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1
SEMICONDUCTOR DEVICE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a continuation of application Ser. No. 11/841,817,
filed Aug. 20, 2007 now U.S. Pat. No. 8,053,300, which is
a continuation of application Ser. No. 11/299,773, filed Dec.
13, 2005, which issued as U.S. Pat. No. 7,391,085, the
contents of all of which are incorporated herein by reference.

This application is based upon and claims the benefit of
priority from prior Japanese Patent Application No. 2005-
036575, filed Feb. 14, 2005, the entire contents of which are
incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor device,
and more particularly to a structure of a CMIS semiconduc-
tor device using a metal gate electrode.

2. Description of the Related Art

As miniaturization of MISFETs progresses to improve
integration and performance of semiconductor devices, it is
necessary to reduce a thickness of a gate dielectric (insulat-
ing film). However, in a complementary metal-insulator-
semiconductor (CMIS) device in which gate length is 50 nm
or less, performance improvement is no longer achieved
when a conventional polysilicon gate electrode is used. This
is because the equivalent SiO, thickness of the gate dielec-
tric is 2 nm or less in this technical generation and a
reduction of gate capacitance becomes obvious due to
interfacial depletion of the polysilicon gate electrode. The
depletion of the gate electrode is reduced by increasing
charge density of the electrode, but the impurity concentra-
tion in Si is about 2x10°° cm™ at the maximum, and a
capacitance reduction corresponding to 0.5 nm in the
equivalent SiO, thickness is also caused in this case. This
capacitance reduction will be a serious problem in a CMIS
technique generation in which the dielectric thickness is 2
nm or less.

Thus, attention is focused on a metal gate technique using
a metal as a gate electrode material. Since the metal has high
charge density substantially equal to the atomic density, the
depletion of the metal gate electrode can be neglected when
metal is used as the gate electrode. For the above reasons, it
is considered that the introduction of the metal gate elec-
trode will be essential in the CMIS device in the future.

In order to achieve a low threshold voltage in the CMIS
device using the metal gate electrode, the work function of
the metal which is the gate electrode needs to be about 3.9
to 4.4 eV in an nMISFET and about 4.7 to 52 eV in a
pMISFET.

Heretofore, means for satisfying this condition has gen-

erally been a method which uses different metals for the
nMISFET and the pMISFET, and it has been reported that
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Ti, Ta, TaSiN, Al and the like have a work function suited to
the nMISFET and that Mo, Ni, Pt, Ru, RO,, IrO,, TiAIN,
TaAIN and the like have a work function suited to the
pMISFET (e.g., refer to V. Narayanan VLSI 2004 192 or S.
B. Samavedam et at., [EDM 2002 433).

However, when the gate electrodes of the nMISFET and
the pMISFET are formed of different metals, it is necessary
to individually produce the gate electrodes, which causes the
problem that the manufacturing process is complicated and
manufacturing costs increase.

At present, methods of individually producing the gate
electrodes in an nMISFET and pMISFET include solid
phase diffusion, ion implantation, alloying, and total silici-
dation. However, there are few combinations of metals
which can be formed by these methods and which satisfy an
optimum condition for the work function of the nMISFET
and the pMISFET described above, and in the present
circumstances, no metal gate technique is established which
facilitates integration in terms of the manufacturing process.

As described above, the gate electrodes of an nMISFET
and pMISFET have been formed of different metals in order
to introduce the metal gate technique which will be essential
in the future, and therefore, there has heretofore been the
problem that the manufacturing process is complicated.
Thus, it has been desired to realize a CMIS semiconductor
device which has the same metal gate for an nMISFET and
pMISFET and which makes integration easy.

BRIEF SUMMARY OF THE INVENTION

According to a first aspect of the invention, there is
provided a semiconductor device which comprises:

a semiconductor substrate;

an nMISFET formed on the semiconductor substrate, the
nMISFET including a first dielectric formed on the semi-
conductor substrate and a first metal gate electrode formed
on the first dielectric, the first metal electrode being formed
of one metal element selected from the group consisting of
Ti, Zr, Hf, Ta, Sc, Y, a lanthanoide series, and a actinide
series and of one selected from the group consisting of
boride, silicide and germanide compounds of the one metal
element; and

a pMISFET formed on the semiconductor substrate, the
pMISFET including a second dielectric formed on the
semiconductor substrate and a second metal gate electrode
formed on the second dielectric and made of the same
material as that of the first metal gate electrode, at least a
portion of the second dielectric facing the second metal gate
electrode being made of an insulating material different from
that of at least a portion of the first dielectric facing the first
metal gate electrode.

According to a second aspect of the invention, there is
provided a semiconductor device which comprises:

a semiconductor substrate;

an nMISFET formed on the semiconductor substrate, the
nMISFET including a first dielectric formed on the semi-
conductor substrate and a first metal gate electrode formed
on the first dielectric; and

a pMISFET formed on the semiconductor substrate, the
pMISFET including a second dielectric formed on the
semiconductor substrate and a second metal gate electrode
formed on the second dielectric and made of the same
material as that of the first metal gate electrode, at least a
portion of the second dielectric facing the second metal gate
electrode being made of an insulating material different from
that of at least a portion of the first dielectric facing the first
metal gate electrode,
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wherein a relation:

(%B-%A)x(d+dp)=3.9

is satisfied by electronegativity (¢ A) and an atomic radius
(d, a unit thereof is A) of a metal element constituting the
first metal gate electrode and the second metal gate electrode
and by electronegativity (xB) and an atomic radius (dg) of
an element having the highest binding energy to combine
with the metal element constituting the second metal elec-
trode among elements constituting the portion of the second
dielectric of the pMISFET facing the second metal elec-
trode.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1 is a sectional view of a semiconductor device
according to a first embodiment of the present invention;

FIG. 2 is a graph showing an effective work function on
HfSiON and SiO, of a metal gate electrode;

FIG. 3 is an energy band diagram when a dipole is formed
at an interface between the gate electrode and a gate dielec-
tric;

FIG. 4 is a graph showing an effective work function of
a Ta simple substance and Ta compounds on HfSiON and
Si0,;

FIG. 5 is a graph to explain electronegativity dependency
of' a compound partner relative to a difference of the effec-
tive work function of the Ta compounds on HfSiON and
SiO,;

FIG. 6 is an energy band diagram when the dipole is
formed at the interface between the gate electrode and the
gate dielectric;

FIG. 7 is a sectional view of a semiconductor device
according to a second embodiment of the present invention;

FIG. 8 is a schematic enlarged sectional view of a
pMISFET in the semiconductor device according to the
second embodiment;

FIG. 9 is a schematic enlarged sectional view of an
nMISFET in the semiconductor device according to the
second embodiment;

FIGS. 10 to 13 are sectional views showing stepwise a
manufacturing process of the semiconductor device accord-
ing to the second embodiment;

FIG. 14 is a sectional view of a semiconductor device
according to a third embodiment of the present invention;

FIG. 15 is a schematic enlarged sectional view of a
pMISFET in the semiconductor device according to the third
embodiment; and

FIG. 16 is a schematic enlarged sectional view of an
nMISFET in the semiconductor device according to the third
embodiment.

DETAILED DESCRIPTION OF THE
INVENTION

According to embodiments of the present invention
described from now on, it is possible to realize a dual work
function CMIS semiconductor device using the same metal
gate electrode for a pMISFET and an nMISFET. Further, as
compared with a case where different metals are used for the
pMISFET and the nMISFET, it is not necessary to individu-
ally produce the gate electrodes for the pMISFET and the
nMISFET, and gate processing steps are simplified, thereby
making it possible to realize the CMIS semiconductor
device using a metal gate and making integration easy.
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The embodiments of the present invention will hereinafter
be described with reference to the drawings.
(First Embodiment)

FIG. 1 is a sectional view of a semiconductor device
according to a first embodiment of the present invention. In
a surface region of an Si substrate as a semiconductor
substrate, there are provided an n-type semiconductor region
4 and a p-type semiconductor region 5, and a pMISFET and
an nMISFET are formed in the respective regions. The
n-type, p-type semiconductor regions 4, 5 are formed as
so-called wells.

On a surface of the n-type semiconductor region 4, a gate
dielectric (insulating film) is formed which is made of an
oxide 10 containing a metal atom having lower binding
energy to combine with a metal atom of a gate electrode 8
than Al, Si and Ge. The metal atoms are, for example, Zr, Hf,
Ti, Ta, Nb, V, Sc, Y, and a lanthanoide and actinide series.

On a surface of the p-type semiconductor region 5, a
dielectric 9 different from the gate dielectric 10 is formed
which includes any one of Al, Si and Ge having high binding
energy to combine with the metal atoms of the gate electrode
8. The gate dielectric 9 is, for example, AIN, AION, Al,O;,
Si0,, Sin, SiON, HfSiON, GeO,, or GeON.

On the gate dielectric 9 and the gate dielectric 10, the gate
electrode 8 is formed which is made of any one of Ti, Zr, Hf,
Ta, Sc, Y and a lanthanoide and actinide series or a boride,
silicide or germanide compound of these metals. A refrac-
tory metal such as W or the like may further be formed on
the gate electrode 8. It is to be noted that an isolation region
7, a source/drain region 2, an extension region 3 and a
sidewall dielectric 6 which are other components in FIG. 1
can be formed in an ordinary semiconductor process.

FIG. 2 shows an effective work function ¢meff of the
metal gate electrode when HfSiON which is a high-k
dielectric is used as the gate dielectric 10 and SiO, is used
as the gate dielectric 9.

The metal gate electrode is made of any one of ErGe,
(0<x<1), LaBg, Ta and TaB. In all the metal electrodes, an
effective work function of about 4 to 4.5 eV suited to the
nMISFET is shown on SiO,, and an effective work function
of about 4.7 to 4.8 eV suited to the pMISFET is shown on
HfSiON. That is, in accordance with this combination of
materials, it is possible to realize a dual-work function CMIS
using a single metal as the gate electrode.

A phenomenon in which the effective work function of the
metal electrode thus varies depending on the kind of gate
dielectric occurs due to the following reasons: the atom in
the dielectric combines with the atom in the metal electrode
at an interface between the metal electrode and the dielec-
tric, and the effective work function is modulated by a dipole
formed due to a difference of electronegativities in the
respective atoms.

A principle of this will be explained below when the metal
electrode is Ta by way of example. Ta and Hf have low
binding energy and are thus difficult to create a bond. This
is also obvious from that fact that no stable compound of Ta
and Hf exists. On the other hand, Ta and O have high binding
energy and are thus easier to create a bond than the com-
bination of Ta and Hf. Thus, when the dielectric immediately
under the metal electrode is an Hf-based oxide, a bond of Ta
(M) in the metal electrode and O in the gate dielectric as
shown in FIG. 3 is predominant at the interface between the
metal gate electrode and the dielectric. Since Pauling’s
electronegativities of Ta and O are 1.5 and 3.5, respectively,
a dipole 3+/0- is formed at the interface between the metal
gate electrode and the dielectric. When the atom on the
dielectric side has higher electronegativity than that of the
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atom on the metal electrode side among the atoms which
create bonds at the interface, the effective work function is
modulated by the dipole to increase as shown in an energy
bond diagram of FIG. 3. Therefore, the effective work
function of Ta increases on an Hf oxide.

On the other hand, because the binding energy of Si and
Ta is higher than that of Hf and Ta, a lot of bonds are created
between Ta atoms in the electrode and Si atoms in the
dielectric at the interface between the metal electrode and
the dielectric, when the dielectric immediately under the
metal electrode is SiO,, Therefore, the bonds of Ta and O
decrease as compared with a case where the dielectric is
HfSiON. Since Pauling’s electronegativities of Ta and Si are
1.5 and 1.8, respectively, the effective work function is again
modulated to increase. However, the difference of electro-
negativity here is 0.3, which is lower than in the case of Ta
and O having an electronegativity difference as high as 2.0.
Thus, Ta maintains a work function intrinsic thereto on SiO,,
as compared with that on the Hf-based oxide. In this way, the
effective work function of Ta varies on the Hf oxide and on
Si0,.

A difference in the effective work function dependent on
the kind of dielectric which is caused by the dipole formed
at the interface between the dielectric and the metal gate
electrode is greater when the electronegativity of the metal
atom of the electrode is lower. This is because when the
electronegativity of the metal atom of the electrode is lower,
the difference of the electronegativity between the metal
atom and O or Si which combines with the metal atom
becomes larger. If they are equally easy to achieve a covalent
bond, the binding energy is higher with a larger difference in
the electronegativity, and a bond is easily created. That is,
when the electronegativity of the metal atom of the electrode
is lower, the number of bonds formed at the interface
between the metal electrode and the dielectric is greater, and
an influence on the effective work function exerted by the
dipole is greater. This is also apparent from that fact that a
difference of the electronegativities on the Hf oxide and on
Si0, is greater in a compound of La and Er which has a
lower Pauling’s electronegativity of 1.1, as compared with a
difference of the electronegativities on the Hf oxide and on
SiO, in Ta and a Ta compound with a Pauling’s electro-
negativity of 1.5 in FIG. 2.

Furthermore, an advantage according to the embodiment
of'the present invention is provided by a large increase in the
work function of the metal gate electrode on the pMISFET
side. Therefore, the metal used for the gate electrode must
originally have a low work function suitable for the nMIS-
FET. That is, the metal used for the gate electrode 8 may be
any metal as long as it has the low electronegativity and
work function. Thus, the metal used for the gate electrode 8
is not limited to Ta, La, Er shown in FIG. 2, and may be any
one of Zr, Hf, Ti, Ta, Sc, Y, Sc, Y and a lanthanoide and
actinide sactinide series.

Moreover, the material of the gate electrode 8 is not
limited to a metal simple substance such as Zr, Hf, Ti, Ta, Sc,
Y, and the lanthanoide and actinide series, and may be a
compound thereof. The metal compound has sufficiently
high electron density, and can solve the problem of depletion
of the gate electrode interface in the same manner as the
metal simple substance. Further, in general, a compound is
chemically stable as compared with the metal simple sub-
stance and has a high melting point, so that it can suppress
a reaction between the metal gate electrode and the dielectric
and improve heat resisting properties. However, a com-
pound partner is limited in respect of electronegativity and
work function.
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FIG. 4 shows the effective work function ¢meff of Ta,
TaB, TaN and TaC on HfSiON which is a high-k dielectric
and on Si0,. FIG. 5 shows the electronegativity dependency
of the compound partner relative to the difference of the
effective work function of the Ta compounds on HfSiON
and SiO,.

As understood from FIG. 4, TaN and TaC also have values
of the effective work function of about 4.8 eV on SiO,, and
can not obtain a value substantially equal to that of the work
function of a polysilicon electrode for an nMOSFET.

Furthermore, it is apparent from FIG. 5 that the difference
in the effective work function dependent on the kind of
dielectric is smaller when the electronegativity of the com-
pound partner is higher. This is because the compound
partner on the gate electrode side which has higher electro-
negativity than a metal atom in the dielectric combines with
the metal atom in the dielectric at the interface to form a
dipole 8-/8+ as shown in FIG. 6 reverse to the dipole shown
in FIG. 3. Its influence is naturally more obvious when the
electronegativity of the compound partner is higher. As
shown in FIG. 6, since the dipole reverse to that in FIG. 3
has an effect of decreasing the work function of the gate
electrode, the effects of both dipoles are offset, with the
result that an effect of the work function modulation by the
dipole is reduced. That is, any compound partner may be
used as long as it maintains the work function of the metal
simple substance to a certain degree and has a certain low
degree of electronegativity, and the kinds of compounds
include boride, silicide and germanide.

As described above, the effective work function varies
depending on the kind of dielectric due to the fact that a
difference between the electronegativity of the metal atom of
the gate electrode and the electronegativity of the atom on
the dielectric side which combines with the metal atom
varies regarding the nMISFET and the pMISFET. That is,
when the metal atom of the gate electrode is the same, the
difference of the effective work function of the gate elec-
trode between the nMISFET and the pMISFET is greater if
the electronegativity of the atom on the dielectric side which
combines with the metal atom varies more greatly regarding
the nMISFET and the pMISFET. O on the dielectric side
mainly combines with metal atom of the electrode at the
interface between the metal electrode and the dielectric of
the pMISFET regardless of the kind of metal atom in the
dielectric as long as the dielectric satisfies a condition for the
gate dielectric 10. Thus, the atom on the dielectric side
which combines with the metal atom of the electrode in the
nMISFET desirably has electronegativity which greatly dif-
fers from that of O, that is, a low electronegativity. This
means that when the electronegativity of the atom on the
dielectric side which combines with the metal atom of the
electrode in the nMISFET is lower, the effective work
function of the metal electrode does not increase in the
nMISFET and an original low work function is maintained.

From what has been described above, it is desired that an
insulator containing the atom with high binding energy to
combine with the metal atom of the gate electrode be on the
gate electrode side (the gate dielectric 9) of the gate dielec-
tric in the nMISFET, and an oxide containing the atom with
low binding energy to combine with the metal atom of the
gate electrode be on the gate electrode side of the gate
dielectric in the pMISFET. As described above, the effect of
this is higher when the electronegativity is lower with regard
to the atom which is in the gate electrode side (the gate
dielectric 9) of the gate dielectric in the nMISFET and which
combines with the metal atom of the gate electrode. Con-
sequently, the dielectric 9 is not limited to SiO, used in the
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example shown in FIG. 2, and may be any one of insulators
containing Al, Si and Ge, such as AIN, AION, Al,O;, SiO,,
SiN, SiON, GeO, or GeON. The gate dielectric 10 is not
limited to the Hf oxide used in the example shown in FIG.
2 either, and may be any one of oxides containing at least
one atom having lower binding energy to combine with the
metal atoms of the gate electrode than Al, Si and Ge, such
as Zr, Hf, Ti, Ta, Nb, V, Sc, Y and the lanthanoide and
actinide series.

Furthermore, as described above, the degree of the effects
according to the embodiment of the present invention is
decided by a balance between the work functions and
electronegativities of elements constituting the gate elec-
trode and the gate dielectric. That is, the kind of dielectric
which can provide the effects according to the embodiment
of the present invention varies depending on the kind of the
care electrode material and on the kind of the other dielec-
tric, and the material can be suitably selected without
departing from the spirit of the present invention.

For example, HfSiON used as the gate dielectric in the
pMISFET in the example of FIG. 2 contains both Hf having
low binding energy to combine with the metal atoms of the
gate electrode and Si having high binding energy to combine
with the metal atoms of the gate electrode, and therefore
satisfies both conditions for the gate dielectric 9 and the gate
dielectric 10. In the example shown in FIG. 2, the kind of the
other dielectric is SiO, that does not at all contain Zr, Hf, Ti,
Ta, Nb, V, Sc, Y and the lanthanoide and actinide series,
which is a necessary condition for the gate dielectric 10.
Therefore, it has relatively higher effective work function on
HfSiON, and HfSiON functions as the dielectric of the
pMISFET. That is, when the kind of the other dielectric is
one such as HfO, that does not at all contain Al, Si and Ge
which is a necessary condition for the gate dielectric 9, the
effective work function on HfSiON is relatively low, and
HfSiON functions as the dielectric of the nMISFET. At this
time, an increase breadth of the effective work function of
the nMISFET is larger as compared with a case where the
dielectric is SiO,, but a combination of such dielectrics is
effective when the electrode material having work function
lower than the ideal effective work function where there is
no influence of dipole is used as the gate electrode.

As described above in detail, the satisfactory advantage
according to the embodiment of the present invention can be
provided when: the dielectric of at least the pMISFET is an
oxide; there is a difference between atomic density of Zr, Hf,
Ti, Ta, Nb, V, Sc, Y and the lanthanoide and actinide series
contained in the dielectric of the pMISFET, and atomic
density of Zr, Hf, Ti, Ta, Nb, V, Sc, Y and the lanthanoide
and actinide series contained in the dielectric of the nMIS-
FET; and a magnitude relation of the atomic densities is
reverse to that of atomic densities of Al, Si and Ge between
the pMISFET and the nMISFET. This is because in a case
of' a combination of the dielectrics satisfying such a condi-
tion, the fact that the atomic density of Zr, Hf, Ti, Ta, Nb, V,
Sc, Y and the lanthanoide and actinide series is high means
that the atomic density of Al, Si and Ge is low, so that more
bonds of the electrode metal atom and O which have large
difference in the electronegativity are formed and the effec-
tive work function increases. The dielectric, in which the
atomic density of Zr, Hf, Ti, Ta, Nb, V, Sc, Y and the
lanthanoide and actinide series is higher, that is, the atomic
density of Al, Si and Ge is lower, functions as the dielectric
of'the pMISFET. The dielectric, in which the atomic density
of Zr, Hf, Ti, Ta, Nb, V, Sc, Y and the lanthanoide and
actinide series is lower, that is, the atomic density of Al, Si
and Ge is higher, functions as the dielectric of the nMISFET.
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In this case, in order to obtain a sufficiently high effect, the
atomic density of Zr, Hf, Ti, Ta, Nb, V, Sc, Y and the
lanthanoide and actinide series contained in the dielectric of
the nMISFET is desirably 50% or less of the atomic density
of Zr, Hf, Ti, Ta, Nb, V, Sc, Y and the lanthanoide and
actinide series contained in the dielectric of the pMISFET.

In this way, the effective work function of the pMISFET
and the nMISFET can be optimized considering not only the
difference in the kind of elements constituting the dielectrics
of'the pMISFET and the nMISFET but also the difference in
the atomic density therebetween.

The dielectric 9 and the dielectric 10 referred to below
include a dielectric that satisfies both conditions for the
dielectric 9 and the dielectric 10, if the combination of
dielectric satisfies the above-mentioned condition for the
difference in the atomic density.

In this manner, a suitable combination of materials is used
to form the gate electrode side of the gate dielectric of the
pMISFET and the nMISFET gate dielectric 10 and 9) and
the gate dielectric side of the gate electrode (the gate
electrode 8), so that even when the gate electrodes of the
pMISFET and the nMISFET are formed of the same metal,
it can have different effective work functions suitable for the
pMISFET and the nMISFET, and by forming a configuration
as shown in FIG. 1, it is possible to realize the dual work
function CMS with a single metal gate electrode.

The advantage of the present invention is provided by the
dipole which is formed in accordance with the difference of
the electronegativities when two atoms are bonded at the
interface between the gate electrode and the gate dielectric.
When a dipole due to deviation of charges of +q and —q is
formed by the atomic bond at the interface between the
electrode and the dielectric and the dipole number is con-
stant, a work function variation A® due to this dipole is
expressed as follows:

AdogD o)

wherein D is a sum (A) of atomic radii of the two bonded
atoms. The deviation of charges increases with an electro-
negativity difference Ay, and consequently, the work func-
tion variation A® is proportionate to a product of the
electronegativity difference Ay and the sum D of the atomic
radii. Here, Equation (1) can be written as follows:

AD=kxAyxD )

wherein it is defined that Ay=y (the element of the gate
dielectric) —y (a metal element of the gate electrode). K is a
certain coefficient.

On the other hand, a metal element (element A) of the
electrode 8 combines with an element (element B) having
the highest binding energy to combine with the element A
among elements constituting the dielectric 10. That is, it is
necessary to consider here the electronegativity difference
between the two elements and the sum of the atomic radii
thereof. Accordingly, it is required to know what degree of
AyxD enables the sufficient work function variation A®. In
the case as shown in FIG. 2 where the metal electrode is Ta,
a high effective work function of about 4.8 eV is obtained by
the dipole formed by bonding of Ta and O. Here, a vacuum
work function (work function not influenced by the dipole)
of Ta which we used was 4.25 eV. That is, a work function
variation of about +0.55 eV is obtained by the dipole. The
electronegativities of Ta and O are 1.5 and 3.5, respectively,
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and the atomic radii thereof are 1.43 A and 0.61 A, so that
if these are substituted in Equation (2),

0.55=kx2x2.04 3)

and it is therefore possible to obtain a relational expression:

AD=0.13xAyxD )

In general, the work function of the gate electrode of the
pMISFET needs to be about 0.4 eV higher than the work
function of the gate electrode of the nMISFET. However, a
certain amount of increase in the work function is also
expected on the nMISFET side, but a combination of
materials is selected on the nMISFET side so that the work
function increase is less than 0.1 eV even if the work
function increase is at the maximum. Therefore, it is desired
that a work function variation of +0.5 eV or more be
obtained on the pMISFET side.

In this manner, the advantage of the present invention can
be provided if

(%B-%A)x(d 4+dp)=0.5/0.13~3.9 (5)

is satisfied, wherein A is the electronegativity of the metal
element (element A) of the electrode 8, and yB is the
electronegativity of the element (element B) having the
highest binding energy to combine with the element A
among the elements constituting the dielectric 10, and the
atomic radii of the element A and the element B are d ,, dg,
respectively.

On the other hand, since a minimum value of the work
function variation on the pMISFET side is set to +0.5 eV, the
advantage of the present invention can be provided if an
increase in the work function in the nMISFET is less than
0.1 eV. That is, an element (element C) having the highest
binding energy to combine with the metal element (element
A) of the gate electrode 8 among the elements constituting
the dielectric 9 of the nMISFET may be any element as long
as it satisfies

(XC-% A (d +d )<0.1/0.13=0.7 (6

wherein C and d. are the electronegativity and atomic
radius of the element C, respectively. It is to be noted that the
effect of the dipoles is greater when the number of the atoms
which combine at the interface and the number of dipoles are
larger, so that it is possible to control the effective work
function modulation by changing the atomic density at the
interface.

Because the advantage of the present invention is derived
from the fact that the effective work function is increased by
the dipole formed at the interface between the gate electrode
and the gate dielectric, the metal used for the gate electrode
must be originally usable as the electrode of the nMISFET,
and needs to have a low work function of 4.4 eV or less.

On the other hand, it is known that the work function @
is strongly dependent on the electronegativity  and that the
relation therebetween is experientially described as follows:

D=2.27y+0.34 )

According to this, if the electronegativity y is 1.78 or less,
the work function ® is 4.4 eV or less. Therefore, the
electronegativity v of the metal used for the gate electrode
is desirably 1.78 or less.

The material of the gate electrode is not limited to the
metal simple substance, and may be a metal compound.
However, the elements constituting the compound is
restricted in that the work function of the compound must
have a value suitable for the gate electrode of the nMISFET.
While the work function of the metal is dependent on its
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electronegativity as described above, but the electronegativ-
ity y(compound) of a compound A X, is generally
described as follows:

7(compound)=" "y 77 ®

whereiny - is the electronegativity of an element X.
That is, the metal compound may be any compound as

long as it satisfies
¥(compound)=1.78 ()]

For example, when the metal electrode as shown in FIG.
2 is TaB, the electronegativity of B is 2.0, so that

X(compound)zz\/l 5x2.0=1.73

and this satisfies Equation (9).
(Second Embodiment)

FIG. 7 is a sectional view of a semiconductor device
according to a second embodiment of the present invention.
FIG. 8 is a schematic enlarged sectional view of an Si
substrate, a gate dielectric and a gate electrode of a pMIS-
FET in the semiconductor device of FIG. 7. A gate dielectric
made of an oxide 10 is formed on an n-type Si substrate 4.
A gate electrode 8 is formed on the gate dielectric 10.
Although not shown, a refractory metal such as W or the like
may further be formed on the gate electrode 8.

FIG. 9 is a schematic enlarged sectional view of an Si
substrate, a gate dielectric and a gate electrode of an
nMISFET in the semiconductor device of FIG. 7. A gate
dielectric is formed on a p-type Si substrate. The second
embodiment is different from the first embodiment in that
the gate dielectric has a laminated structure, and a lower
layer thereof includes the oxide on which a dielectric 9
different from the lower layer is formed, as understood from
FIG. 9. Other configurations are similar to those in the first
embodiment and are not described in detail.

As described in the first embodiment, since an advantage
of the embodiment is caused by a dipole formed at an
interface between the gate electrode and the gate dielectric,
athickness of the gate dielectric 9 is not limited, and the gate
dielectric 9 may be any gate dielectric as long as it is one or
more monolayers between the metal electrode and the oxide
film 10. The dielectric 9 needs to be as thin as possible to
reduce a decrease in gate capacitance to the minimum, and
more particularly, the dielectric 9 is desirably one or more
monolayers and 2 nm or less.

The gate electrode 8 is formed on the gate dielectric 9. A
refractory metal such as W or the like may further be formed
on the gate electrode 8.

A method of manufacturing the semiconductor device
according to the second embodiment will next be described
referring to FIGS. 10 to 13. First, a region for isolation is
formed in an Si substrate 1 by a shallow trench method as
shown in FIG. 10, and element formation plan regions are
separated. Next, the n-type semiconductor region 4 and a
p-type semiconductor region 5 are formed, and then the gate
dielectric 10 is formed on a substrate surface. Subsequently,
the gate dielectric 9 is selectively deposited only on the gate
dielectric 10 on the nMISFET side as shown in FIG. 11. The
gate dielectric 9 is desirably as thin as possible to reduce a
decrease in the gate capacitance to the minimum. A method
of depositing the gate dielectric 9 is not specifically limited,
but it is desirable to use, for example, an atomic layer
deposition (ALD) method capable of forming a uniform thin
film.

Next, the same metal gate material is deposited on the
gate dielectric 10 and the gate dielectric 9 as shown in FIG.
12, and the gate electrodes 8 of the nMISFET and pMISFET
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are simultaneously formed. Methods of the film formation
include, for example, a chemical vapor deposition (CVD)
method, a vapor deposition method and a sputter method.
Subsequently, the gate electrode and the gate dielectric are
processed by etching such as lithography and RIE as shown
in FIG. 13.

An isolation region 7, a source/drain region 2, an exten-
sion region 3 and a sidewall dielectric 6 can be formed by
properly using an ordinary semiconductor process after or
during the process described above.

In a configuration shown in FIG. 7, the gate electrode is
the same for the nMISFET and the pMISFET, and it is
therefore not necessary to individually produce the gate
electrodes unlike conventional gate electrodes which are
different in the pMISFET and the nMISFET. Further, when
the gate dielectric 9 may be very thin as in the present
structure, gate processing can be performed in one etching
step even if the gate dielectric is differently structured in the
pMISFET and the nMISFET. Therefore, according to the
embodiment of the present invention, it is possible to
manufacture a dual work function CMIS using the metal
gate by a simple process.

Furthermore, a transistor in which the gate is formed by
means of the prior art where the gate is formed in advance
has been described in the above embodiment, but the present
invention is also applicable to a transistor in which the gate
is formed by use of so-called damascene method considering
heat resistance properties of the metal gate.

It is to be noted that the manufacturing method is not
described in the first embodiment, but the first embodiment
is only different from the second embodiment in that the gate
dielectric is a monolayer, so that the first embodiment can be
similarly implemented by adapting the gate dielectric for-
mation step in the second embodiment for the monolayer.

The second embodiment described above can provide a
similar advantage by a function similar to that in the first
embodiment.

(Third Embodiment)

FIG. 14 is a sectional view of a semiconductor device
according to a third embodiment of the present invention.
FIG. 15 is a schematic enlarged sectional view of an Si
substrate, a gate dielectric and a gate electrode of a pMIS-
FET in the semiconductor device of FIG. 14. A gate dielec-
tric is formed on an n-type semiconductor region 4. The gate
dielectric has a laminated structure, and a lower layer thereof
is a dielectric 9. A dielectric 10 different from the lower layer
is formed on the dielectric 9, and this is different from the
first embodiment.

As described in the first embodiment, since a difference in
the effective work function is caused by a dipole formed at
an interface between the gate electrode and the gate dielec-
tric, a thickness of the gate dielectric 10 is not limited, and
the dielectric 10 may be any dielectric as long as it is one or
more monolayers between the metal electrode and the oxide
film 10. The gate dielectric 10 needs to be as thin as possible
to reduce a decrease in gate capacitance to the minimum,
and more particularly, the dielectric 10 is desirably one or
more monolayers and 2 nm or less. A refractory metal such
as W or the like may further be formed on the gate electrode
8.

FIG. 16 is a schematic enlarged sectional view of an Si
substrate, a gate dielectric and a gate electrode of an
nMISFET in the semiconductor device of FIG. 14. A gate
dielectric made of an oxide 9 is formed on a p-type semi-
conductor region 5. The gate electrode 8 is formed on the
gate dielectric 9. A refractory metal such as W or the like
may further be formed on the gate electrode 8.
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A method of manufacturing the semiconductor device of
the third embodiment is only different from that in the
second embodiment in that a place and a material to form the
laminated gate dielectric are different, and the third embodi-
ment can therefore be implemented in the same manner as
the second embodiment. In addition, the semiconductor
device in the third embodiment can provide a similar advan-
tage by a function similar to those in the first and second
embodiments described above.

Additional advantages and modifications will readily
occur to those skilled in the art. Therefore, the invention in
its broader aspects is not limited to the specific details and
representative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive
concept as defined by the appended claims and their equiva-
lents.

The invention claimed is:

1. A method of manufacturing a semiconductor device,
comprising:

forming an n-type semiconductor region and a p-type

semiconductor region on a semiconductor substrate;
forming a first gate dielectric layer above the n-type
semiconductor region;

forming a second gate dielectric layer above the p-type

semiconductor region, the second gate dielectric layer
having a composition different from that of the first gate
dielectric layer; and

forming a gate electrode layer over the n-type semicon-

ductor region and the p-type semiconductor region,
after said forming a first gate dielectric layer and said
forming a second gate dielectric layer,

such that a portion of the first gate dielectric layer in

contact with the gate electrode layer and a portion of
the second gate dielectric layer in contact with the gate
electrode layer include oxygen, a first element of at
least one element selected from the group consisting of
Zr, Hf, Ti, Ta, Nb, V, Sc, Y, a lanthanoide series and a
actinide series, and

said forming a gate electrode layer over the n-type semi-

conductor region and the p-type semiconductor region
includes making the atomic density of the first element
in the portion of the second gate dielectric layer be
lower than the atomic density of the first element in the
portion of the first gate dielectric layer.

2. The method according to claim 1, wherein said forming
a second gate dielectric layer includes forming the second
gate dielectric layer with a second element including one
selected from the group consisting of Al, Si and Ge.

3. The method according to claim 1, further comprising:

removing the first gate dielectric layer on the p-type

semiconductor region, after said forming a first gate
dielectric layer and before said forming a second gate
dielectric layer.

4. The method according to claim 3, further comprising:

forming a first gate electrode above the n-type semicon-

ductor region and a second gate electrode above the
p-type semiconductor region, by selectively etching the
gate electrode layer.

5. The method according to claim 4, further comprising:

forming an insulating layer over the p-type semiconductor

region and the n-type semiconductor region to bury the
first gate electrode and the second gate electrode, after
said forming the first gate electrode and the second gate
electrode; and

flatly etching back the insulating layer to expose tops of

the first gate electrode and the second gate electrode.
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6. The method according to claim 1, wherein said forming
a second gate dielectric layer above the p-type semiconduc-
tor region includes forming the second gate dielectric layer
above the p-type semiconductor region with the first gate
dielectric layer interposed therebetween.
7. The method according to claim 6, further comprising:
forming a first gate electrode above the n-type semicon-
ductor region and a second gate electrode above the
p-type semiconductor region, by selectively etching the
gate electrode layer.
8. The method according to claim 7, further comprising:
forming an insulating layer over the n-type semiconductor
region and the p-type semiconductor region to bury the
first gate electrode and the second gate electrode, after
said forming the first gate electrode and the second gate
electrode; and
flatly etching back the insulating layer to expose tops of
the first gate electrode and the second gate electrode.
9. The method according to claim 6, wherein said forming
a second gate dielectric layer above the p-type semiconduc-
tor region includes forming the second gate dielectric layer
s0 as to have a thickness of one or more mono layers and 2
nm or less.
10. The method according to claim 1, wherein said
forming a gate electrode layer includes forming the gate
electrode layer such that a relation:

(%B-%A)x(d+dp)=3.9

is satisfied by electronegativity (¢ A) and an atomic radius
(d,, a unit thereof is A) of a metal element constituting the
gate electrode layer and by electronegativity (xB) and an
atomic radius (dg) of an element having the highest binding
energy to combine with the metal element constituting the
gate electrode layer among elements constituting the portion
of the first gate dielectric layer facing the gate electrode
layer.

11. The method according to claim 10, wherein said
forming a gate electrode layer includes forming the gate
electrode layer such that a relation:

(%C-%A)x(d+d )=0.7

is satisfied, wherein %C and d. (a unit thereof is A) are
electronegativity and an atomic radius of an element having
the highest binding energy to combine with the metal
element constituting the gate electrode layer among ele-
ments constituting the portion of the second gate dielectric
layer above the p-type semiconductor region facing the gate
electrode layer.

12. The method according to claim 1, wherein said
forming a gate electrode layer over the n-type semiconduc-
tor region and the p-type semiconductor region, after said
forming a first gate dielectric layer and said forming a
second gate dielectric layer, includes making the atomic
density of the first element contained in the second gate
dielectric layer be 50% or less of atomic density of the first
element contained in the first gate dielectric layer.

13. The method according to claim 1, wherein said
forming a gate electrode layer over the n-type semiconduc-
tor region and the p-type semiconductor region, after said
forming a first gate dielectric layer and said forming a
second gate dielectric layer, includes making a portion of the
first gate electrode layer in contact with the first gate
dielectric layer and a portion of the second gate electrode
layer in contact with the second gate dielectric layer include
the same metal element.

14. The method according to claim 1, wherein said
forming a gate electrode layer over the n-type semiconduc-
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tor region and the p-type semiconductor region, after said
forming a first gate dielectric layer and said forming a
second gate dielectric layer, includes making a portion of the
first gate electrode layer in contact with the first gate
dielectric layer and a portion of the second gate electrode
layer in contact with the second [pate] gate dielectric layer
include at least one metal element selected from the group
consisting of Ta, La, Er, Zr, Hf, Ti and La.
15. A method of manufacturing a semiconductor device,
comprising:
forming an n-type semiconductor region and a p-type
semiconductor region on a semiconductor substrate;

forming a second gate dielectric layer above the n-type
semiconductor region and the p-type semiconductor
region;

forming a first gate dielectric layer above the n-type

semiconductor region, the first gate dielectric layer
being made of an insulating material different from that
of the second gate dielectric layer, the first gate dielec-
tric layer and the second gate dielectric layer being
formed of an oxide layer including a first element of at
least one metal element selected from the group con-
sisting of Zr, Hf, Ti, Ta, Nb, V, Sc, Y, a lanthanoide
series and a actinide series; and

forming a gate electrode layer over the n-type semicon-

ductor region and the p-type semiconductor region,
after said forming a first gate dielectric layer and said
forming a second gate dielectric layer, wherein an
atomic density of the first element in a portion of the
second [pate] gate dielectric layer in contact with the
gate electrode layer is lower than an atomic density of
the first element in a portion of the first [pate] gate
dielectric layer in contact with the gate electrode layer.

16. The method according to claim 15, wherein said
forming a second gate dielectric layer includes forming the
second gate dielectric layer with a material including one
selected from the group consisting of Al, Si and Ge.

17. The method according to claim 15, wherein said
forming a first gate dielectric layer above the n-type semi-
conductor region includes forming the first gate dielectric
layer above the n-type semiconductor region with the second
gate dielectric layer interposed therebetween.

18. The method according to claim 17, further compris-
ing:

forming a first gate electrode above the n-type semicon-

ductor region and a second gate electrode above the
p-type semiconductor region, by selectively etching the
gate electrode layer.

19. The method according to claim 18, further compris-
ing:

forming an insulating layer over the n-type semiconductor

region and the p-type semiconductor region to bury the
first gate electrode and the second gate electrode, after
said forming the first gate electrode and the second gate
electrode; and

flatly etching back the insulating layer to expose tops of

the first gate electrode and the second gate electrode.

20. The method according to claim 17, wherein said
forming a first gate dielectric layer above the n-type semi-
conductor region includes forming the first gate dielectric
layer so as to have a thickness of one or more mono layers
and 2 nm or less.

21. The method according to claim 15, wherein said
forming a gate electrode layer includes forming the gate
electrode layer such that a relation:

(%B-%A)x(d+dp)=3.9
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is satisfied by electronegativity (¢ A) and an atomic radius
(d,, a unit thereof is A) of a metal element constituting the
gate electrode layer and by electronegativity (xB) and an
atomic radius (dg) of an element having the highest binding
energy to combine with the metal element constituting the
gate electrode layer among elements constituting the portion
of the first gate dielectric layer facing the gate electrode
layer.

22. The method according to claim 21, wherein said
forming a gate electrode layer includes forming the gate
electrode layer such that a relation:

(%C-%A)x(d+d )=0.7

is satisfied, wherein ¥C and d, (a unit thereof is A) are
electronegativity and an atomic radius of an element having
the highest binding energy to combine with the metal
element constituting the gate electrode layer among ele-
ments constituting the portion of the second gate dielectric
layer above the p-type semiconductor region facing the gate
electrode layer.

23. A semiconductor device comprising:

a semiconductor substrate;

an nMISFET including a first dielectric disposed above

the semiconductor substrate and a first metal gate
electrode formed on the first dielectric; and
a pMISFET including a second dielectric disposed above
the semiconductor substrate and a second metal gate
electrode disposed above the second dielectric,

wherein the first dielectric in contact with the first metal
gate electrode and the second dielectric in contact with
the second metal gate electrode include a first element
of at least one element selected from the group con-
sisting of Zr, Hf, Ti, Ta, Nb, V, Sc, Y, a lanthanoide
series and anm actinide series, and at least the first
dielectric includes a second element selected from a
group consisting of Al, Si and Ge, and an atomic
density of the second element in the second dielectric is
lower than an atomic density of the second element in
the first dielectric.

24. The semiconductor device according to claim 23,
wherein the second dielectric comprises a hafnium (Hf)
oxide layer contacting the second metal gate electrode.

25. The semiconductor device according to claim 24,
wherein the hafnium oxide layer has a thickness of 2 nm or
less.

26. The semiconductor device according to claim 25,
wherein the second dielectric further comprises a silicon
oxide (Si0,) layer between the semiconductor substrate and
the hafnium oxide layer.

27. The semiconductor device according to claim 23,
wherein the second element is aluminum (Al).

28. The semiconductor device according to claim 23,
wherein the first element is titanium (Ti).

29. The semiconductor device according to claim 23,
wherein the first element is tantalum (1a).

30. The semiconductor device according to claim 23,
further comprising a tungsten (W) metal layer formed on
each of the first and second metal gate electrodes.
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31. The semiconductor device according to claim 30,
wherein the first and second metal gate electrodes include
titanium (1i).

32. The semiconductor device according to claim 23,
wherein the first and second metal gate electrodes include
titanium (1i).

33. The semiconductor device according to claim 23,
wherein the second element is silicon (Si).

34. A method of manufacturing a semiconductor device,
comprising:

forming an nMISFET including a first dielectric disposed

above a semiconductor substrate and a first metal gate
electrode formed on the first dielectric; and

forming a pMISFET including a second dielectric dis-

posed above the semiconductor substrate and a second
metal gate electrode disposed above the second dielec-
tric,

wherein the first dielectric in contact with the first metal

gate electrode and the second dielectric in contact with
the second metal gate electrode include a first element
of at least one element selected from the group con-
sisting of Zr, Hf, Ti, Ta, Nb, V, Sc, Y, a lanthanoide
series and an actinide series, and at least the first
dielectric includes a second element selected from a
group consisting of Al, Si and Ge, and an atomic
density of the second element in the second dielectric is
lower than an atomic density of the second element in
the first dielectric.

35. The method according to claim 34, wherein the second
dielectric comprises a hafnium (Hf) oxide layer contacting
the second metal gate electrode.

36. The method according to claim 35, wherein the
hafnium oxide layer has a thickness of 2 nm or less.

37. The method according to claim 34, wherein the
hafnium oxide layer is formed by atomic layer deposition.

38. The method according to claim 36, wherein the second
dielectric further comprises a silicon oxide (SiO,) layer
between the semiconductor substrate and the hafnium oxide
layer.

39. The method according to claim 38, wherein the
hafnium oxide layer is formed by atomic layer deposition.

40. The method according to claim 34, wherein the
selected second element is aluminum (Al).

41. The method according to claim 34, wherein the first
element is titanium (7).

42. The method according to claim 34, wherein the first
element is tantalum (1a).

43. The method according to claim 34, further comprising
a tungsten (W) metal layer formed on each of the first and
second metal gate electrodes.

44. The method according to claim 43, wherein the first
and second metal gate electrodes includes titanium (7).

45. The method according to claim 34, wherein the first
and second metal gate electrodes includes titanium (7).

46. The method according to claim 34, wherein the second
element is silicon (Si).

47. The method according to claim 34, wherein the first
and second metal gate electrodes arve formed by a dama-
scene processing method.
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