fig. 22).

[0080]

Next, using a conventional silicide formation method, a metal silicide layer 15, such as Co or Ni, is formed. Any unreacted metal is
removed from the surface of the silicon substrate 1 (Fig. 23). Subsequent steps are similar to Embodiment 1 and are omitted for
brevity.

[0081]

In this embodiment, it is possible to form a silicide layer 15 on the surface of source-drain region 7, for example, if the remaining
portion excluding the substrate side of the gate electrode 6 or the surface of the gate electrode 6 is formed using polycrystalline silicon.
Alternatively, methods such as depositing or growing a metal layer on the source-drain region 7 may also be used.

[0082]

Various modifications similar to those in Embodiment 1 are possible in this embodiment, and similar effects can be expected.

[0083]

In addition, in this embodiment, nitrogen-doped silicon was used for the gate-side wall 10, but other materials such as silicon oxide
or silicon oxynitride may be used to form the gate-side wall 10. However, forming the gate-side wall 10 with a high dielectric material
increases the parasitic capacitance between the gate electrode 6 and the source-drain region 7, leading to an increase in parasitic
capacitance of the device. Therefore, it is preferable to form the sidewall 10 with materials like silicon oxide, silicon nitride, or silicon
oxynitride.

[0084]

In addition, in this embodiment, the side of the gate insulating film 5 is aligned with the outer surface of the gate-side wall 10.
However, it is not essential for the side of the gate insulating film 5 to be located inside or outside of the outer surface of the gate-
side wall 10; similar effects can be achieved even if it is positioned differently. If the side of the gate insulating film 5 protrudes too
much outward beyond the outer surface of the gate-side wall 10, the distance between the region where a silicide layer can be formed
within the source-drain region 7 and the channel region increases. This leads to an increase in parasitic resistance of the device, which
negatively affects the operational speed of the device. Therefore, it is preferable that the side of the gate insulating film does not
protrude too far outward from the outer surface of the gate-side wall. Conversely, if the side
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of the gate insulating film extends too far inward beyond the side of the gate-side wall, the distance between the silicide layer formed
on the source-drain region and the gate electrode decreases. This may lead to short circuits between the source-drain region and the
gate electrode or insulation breakdown of the gate insulating film in that area. Hence, it is preferable that the side of the gate insulating
film does not extend too far inward beyond the side of the gate-side wall.

[0085]

Here are the preferable thickness for the gate-side wall 10 and the preferable length of the gate insulating film 5 to be left on the
source-drain region 7. In the structure of Fig. 3, we examined the dependency on Y of the electric field strength in the gate insulating
film 5 near the lower end angle of the gate electrode 6 as a parameter A2. The results are shown in Fig. 24.

[0086]

In Fig. 24, the vertical axis shows values normalized by the electric field strength of the structure with A2 = 0. In other words, the
vertical axis indicates the ratio by which the electric field strength is suppressed by thinning the gate insulating film 5 on the source-
drain region 7.

[0087]

From Fig. 24, it is apparent that increasing Y effectively suppresses the electric field intensity on the source-drain region by thinning
the gate insulating film. For Y values of around 5 nm or more, the dependency of the efficiency of suppressing the electric field
intensity on Y becomes quite small. When Y reaches around 7 to 8 nm, this dependency decreases even further. At around 10 nm, the
dependency becomes even smaller. When the thickness of the gate insulating film is assumed to be 5 nm in this study, a thickness of
7 to 8 nm corresponds to approximately 1.5 times the gate insulating film thickness, and 10 nm corresponds to twice the gate insulating
film thickness. Here, considering the similarity transformation in the equations of the electromagnetic field, when changing the
boundary conditions' size in a similar manner, the electromagnetic field also changes in a similar way. Based on this point, it can be
understood that this embodiment is effective when the thickness of the gate-side wall and the length of the remaining gate insulating
film on the source-drain region are greater than or equal to the gate insulating film thickness of the device. It becomes even more
effective when the thickness of the gate-side wall and the length of the remaining gate insulating film on the source-drain region are
1.5 times the gate insulating film thickness or more, and even more effective when they are 2 times the gate insulating film thickness
or more. Therefore, it is preferred that the thickness of the gate-side wall 10 (width in the lateral direction of Fig. 23) and the length
of the remaining gate insulating film 5 on the source-drain region 7 are greater than or equal to the gate insulating film thickness of
the device. Particularly, making them 1.5 times the gate insulating film thickness or more is preferable, and making them 2 times the
gate insulating film thickness or more is even more preferable.

[0088]

(Embodiment 3)

Next, the method for manufacturing a field-effect transistor related to this embodiment of the invention will be explained using Fig.
25.

[0089]

Fig. 25 is a cross-sectional schematic diagram in the channel length direction showing an intermediate process for manufacturing the
field-effect transistor of this embodiment.

[0090]

First, after the step shown in Fig. 7, deposit a high melting point metal film such as tungsten with a thickness of about 100 nm on the
HfO, film 11, for example, by a CVD method. Form a resist mask only on the gate electrode planned region of the high melting point
metal film and remove the unmasked regions of the high melting point metal film by performing anisotropic etching such as RIE to
form the gate electrode 6 (Fig. 25). Then, remove the upper part of the HfO, film 11 and the channel length direction ends of the gate
electrode 6 by performing isotropic etching such as wet processing.

[0091]

Subsequently, following the explanation using Fig. 9 and Fig. 10 in Embodiment 1, it is possible to form the field-effect transistor of
this embodiment (Fig. 26).

[0092]

In this embodiment, various modifications as described in other embodiments are also possible, and similar effects can be
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expected.

[0093]

In this embodiment, unlike Embodiment 1, isotropic etching was used for processing the gate insulating film 5 on the source-drain
region 7. As a result, the gate insulating film 5 beneath the gate electrode 6 is also thinned near the edge of the gate electrode. This
thin pair of edge portions extends all the way down to under the gate electrode 5. By doing this, it is possible to further reduce the
parasitic capacitance formed between the gate electrode 6 and the source-drain region 7.

[0094]

In addition, in this embodiment, although the silicide process was not mentioned, it is fine to form a silicide layer on the source-drain
region 7. In addition, methods such as depositing or growing a metal layer on the source-drain region 7 may be used. Furthermore,
when forming the remaining part excluding the substrate side of the gate electrode 6 or the surface of the gate electrode 6 with
polycrystalline silicon, it is also fine to silicify the polycrystalline silicon surface.

[0095]

In addition, during the processing of gate insulating film 5 on the source-drain region 7, while anisotropic etching was used in
Embodiment 1, isotropic etching was utilized in this embodiment. In addition to this method, other approaches such as performing
isotropic etching after anisotropic etching, performing anisotropic etching after isotropic etching, or repeating at least one type of
etching multiple times can also be employed. This allows for adjusting both the thickness of the gate insulating film 5 on the source-
drain region 7 and the amount of removal of the gate insulating film 5 under the gate electrode 6 to optimal values, which is preferable.
[0096]

In addition, the shape of the gate insulating film 5 near the lower corner of the gate electrode 6 does not necessarily need to match the
shape shown in Fig. 25; similar effects can be expected even if the shape matches those shown in Fig. 26 to Fig. 33, for example. By
varying the shape of the gate insulating film near the lower corner of the gate electrode as in the examples of modifications shown
here, it becomes possible to adjust the parasitic capacitance formed between the gate electrode and the source-drain region, enabling
optimization.

[0097]

(Embodiment 4)

Next, using Fig. 34 and Fig. 35, the field-effect transistor related to Embodiment 4 of the invention will be explained.

[0098]

Fig. 34 and Fig. 35 are schematic cross-sectional diagrams in the channel length direction of the field-effect transistor according to
this embodiment.

[0099]

First, after performing the process described with reference to Fig. 7 in Embodiment 1, a high-melting-point metal film such as
tungsten with a thickness of about 100 nm is deposited on the HfO, film 11, for example, by chemical vapor deposition (CVD). A
resist pattern covering the gate electrode planned region is formed on this high-melting-point metal film. Anisotropic etching using a
method such as reactive ion etching (RIE) is performed on the high-melting-point metal film using this resist pattern as a mask. This
results in the formation of the gate electrode 6 as shown in Fig. 34. On the silicon substrate 1 where the gate electrode 6 is formed, a
silicon nitride film 14 with a thickness of 3 nm, for example, is formed by CVD or similar methods.

[0100]

By performing anisotropic etching, such as RIE, on the silicon nitride film 14, the gate-side wall 10 is formed (Fig. 35). Subsequently,
the upper part of the exposed HfO, film 11 is removed using, for example, anisotropic etching like RIE (Fig. 35).

[0101]

Thereafter, by going through processes similar to Embodiment 1, it is possible to manufacture the field-effect transistor of this
embodiment.

[0102]

In this embodiment as well, various modifications explained in other embodiments are possible, and similar effects can be
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obtained.

[0103]

The gate-side wall 10 may be removed after processing the gate insulating film, or it may be left as it is. If the gate-side wall 10 is
removed, a cross-sectional structure of the field-effect transistor as shown in Fig. 36 can be obtained. In addition, it is not necessary
to use silicon nitride as the material for the gate-side wall, and other materials can also be used.

[0104]

In this embodiment, the vicinity of the end of the gate electrode 6 in the gate insulating film 5 has the same thickness as directly under
the gate electrode 6. In other words, the central portion extends all the way to the outer wall of the electrode gate. This configuration
enhances the capacitive coupling between the source-drain region 7 and the gate electrode 6, reducing the resistance of the source-
drain region 7 and leading to an expected reduction in parasitic resistance of the device.

[0105]

In addition, in this embodiment, the gate insulating film 5 on the source-drain region 7 was processed using anisotropic etching, but
this process can also be carried out using isotropic etching.

[0106]

Furthermore, methods such as performing isotropic etching after anisotropic etching, performing anisotropic etching after isotropic
etching, or repeating at least one type of etching multiple times can be used. By doing so, it becomes possible to adjust both the
thickness of the gate insulating film on the source-drain region 7 and the distance between the thin region of the gate insulating film
on the source-drain region 7 and the gate electrode to optimal values.

[0107]

In addition, the shape of the gate insulating film 5 near the lower corner of the gate electrode 6 does not necessarily need to match the
shape shown in Fig. 35 and Fig. 36; similar effects can be expected even if the shape matches those shown in the cross-sectional
schematic diagrams of Fig. 37 to Fig. 44, for example.

[0108]

By changing the shape of the gate insulating film near the lower corner of the gate electrode, as shown in the various examples here,
it is possible to adjust the capacitance formed between the gate electrode 6 and the source-drain region 7, allowing for optimization.
The choice of which structure to use can be determined by balancing the parasitic resistance and capacitance resulting from altering
the capacitance formed between the source-drain region and the gate.

[0109]

(Embodiment 5)

Next, referring to Fig. 45 to Fig. 49, the field-effect transistor according to this Embodiment 5 of the invention will be explained.
[0110]

Fig. 45 is a reference diagram for explaining the field-effect transistor according to this embodiment, schematically showing a cross-
section in the channel length direction.

[0111]

This field-effect transistor has the characteristic that the gate insulating film 5 is present on the source-drain region 7, and the gate
insulating film 5 on the source-drain region 7 is thicker than the gate insulating film 5 under the gate electrode 6.

[0112]

The manufacturing process of this field-effect transistor is carried out, for example, as follows. Moreover, Fig. 46 to Fig. 49 are
reference diagrams for explaining the process of this manufacturing process, schematically showing a cross-section in the channel
length direction of the field-effect transistor.

[0113]

First, after the process explained using Fig. 6, as shown in Fig. 46, a HfO, film 11 with a thickness of about 10 nm is formed on a
silicon substrate 1 using a method such as sputtering. On top of the HfO, film 11, a silicon nitride film with a thickness of about 150
nm is deposited, for example, by CVD. A resist mask is formed on the silicon nitride film on the gate electrode
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planned region, and anisotropic etching, such as RIE, is performed on the surface of the silicon substrate 1 to process the silicon
nitride film and form a dummy gate electrode 16 (Fig. 46). Subsequently, for example, As ions are implanted at about 50 keV with a
dose of about 5.0x10'5 cm. Then, by subjecting the silicon substrate 1 to a thermal process, the As ions are activated to form the
source-drain region 7 (Fig. 46).

[0114]

On a silicon substrate 1 with a dummy gate electrode 16, form an approximately 200 nm thick silicon oxide film 17 using a method
such as CVD. Flatten the surface of the silicon substrate where the silicon oxide film 17 is formed using a method like CMP to expose
the surface of the dummy gate electrode 16. Subsequently, selectively remove the dummy gate electrode 16 from the silicon substrate
1 to create an opening (Fig. 47).

[0115]

Etch-remove the upper portion of the exposed HfO, film 11 at the bottom of the opening using a method like RIE (Fig. 48).

[0116]

Deposit a high-melting-point metal film, such as tungsten, approximately 200 nm thick on the silicon substrate containing the thinned
HfO, film 11 using a method like CVD. For the high-melting-point metal film, perform surface flattening using a method like CMP
to form a gate electrode 6 within the opening (Fig. 49). Subsequently, remove the silicon oxide film 17 from the surface of the silicon
substrate 1.

[0117]

Subsequently, proceed with the processes described in Fig. 10 and onwards to complete the field-effect transistor according to this
embodiment.

[0118]

In this embodiment, various modifications as mentioned in the previous embodiment can also be applied, leading to similar effects.
[0119]

The silicon oxide film formed around the dummy gate electrode after its formation may be left as a part of the interlayer insulating
film or removed. The use of silicon oxide as the material is not mandatory, and other materials can be used. The same flexibility
applies to the material of the dummy gate electrode.

[0120]

While anisotropic etching was used for processing the HfO, film after the removal of the dummy gate electrode in this embodiment,
isotropic etching methods such as CVD or wet etching can also be used.

[0121]

After performing surface flattening on the gate electrode material following its deposition, it is fine to further etch the gate electrode
material to adjust the height of gate electrode 6.

[0122]

In this embodiment, since the gate insulating film 5 on the source-drain region 7 is formed thicker than the gate insulating film 5
under the gate electrode 6, the capacitance coupling between the source-drain region 7 and the gate electrode 6 is strengthened. This
leads to a decrease in the resistance of the source-drain region 7, ultimately reducing the parasitic resistance of the device.

[0123]

The shape of the gate insulating film 5 near the lower edge of the gate electrode does not necessarily have to be as shown in Fig. 45;
similar effects can be expected with cross-sectional shapes as shown in Fig. 50 to Fig. 56. By varying the shape of the gate insulating
film 5 near the lower edge of the gate electrode as shown in these modified examples, it becomes possible to adjust the capacitance
formed between the gate electrode 6 and the source-drain region 7, enabling optimizations to be made.

[0124]

(Embodiment 6)

Next, using Fig. 57 and Fig. 58, the field-effect transistor related to Embodiment 6 of this invention will be explained.

[0125]
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Fig. 57 is a cross-sectional view illustrating the field-effect transistor of this embodiment, showing a schematic cross-section along
the channel length. The field-effect transistor in this embodiment has the gate insulating film 5 present on the source-drain region 7,
and the gate insulating film 5 on the source-drain region 7 is thicker than the gate insulating film 5 on the channel region 4. In Addition,
there is a gap between the thick gate insulating film 5 on the source-drain region 7 and the gate electrode 6. Consequently, it is possible
to reduce parasitic capacitance of the device by suppressing the capacitance formed between the source-drain region 7 and the gate
electrode 6.

[0126]

Next, the manufacturing method of the field-effect transistor shown in Fig. 57 will be explained.

[0127]

First, after the steps described in Embodiment 5 using Fig. 48, a silicon nitride film with a thickness of approximately 5 nm is formed
using a method such as CVD, as shown in Fig. 58. Subsequently, the silicon nitride film is processed by performing anisotropic
etching using a method like RIE to form sidewalls 18 on the sides of the opening. The process can then continue from the steps
described in Embodiment 5 using Fig. 49.

[0128]

Just like in the previous embodiments, various modifications as mentioned before are possible in this embodiment, resulting in similar
effects.

[0129]

In addition, the silicon oxide film formed around the dummy gate electrode after its formation may be used as part of the interlayer
insulating film or removed. The use of silicon oxide as the material is not mandatory, and other materials can be used. The same
flexibility applies to the material of the sidewalls 18 in the opening.

[0130]

Moreover, the field-effect transistor shown in Fig. 57 illustrates a case where the sidewalls 18 are removed after the formation of the
gate electrode 6, and the height of the gate electrode 6 is adjusted by etching after the surface planarization of the gate electrode
material.

[0131]

In addition, in this embodiment, processing of the gate insulating film 5 on the source-drain region 7 was carried out using anisotropic
etching, but isotropic etching may also be used in this process. Furthermore, methods such as performing isotropic etching after
anisotropic etching, applying anisotropic etching after isotropic etching, or repeating at least one etching step can be employed.
[0132]

Furthermore, adjusting the initial thickness of the gate insulating film 5 formed first enables optimization of the thickness of the gate
insulating film 5 between the gate electrode 6 and the source-drain region 7, the thick region of the gate insulating film 5 on the
source-drain region 7, and the distance between the source-drain region 7 and the gate electrode 6 to their optimal values, which is
even more preferable.

[0133]

In addition, it is not necessary for the shape of the gate insulating film near the lower end corner of the gate electrode 6 to be as shown
in Fig. 57; similar effects can be achieved with shapes shown in Fig. 59 to Fig. 67, for example.

[0134]

Here, by changing the shape of the gate insulating film 5 near the lower end corner of the gate electrode 6 as shown in these modified
examples, it is possible to adjust the distance between the gate electrode 6 and the source-drain region 7, thereby optimizing the
capacitance within a suitable range.

[0135]

While the embodiments of the invention have been described above, the invention is not limited to these embodiments, and various
modifications are possible within the scope of the claims of the invention.

[0136]
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In addition, this invention allows for various modifications within the scope that does not deviate from its essence at the
implementation stage.

[0137]

Furthermore, by appropriately combining multiple structural elements disclosed in the above embodiments, various inventions can
be formed. For example, it is also fine to remove some of the structural elements shown in the embodiments. In addition, it is also
fine to combine structural elements from different embodiments as needed.

[Brief Explanation of the Figures]

[0138]

[Fig. 1] It is a cross-sectional schematic diagram for explaining the field-effect transistor according to embodiment 1 of this invention.
[Fig. 2] It is an enlarged view for explaining the field-effect transistor according to embodiment 1.

[Fig. 3] It is an enlarged view for explaining the field-effect transistor according to embodiment 1.

[Fig. 4] It is a diagram of the results of the study on the electric field of the field-effect transistor according to embodiment 1.

[Fig. 5] It is a diagram of the results of the study on the static capacitance of the field-effect transistor according to embodiment 1.
[Fig. 6] It is a cross-sectional schematic diagram for explaining the manufacturing method of the field-effect transistor according to
embodiment 1.

[Fig. 7] It is a cross-sectional schematic diagram for explaining the manufacturing method of the field-effect transistor according to
embodiment 1.

[Fig. 8] It is a cross-sectional schematic diagram for explaining the manufacturing method of the field-effect transistor according to
embodiment 1.

[Fig. 9] It is a cross-sectional schematic diagram for explaining the manufacturing method of the field-effect transistor according to
embodiment 1.

[Fig. 10] It is a cross-sectional schematic diagram for explaining the manufacturing method of the field-effect transistor according to
embodiment 1.

[Fig. 11] It is a cross-sectional schematic diagram for explaining the field-effect transistor related to a modified example of
embodiment 1.

[Fig. 12] It is a cross-sectional schematic diagram for explaining the field-effect transistor related to a modified example of
embodiment 1.

[Fig. 13] It is a cross-sectional schematic diagram for explaining the field-effect transistor related to a modified example of
embodiment 1.

[Fig. 14] It is a cross-sectional schematic diagram for explaining the field-effect transistor related to a modified example of
embodiment 1.

[Fig. 15] It is a cross-sectional schematic diagram for explaining the field-effect transistor related to a modified example of
embodiment 1.

[Fig. 16] It is a cross-sectional schematic diagram for explaining the field-effect transistor related to a modified example of
embodiment 1.

[Fig. 17] It is a cross-sectional schematic diagram for explaining the field-effect transistor related to a modified example of
embodiment 1.

[Fig. 18] It is a cross-sectional schematic diagram for explaining the field-effect transistor related to a modified example of
embodiment 1.

[Fig. 19] It is a cross-sectional schematic diagram for explaining the manufacturing method of a field-effect transistor according to
Embodiment 2 of this invention.

[Fig. 20] It is a cross-sectional schematic diagram for explaining the manufacturing method of a field-effect transistor according to
Embodiment 2.

[Fig. 21] It is a cross-sectional schematic diagram for explaining the manufacturing method of a field-effect transistor according to
Embodiment 2.

[Fig. 22] It is a cross-sectional schematic diagram for explaining the manufacturing method of a field-effect transistor according to
Embodiment 2.

[Fig. 23] It is a cross-sectional schematic diagram for explaining a field-effect transistor according to Embodiment 2.

[Fig. 24] It is a cross-sectional schematic diagram for explaining the manufacturing process of a field-effect transistor according to
Embodiment 2.
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[Fig. 25] It is a cross-sectional schematic diagram for explaining the manufacturing process of a field-effect transistor according to
Embodiment 3 of this invention.

[Fig. 26] It is a cross-sectional schematic diagram showing a modification example of the field-effect transistor according to
Embodiment 3.

[Fig. 27] It is a cross-sectional schematic diagram showing a modification example of the field-effect transistor according to
Embodiment 3.

[Fig. 28] It is a cross-sectional schematic diagram showing a modification example of the field-effect transistor according to
Embodiment 3.

[Fig. 29] It is a cross-sectional schematic diagram showing a modification example of the field-effect transistor according to
Embodiment 3.

[Fig. 30] It is a cross-sectional schematic diagram showing a modification example of the field-effect transistor according to
Embodiment 3.

[Fig. 31] It is a cross-sectional schematic diagram showing a modification example of the field-effect transistor according to
Embodiment 3.

[Fig. 32] It is a cross-sectional schematic diagram showing a modification example of the field-effect transistor according to
Embodiment 3.

[Fig. 33] It is a cross-sectional schematic diagram showing a modification example of the field-effect transistor according to
Embodiment 3.

[Fig. 34] It is a cross-sectional schematic diagram for explaining a field-effect transistor according to Embodiment 4 of this invention.
[Fig. 35] It is a cross-sectional schematic diagram for explaining a field-effect transistor according to Embodiment 4.

[Fig. 36] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 4.

[Fig. 37] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 4.

[Fig. 38] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 4.

[Fig. 39] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 4.

[Fig. 40] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 4.

[Fig. 41] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 4.

[Fig. 42] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 4.

[Fig. 43] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 4.

[Fig. 44] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 4.

[Fig. 45] It is a cross-sectional schematic diagram for explaining a field-effect transistor according to Embodiment 5 of this invention.
[Fig. 46] It is a cross-sectional schematic diagram for explaining the manufacturing method of a field-effect transistor according to
Embodiment 5.

[Fig. 47] It is a cross-sectional schematic diagram for explaining the manufacturing method of a field-effect transistor according to
Embodiment 5.

[Fig. 48] It is a cross-sectional schematic diagram for explaining the manufacturing method of a field-effect transistor according to
Embodiment 5.

[Fig. 49] It is a cross-sectional schematic diagram for explaining the manufacturing method of a field-effect transistor according to
Embodiment 5.

[Fig. 50] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 5.

[Fig. 51] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 5.

[Fig. 52] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 5.

[Fig. 53] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 5.

[Fig. 54] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to



Embodiment 5.
[Fig. 55] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 5.
[Fig. 56] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 5.
[Fig. 57] It is a cross-sectional schematic diagram for explaining a field-effect transistor according to Embodiment 6 of this invention.
[Fig. 58] It is a cross-sectional schematic diagram for explaining a field-effect transistor according to Embodiment 6.
[Fig. 59] It is a cross-sectional schematic diagram for explaining a modified example of a field-effect transistor according to
Embodiment 6.
[Fig. 60] It is a cross-sectional schematic diagram for
Embodiment 6.
[Fig. 61] It is a cross-sectional schematic diagram for
Embodiment 6.
[Fig. 62] It is a cross-sectional schematic diagram for
Embodiment 6.
[Fig. 63] It is a cross-sectional schematic diagram for
Embodiment 6.
[Fig. 64] It is a cross-sectional schematic diagram for
Embodiment 6.
[Fig. 65] It is a cross-sectional schematic diagram for
Embodiment 6.
[Fig. 66] It is a cross-sectional schematic diagram for
Embodiment 6.
[Fig. 67] It is a cross-sectional schematic diagram for
Embodiment 6.
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1 ... semiconductor substrate
2 ... element isolation region
3 ... P-well region

4 ... N channel region
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... wiring
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12 ...
13 ..
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interlayer insulating film
gate-side wall

HfO, film

wiring hole

silicon nitride film
silicon nitride film
silicide layer

dummy gate electrode
silicon oxide film
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1 ... Semiconductor 6 ... Gate electrode
substrate 7 ... Source-drain region
2 ... Element isolation 8 ... Contact wiring
region 9 ... Interlayer insulating

3 ... P-well region film
4 ... Channel region
5 ... Gate insulating film

[Fig. 3]

(Gate length = 35nm, gate insulating film thickness below
gate electrode = S5nm, gate insulating film relative
permittivity = 19.5, Y = 15nm, Power supply voltage =
0.6V)

(20)

[Fig. 2]

JP 2005-64190 A 3.10.2005

\\,

///

Electric field strength (MV/cm)




Capacitance (fF/pm)

(21) JP 2005-64190 A 3.10.2005

[Fig. 5] [Fig. 7]

0. 58 ] NN \‘\"\\\\\\Z\\\\\\‘\\\\'\\\X\.\\\)\dr

0. 56 o

0.54 | - "\ \

0.52 \ | A \ L ‘

0.50 | 2 3 41 \‘; 2

0.48 11 ... HfO, film

0. 46 [Fig. 8]

0.44 |

0. 42 \\ \ \\s\ —°

0.40 ' : ' ' ' SRR TRTR TR \\\}\ Y
- = Y

=]
(=]
£ —
-y

6§ -4 2 0 2 4 6
A2 (nm) % '. \ %
- N '
L NN N
; 2
Y
2

T v ] T I ! » T !
2 5 7 3 4 5 7 | 2 5
12 ... Hole



[Fig. 13]
8

i W

2 Z /Q&L

\ \\\% f/// ,
\\\\\\\

SN\

(=<

LN

2 S

K \\\\\b

Q\\\ \\\

2 5 TN

R
\\
o

:«l‘\\

N

-
/ //
%\\\
N

8 8
o J 2 Jer ) o

W,V
//./ {/\/ .,/

n\\{\\ \\ 7

M/#/////// ﬂ"\ w

\
\\\ \\.\\ N

5 L2 s
1

[Fig. 16]
] 8

7 /IJ // ,/ !
a7 /E %ﬁ / /
- 7 _/,?} // /
- / % /
I -/9/2\’\_ /“-“,:*‘ I\\.
%\ AN
NN NN N

\ P ] \.1.
2 5 71T 3 4 5 17 v 2 B

[Fig. 19]

\ ‘\_\\\\\3%- 13
m\\\\\\\\\\\\\\\\ AN

PN | - \‘ \ %
%, N :
\\II N \ \ . |

13 ... silicon nitride film

[Fig. 20]

\
////////////

//////

72

JP 2005-64190 A 3.10.2005



[Fig. 21]
ANNNNNA-13 ),

\\ 7 7

LLLLLLLLEN Z NN
. "\ ., \\\\\
NN ANAN N -

1 7 .
2 7 3 4 1 7
14 ... silicon nitride film

[Fig. 22]

\\\_\\\\“ oy 13

1
N\ #=
. 7
10

7 NN\

e ,ﬂ:\\\\\ e

'| =
1 3 4 5 7 I
10 ... gate-side wall
[Fig. 25]
i S
\-._\ : R -6
| ¥ II:\ \\k e
‘ N
N N \ ,
1 ) T \-\ \
2 3 4 N | 2
1
[Fig. 26]
3 :
g VAN
/ & G ’/ ‘/ [ o
Z _///" % _ 7
s o i :/.
7%
Y '/ ,
_ Z «\\\\\ ,

i
Y
\ L \

NN f\\

2 5 7 3

(23) JP 2005-64190 A 3.10.2005

[Fig. 23]
NNk
% \\\\\\‘ 3 é--- 6
mﬂ--f ) ;/= 10
N > T
Y AN A \
I\ \\ Y
N N "~
' 7 315 Y5 7 N5 2

15 ... silicide layer

[Fig. 24]
0. 85

0.80 |
0.75

0) (%)

Electric field strength / Electric field

strength (A2




[Fig. 29]

(24) JP 2005-64190 A 3.10.2005

[Fig. 31]
8

]
: v/ .
NN / ,
) 7 .
_ R >
NN
",
A X
\\ \\ ) by | \ \ \\ .
T 1 I 1 1 ] i = ) |
2 5 1 3 4 5 7 1 2 5 ; 7 5
[Fig. 30] . 8 .
9 g/ 9 /' 9 g
) / ra § y
e S v -y
. _ _ /
// NN /
. N .
, // \\\\\ , ////.
/'-’/ )
[ \\ \‘\
AN \\ \ \
™ \\. \. \\ \ \\'. Y
2 5 1 3 45 7 “']. 2 5
[Fig. 35]
10 6
_ J / 10
o U
4‘%\ [ 3 . \
N NN\ .,
//A/ R R e e S et \\ ,
1Y
\ A | \
-. ! S
2 3 411 51 2
[Fig. 36]
8 8 8

' /. \\\\ \ I/ | S ’/ \\\\_\ .\\‘\‘.4 _
(FFFF 777777 A SN 77 77 T 7T 7 A 7 A B \ 1/.12 .
TS 4 SN K
) y ‘(.\ Z \t\“ WA‘I/ L Jy
| II \\ % % \ | \ | %
NEENERNN N AN NN
? 3 4 1 \; 2 2 5 1 3 4 5 7 \l 2 5



(25) JP 2005-64190 A 3.10.2005

[Fig. 37] [Fig. 39]
/ / P ’ b b
g g 9 ! 9 g
j / DA s ) e )/
77T [ 707 (7 1, 777
// /e S 7 . . v

™
\\ NN
\ i Y 1 ;
2 '.I=. 3 4 é 7 I 2 5 2 I5 'I;' 3 4 tl'n 1|' \"i 2
[Fig. 40]
? 8 8 8 ;8

N

9 / 6 9 9 ? / 9 II 6 9 /'
7 @ 7/ A / o % / 77

N
NNp

.. \_.\‘\ o ‘/./ / /- : : ! -
. \Ak\\\\\%%égé 2 waay : L
) > N : .
., \ A\ % % \ A\ %
N \
A\ \\\ NN AN \\ N | \ NENAN
2 5 71 3 4 5 7 1 25 » 5 7 3 4 5 7 1 2 s
. i
[Fig. 41] [Fig. 43]
8 8 }3 8
9 / 9 9 9 / /
/ A AN o oy Je ) /9
/7 777 / 77 [ 7 . 4 / .
i 7 7 7 /// /
i b NN Z _ _//;// L 7
. \‘\\ \\\ ./i / Z \\ 7
% S / // N \ /
, . f/ :
ﬁ_//z/z} ; . = :
\ L\ \
\ NN N ) \
: \'. \\. '. \\ \\I \I v , \\‘ ) N \ \\\ \ \'. y \-. \\,'
T by b
[Fig. 42] [Fig. 44]
8 3 8 8




(26) JP 2005-64190 A 3.10.2005

[Fig. 47]

17 17
!

‘\ o e/ \ i
\\ \\ \ N ‘\\-

II 'I 1 |I| |I It 1 i Ilull II
2 7 3 4117\i2 2 13 4113“\12

16 ... dummy gate electrode

[Fig. 49]

Ef? 6 1}_7
\\. y
\\\\"_\
NN
\ \\ NN N
2 73 R \] >
[Fig. 50]

L) )

e
7 7
§%/\\\\\%\<

\

//
e

A

TR ‘-"".ﬂ’/l/ I/J/V///




27 JP 2005-64190 A 3.10.2005
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