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DUAL WORK FUNCTION METAL GATE
INTEGRATION IN SEMICONDUCTOR DEVICES

[0001] This application is a continuation-in-part of U.S.
application Ser. No. 10/852,523, entitled, “REFRACTORY
METAL-BASED ELECTRODES FOR WORK FUNC-
TION SETTING IN SEMICONDUCTOR DEVICES,” filed
on May 24, 2004 and which is commonly assigned with the
present invention, and incorporated by reference as if repro-
duced herein in its entirety.

TECHNICAL FIELD OF THE INVENTION

[0002] The present invention is directed in general to
semiconductor devices and the manufacture of semiconduc-
tor devices and, more specifically, to manufacturing metal
gate structures for semiconductor devices.

BACKGROUND OF THE INVENTION

[0003] The ability to dope polysilicon gates to different
degrees allows one to adjust the work function of gate
electrode materials to particular types of metal oxide silicon
(MOS) transistors. It is desirable to adjust the work function
of a gate electrode (hereinafter, the gate), to be close to either
the conduction band or the valence band of silicon, because
this reduces the threshold voltage (V,) of the transistor,
thereby facilitating a high drive current at low operating
voltages. For instance, dual work function gates, for
example doped polysilicon are advantageously used in semi-
conductor devices, such as complementary metal oxide
silicon (CMOS) transistor device, having both pMOS and
nMOS transistors. The use of doped polysilicon gates
becomes problematic, however, as the dimensions of gates
and gate insulators are reduced.

[0004] Polysilicon gates can accommodate only a finite
amount of dopants. This limitation can result in a depletion
of gate charge carriers at the interface between the gate and
gate dielectric, when the gate is biased to invert the channel.
Consequently, the electrical thickness of the gate stack is
substantially increased, thereby deteriorating the perfor-
mance characteristics of the transistor, such as reducing the
drive current and slowing switching speeds. For instance,
the effective electrical thickness of a gate dielectric in some
pMOS transistors can increase from about 1.0 nanometer
during accumulation mode, to about 1.8 nanometers during
inversion mode. Depletion of the polysilicon gate is a
fundamental issue that limits further scaling of MOS
devices.

[0005] In addition, when high-k gate dielectrics are used
with polysilicon a V, offset of up to 700 mV is observed for
pMOS devices. This large V, offset is associated with dopant
(e.g., boron) diffusion and interaction with the gate dielec-
tric. At present, there is no effective way to control this V,
offset problem.

[0006] Metal gates are an attractive alternative to polysili-
con because they have a larger supply of charge carriers than
doped polysilicon gates. When a metal gate is biased to
invert the channel, there is no substantial depletion of
carriers at the interface between the metal gate and gate
dielectric. Accordingly, the transistor’s performance is not
deteriorated because the electrical thickness of the gate stack
is not increased. The manufacture of semiconductor devices
having independently adjustable dual work function metal
gates has been troublesome, however.
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[0007] Ideally, dual work function metal gates should be
compatible with conventional gate dielectric materials and
have suitably adjustable and stable work functions. It is
challenging, however, to find such metals. For instance,
there have been attempts to use fully nickel silicided poly-
silicon as the gate for MOS ftransistors, with implanted
dopants used to adjust the work function. During the anneal-
ing process to fully silicide the gate, however, the implanted
dopants can interact with the gate dielectric. This can result
in the same type of V, offset problem encountered for doped
polysilicon. There is also the potential for nickel atoms to
migrate into the gate dielectric and channel, thereby intro-
ducing defects that can degrade the performance, reliability,
and stability of the device over time.

[0008] Others have attempted to use a hafnium nitride gate
on a hafnium oxide gate dielectric. Such a gate has a
mid-gap work function, meaning that the work function is
about mid-way between the valence band and the conduc-
tion band of the substrate. Such mid-gap materials are
unsatisfactory in a CMOS device, or other settings, where it
is desirable to adjust the work function, in order to achieve
alow V,.

[0009] Accordingly, what is needed in the art is a method
of manufacturing semiconductor devices having adjustable
and stable metal gates.

SUMMARY OF THE INVENTION

[0010] To address the above-discussed deficiencies of the
prior art, one embodiment is directed to a process for
forming a dual work function metal gate semiconductor
device. The process comprises providing a semiconductor
substrate having a gate dielectric layer thereon and a metal
layer on the gate dielectric layer. A work function of the
metal layer is matched to a conduction band or a valence
band of the semiconductor substrate. A conductive barrier
layer is formed on a portion of the metal layer, and a material
layer is formed on the conductive barrier layer and the metal
layer. The metal layer and the material layer are annealed to
form a metal alloy layer. A work function of the metal alloy
layer is matched to another of the conduction band or the
valence band of the semiconductor substrate.

[0011] Another embodiment is directed to a dual work
function metal gate semiconductor device. The device
includes a gate dielectric layer located over a semiconductor
substrate having a conduction band and a valence band. The
device also includes a first gate located over the gate
dielectric layer, the first gate including a metal layer located
over said gate dielectric layer and a conductive barrier layer
located over the metal layer. The metal layer has a work
function matched to the conduction band or the valence
band. The device further includes a second gate located over
the gate dielectric layer. The second gate includes a metal
alloy layer having a same metal element as the metal layer.
The metal alloy layer has a work function matched to
another of the conduction band or the valence band.

[0012] Still another embodiment is directed to an inte-
grated circuit. The integrated circuit comprises the above
described dual work function metal gate semiconductor
device. The integrated circuit also includes interconnect
metal lines on one or more insulating layers located over the
first and second gate, and interconnecting the first and
second gates to form an operative integrated circuit.
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[0013] The foregoing has outlined preferred and alterna-
tive features of the present invention so that those of
ordinary skill in the art may better understand the detailed
description of the invention that follows. Additional features
of the invention described hereinafter can also form the
subject of the claims of the invention. Those skilled in the art
should appreciate that they can readily use the disclosed
conception and specific embodiment as a basis for designing
or modifying other structures for carrying out the same
purposes of the present invention. Those skilled in the art
should also realize that such equivalent constructions do not
depart from the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The invention is best understood from the follow-
ing detailed description when read with the accompanying
FIGURESs. It is emphasized that in accordance with the
standard practice in the semiconductor industry, various
features may not be drawn to scale. In fact, the dimensions
of the various features may be arbitrarily increased or
reduced for clarity of discussion. Reference is now made to
the following descriptions taken in conjunction with the
accompanying drawings, in which:

[0015] FIGS. 1 to 8 illustrate cross-sectional views of
selected steps in processes for forming a dual work function
metal gate semiconductor device according to the principles
of the present invention

[0016] FIG. 9 illustrates a sectional view of an exemplary
dual work function metal gate semiconductor device manu-
factured according to the principles of the present invention;
and

[0017] FIG. 10 illustrates a sectional view of an exem-
plary integrated circuit manufactured according to the prin-
ciples of the present invention.

DETAILED DESCRIPTION

[0018] The present invention overcomes previous difficul-
ties in the production of devices having dual work function
metal gates by providing a first gate that includes a metal
layer whose work function is matched to one of a conduction
band or a valence band of a semiconductor substrate. A
second gate includes a metal alloy layer whose work func-
tion is matched to the other of the conduction band or the
valence band. Such dual gate configurations facilitate work
function control of the gates to enable dual gate semicon-
ductor devices to be constructed with lower voltage thresh-
olds and higher reliability than hitherto obtainable.

[0019] While not limiting the scope of the present inven-
tion by theory, it is believed that the absence of dopants in
the metal layer in the first gate avoids the accumulation of
dopants at the interface between the gate and the gate
dielectric. This, in turn, avoids the larger than desired
threshold voltages encountered in previous dual metal gate
devices, in particular when the gate dielectric is a high k
dielectric material.

[0020] The term, work function, is defined as the mini-
mum energy required to bring an electron from the Fermi
level to the vacuum level. For the purposes of the present
invention, a gate’s work function is matched to one of a
conduction band or a valence band of a semiconductor
substrate when the work function is within about 0.4 ¢V, and
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more preferably about 0.2 eV, of the energy level of the
substrate’s conduction band or valence band. As an example,
a gate’s work function is matched to a silicon substrate’s
valence band when the gate work function is greater than
about 4.8 eV, and more preferably between about 4.9 and
about 5.2 eV. Alternatively a gate’s work function is
matched to a silicon substrate’s conduction band when the
gate work function is less than about 4.6 ¢V and more
preferably, between about 4.0 and about 4.3 eV.

[0021] Of course, the energy levels corresponding to the
valence and conduction bands differ depending on the type
of material used for the semiconductor substrate and the type
and concentration of any dopants in the substrate. One
skilled in the art would understand how to determine specific
energy level values for the semiconductor substrate of
interest and define gate work functions that would match the
valence or conduction bands, as appropriate.

[0022] One embodiment of the present invention is illus-
trated in FIGS. 1-8, a process for forming a dual work
function metal gate semiconductor device 100. Turning first
to FIG. 1, illustrated is the partially completed device 100
after providing a semiconductor substrate 105 having a
conduction band and a valence band, and forming a gate
dielectric layer 110 located over, and preferably on, the
semiconductor substrate 105.

[0023] In some advantageous embodiments, the semicon-
ductor substrate 105 is made of silicon, although other
conventional substrate materials, such as silicon-on-insula-
tor, gallium arsenide, germanium, and silicon-germanium
substrates, are also within the scope of the invention. For
instance, the semiconductor substrate 105 can be a layer
located in the partially completed device 100, including a
silicon wafer itself or a layer located above the wafer as an
epitaxial layer, silicon layer of a silicon-on-insulator (SOI)
substrate, or other substrate. The semiconductor substrate
105 can be p-type or n-type and, as illustrated in FIG. 1,
further include an n-type doped well 115 and p-type doped
well 116 in the substrate 105. Of course, the opposite
configuration of an n-type doped well 116 and p-type doped
wells 115 is also within the scope of the present invention.
As well understood by those skilled in the art, regardless of
the type of material and doping used, the semiconductor
substrate 105 has a conduction band and a valence band.

[0024] As further illustrated in FIG. 1, the device 100
includes two regions: a first transistor region 120 and a
second transistor region 125. The first transistor region 120
can be one of a pMOS or nMOS transistor, while the second
transistor region 125 is the other of the pMOS or nMOS
transistor. As well understood by those skilled in the art, for
nMOS transistors, the well is p-type doped, while for pMOS
transistors, the well is n-type-doped. In certain configura-
tions, the dual work function metal gate semiconductor
device 100 is a CMOS device. The first and second transistor
regions 120, 125 are preferably separated by conventional
isolation structures 130 such as shallow trench or LOCOS
structures. Although the second transistor region 125, com-
prising a pMOS transistor, is depicted in FIG. 1 as including
the well 115, the opposite configuration, or other configu-
rations well known to those skilled in the art, are also within
the scope of the present invention.

[0025] Any conventional technique can be used to form
the gate dielectric layer 110, including atomic layer depo-
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sition (ALD), physical vapor deposition (PVD), chemical
vapor deposition (CVD), and spin coating, or other proce-
dures well known to those skilled in the art. In some
embodiments, the gate dielectric layer 110 includes a refrac-
tory metal. For the purposes of the present invention, a
refractory metal is defined as any element in Groups 4-6 and
Periods 4-6 of the Periodic Table of Elements, as well as
elements in the Lanthanide and Actinide series (International
Union of Pure and Applied Chemist Convention for desig-
nating Groups and Periods). In certain preferred embodi-
ments, the gate dielectric layer 110 is a high-k dielectric
material, that is, a material having a dielectric constant of
greater than about 4, and more preferably between about 6
and about 20. Non-limiting examples include silicon diox-
ide, silicon oxynitride, hafnium oxide, hafnium oxynitride,
hafnium silicon oxynitride, zirconium oxide, zirconium
oxynitride, zirconium silicon oxynitride, titanium oxide,
titanium oxynitride, and titanium silicon oxynitride, or other
materials well known to those skilled in the art are also
within the scope of the present invention.

[0026] Turning now to FIG. 2, depicted is the partially
completed device 100 after forming a metal layer 205 over,
and preferably on, the dielectric layer 110. The metal layer
205 can be formed using any number of conventional
processes. For instance, the metal layer 205 can be deposited
using physical vapor deposition (PVD) such as sputtering,
atomic layer deposition (ALD), chemical vapor deposition
(CVD), or other deposition techniques. In certain preferred
embodiments the metal layer 205 is composed of a refrac-
tory metal, and more preferably the same refractory metal as
in the gate dielectric layer 110.

[0027] Importantly, the metal layer 205 is selected to have
a work function that is matched to the conduction band or
the valence band of the semiconductor substrate 105. For
instance, the metal layer’s 205 work function can be
matched to a silicon substrate’s 105 valence band by making
the metal layer 205 out of elements such as molybdenum,
tungsten or combinations thereof. Alternatively, the metal
layer’s 205 work function can be matched to a silicon
substrate’s 105 conduction band by making the metal layer
205 out of elements such as tantalum, titanium, hafnium,
zirconium or combinations thereof.

[0028] As further illustrated in FIG. 2, a conductive
barrier layer 210 is formed over, and preferably on, a portion
215 of the metal layer 205 using conventional procedures
similar to those used to form the dielectric layer 110 or metal
layer 205. As illustrated in FIG. 2, the conductive barrier
layer 210 is over that portion 215 of the metal layer
comprising the transistor region 120. Of course in other
embodiments, the conductive barrier layer 210 can be
formed over the portion of the metal layer 205 comprising
the transistor region 125. One skilled in the art would be
familiar with any number of conventional procedures to
form the conductive barrier layer 210 over a portion 215 of
the metal layer 205. For instance, the conductive barrier
layer 210 over the metal layer portion 215 can be covered
with a protective mask while the uncovered conductive
barrier layer is removed. Removal can be accomplished by
conventional etching procedures such as a dry or wet etch,
after which the mask is removed.

[0029] Preferably, the conductive barrier layer 210 is
composed of a material that deters the diffusion of dopants

Nov. 24, 2005

and other elements from an overlying material layer, dis-
cussed below, into the metal layer 205. For instance, the
conductive barrier layer 210 can thermally decouple and
prevent reactions between the metal layer 205 and material
layer that can occur at elevated temperatures (e.g., greater
than about 700° C.) associated with depositing the material
layer. Suitable conductive barrier materials include metal
nitride, metal carbide or metal boride. Examples include
tungsten nitride, tantalum nitride or titanium nitride.

[0030] It is also desirable for the conductive barrier layer
210 to be thick enough to deter the diffusion of dopants and
other elements into the metal layer 205. For instance, it is
advantageous for the conductive barrier layer 210 to have a
thickness of between about 0.5 and about 10 nanometers and
more preferably between about 2 and about 5 nanometers in
order to allow polysilicon integration with subsequent con-
tact silicidation and also to minimize gate stack formation
difficulties due to the presence of a thick barrier layer during
pattern and etch.

[0031] Tt is also preferable for the metal layer 205 to be
substantially free of the same elements that comprise the
conductive barrier layer 210. For the purposes of the present
invention, the term substantially free is defined as less than
about 1 atomic percent of the aforementioned elements.

[0032] For instance, it is advantageous for the metal
element of the conductive barrier layer 210 to be different
from that used in the metal layer 205. This facilitates the
removal of unwanted portions of the conductive barrier by
etching procedures, as discussed above, without removing
the metal layer 205. For instance, when the metal layer 205
is made of tungsten, it is preferable but not required that
tungsten is not the metal element of the conductive barrier
layer 210. In such instances, therefore, a conductive barrier
of tantalum nitride or titanium nitride is preferred over
tungsten nitride.

[0033] In addition, it is preferable for the metal layer 205
to be substantially free of the anionic elements of the
conductive barrier layer 210. This advantageously ensures
that the work function of the metal layer 205 remains
matched to the valence or conduction band of the substrate
105. As an example, it is preferable for the metal layer 205
to be substantially free of nitrogen, carbon or boron, when
the conductive barrier layer 210 comprises a metal nitride,
metal carbide or metal boride, respectively.

[0034] Referring now to FIG. 3, depicted is the partially
completed device 100 after forming a material layer 305
over, and preferably on, the metal layer 205. As depicted in
FIG. 3, the material layer is formed on the metal layer 205
that is not covered by the conductive barrier layer 210. In
certain preferred embodiment material 305 is blanket depos-
ited, and therefore is also on the conductive barrier layer
210. In some embodiments, the material layer on the con-
ductive barrier layer could be removed using conventional
patterning and etch processes. In other embodiments, how-
ever, the material layer on the conductive barrier layer is
retained during subsequent processing steps.

[0035] The material layer 305 contains an element, pref-
erably a non-refractory metal element, such as aluminum or
silicon. The same conventional procedures, such as PVD,
CVD, ALD, or other techniques, can be used to form the
material layer 305 as used to form the gate dielectric layer
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105 and metal layer 205. The selection of material to
comprise the material layer 305 depends upon whether the
metal alloy is to be matched the valence band or conduction
band of the substrate 105. For instance, a material layer 305
of aluminum is preferred to match a silicon substrate’s 105
valence band while a material layer 305 of silicon is pre-
ferred to match the silicon substrate’s 105 conduction band.
In embodiments where the material layer 305 is silicon,
either polycrystalline silicon or amorphous silicon can be
used. Additionally, silicon germanium can also be used for
the material layer 305.

[0036] Insome embodiments, as shown in FIG. 3, dopants
310 are also implanted into the material layer 305. Dopant
implantation can facilitate matching of the work function of
the metal alloy layer with the valence or conduction band of
the substrate 105 as well as improve gate conductivity.

[0037] In instances where the dopants 310 could be inad-
vertently implanted into the gate dielectric layer 110 or
semiconductor substrate 105, it can be advantageous for the
dopants 310 to be co-deposited with the material layer 305,
using conventional PVD or other procedures. Co-deposition
also facilitates a homogenous distribution of dopants 310 in
the material layer 305. In some cases, it is also advantageous
to form a protective mask layer 315 over the conductive
barrier layer 210 to deter dopant implantation into the metal
layer 205, dielectric layer 110 or semiconductor substrate
105. The mask layer 315 can be made of a resist material,
such as photoresist and appropriately patterned using con-
ventional lithographic techniques.

[0038] To ensure that the metal layer 205 is fully alloyed
with the material layer 305, it is desirable to maintain a ratio
of thickness 320 of the material layer 305 to the thickness
325 of the metal layer 205 of at least about 2:1, more
preferably at least about 2.5:1, and even more preferably
greater than about 3:1. As shown in FIG. 3, in some cases,
the material layer 305 is deposited to a thickness 320 that
just sufficient to attain the ratio needed for fully alloying the
metal layer 205. As an example, when the metal layer 205
has a thickness 325 of about 5 nanometers, the material layer
305 preferably has a thickness of at least about 12.5 nanom-
eters, and more preferably about 15 nanometers.

[0039] With continuing reference to FIG. 3, FIG. 4
depicts the partially completed device 100 after annealing
the metal layer 205 and the material layer 305 to form a
metal alloy layer 405. When the material later 305 comprises
silicon or silicon germanium, the metal alloy layer 405 is a
metal silicide or metal germanosilicide layer, respectively.
In some advantageous embodiments, annealing includes
heating the metal layer 205 and the material layer 305 to a
temperature of between about 400° C. and 1400° C., for a
period of least about 1 second. In the depicted embodiment,
the material layer 305 on the metal layer 2085 is substantially
converted (e.g., at least about 99%) into the metal alloy layer
405 in the annealing step. Regardless of whether material
layer 305 is fully converted into the metal alloy layer 405
during the anneal, it is preferred that the metal layer 205 is
fully converted to the metal alloy layer 405 so that this layer
405 is in intimate contact with the gate dielectric layer 110
and sets the work function for the transistor 125.

[0040] The work function of the metal alloy layer 405 can
be matched to another of the conduction band or the valence
band of the semiconductor substrate 105. For instance, if the
work function of the metal layer 205 is matched to the
conduction band of the semiconductor substrate 105, then
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the work function of the metal alloy layer 405 is matched to
the valence band of the substrate 105. Alternatively, if the
work function of the metal layer 205 is matched to the
valence band of the semiconductor substrate 105, then the
work function of the metal alloy layer 405 is matched to the
conduction band of the semiconductor substrate 105. In
some embodiments, dopants 410 are implanted into the
metal alloy layer 405 to further adjust the work function or
increase the conductivity of the metal alloy layer 405,
similar to that discussed above.

[0041] With continuing reference to FIGS. 3 and 4, FIG.
5 depicts the partially completed device 100 after forming a
conductive layer 505 on the conductive barrier layer 210 and
the metal alloy layer 405. In embodiments where the mate-
rial layer 305 is retained on the conductive barrier layer 210
then the conductive layer 505 is formed on the material layer
305. Any of the above-described techniques used to form the
gate dielectric layer 105, metal layer 205, etc . . . can be used
to form the conductive layer 505. This embodiment is
advantageous when one of more of the thicknesses of the
metal layer 205, barrier layer 210 or metal alloy layer 405
are insufficient for a required gate height, or when one or
more of these layers have insufficient conductivity. In certain
preferred embodiments, the conductive layer 505 is poly-
silicon and can include dopants to increase the conductive
layer’s 505 conductivity.

[0042] With continuing reference to FIG. 5, FIG. 6
depicts the partially completed device 100 after patterning
the metal layer 205, conductive barrier layer 210, metal
alloy layer 405 and optional conductive layer 505 to form a
first and second gate structures 605, 610. As illustrated in
FIG. 6, the first and second gate structures 605, 610 are
located in the first and second transistor regions, 120, 125
respectively.

[0043] With continuing reference to FIGS. 1-6, FIGS. 7-8
illustrate an alternative processing scheme for forming the
dual work function metal gate semiconductor device 100.
Turning first to FIG. 7, as an alternative to forming the
material layer 305 shown in FIG. 3, a thick material layer
705 is formed over, and preferably on, the metal layer 205.
In some preferred embodiments, the thickness ratio of the
material layer 705 to the metal layer 205 is greater than
about 3:1, more preferably greater than about 5:1, and even
more preferably between about 5:1 and about 10:1. The use
of a thick material layer 705 advantageously provides
greater control over the implantation of dopants 710 into the
material layer 705, thereby avoiding implanting dopants into
the underlying dielectric layer 110 and substrate 10S5.

[0044] With continuing reference to FIGS. 1-7, FIG. 8
illustrates the partially completed device after annealing to
form the metal alloy layer 805. As illustrated, the material
layer 705 is not entirely converted into a metal alloy 805 by
the above-described annealing process. The remaining non-
alloyed material layer 705 can serve the same function as,
and thus obviate need to form the conductive layer 505
illustrated in FIG. 5, thereby simplifying the processing
scheme.

[0045] Of course, the metal layer 205, conductive barrier
layer 210, metal alloy layer 805 and material layer 705 can
be patterned to form first and second gate structures, analo-
gous to that depicted in FIG. 6. Additionally, various
additional conventional steps, well known to those skilled in
the art, can be performed to complete the fabrication of the
partially completed device 100 shown in FIG. 6 to form an
active device.
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[0046] Another embodiment of the present invention, pre-
sented in FIG. 9, is a dual work function metal gate
semiconductor device 900. In one preferred embodiment,
the device 900 is a CMOS device having first and second
transistors, 905, 910 comprising pMOS and nMOS transis-
tors, respectively. Any of the above-described processes and
materials can be used to fabricate the device 900. Con-
versely, any of the embodiments of the device 900 described
below can be made according to the above-described pro-
cesses.

[0047] The device 900 includes a semiconductor substrate
915 and a gate dielectric 920, 922 over, and preferably on,
the substrate 915. As noted above, the substrate 915 has a
conduction band and a valence band. The device 900 further
includes a first and a second gate 925, 930 located over the
gate dielectric 920, 922. For an efficient fabrication process,
the gate dielectric 920, 922 under the first and second gate
925, 930 are preferably formed from the same material.
However, alternative embodiments where the gate dielectric
layer 920, 922, under the first and second gate 925, 930, are
composed of different materials are also within the scope of
the present invention.

[0048] The first gate 925 comprises a metal layer 935
located over, and preferably on, the gate dielectric 920, and
a conductive barrier layer 940 located over and preferably
on, the metal layer 935. The metal layer 935 has a work
function matched to the conduction band or the valence band
of the substrate 915. The second gate 930 includes a metal
alloy layer 945 having a same metal element as the metal
layer 935. The metal alloy layer 945 has a work function
matched to another of the conduction band or the valence
band of the substrate 915.

[0049] As further illustrated in FIG. 9, the device 900 can
also include a conductive layer 950 over, and preferably on,
the conductive barrier layer 940 and the metal alloy layer
945. In embodiments where the device 900 is fabricated
according to the scheme shown in FIGS. 3-5 where the
material layer 305 is fully alloyed to the metal layer 2085, the
conductive layer 950 is a preferably a separately deposited
silicon layer. In alternative embodiments, where device
fabrication involves forming a thick material layer 705 such
as shown in FIGS. 7-8, the conductive layer 950 is that
portion of the material layer that is not alloyed to the metal
layer. In certain preferred embodiments the conductive layer
950 include p-type dopants such as boron, while in other
preferred embodiments the conductive layer 950 includes
n-type dopants such as phosphorus, arsenic or antimony.

[0050] In some embodiments, the first gate 925 is located
in a nMOS transistor 905 and the second gate 930 is an
pMOS transistor 910. In cases where the semiconductor
substrate 915 comprises silicon, the metal layer 935 prefer-
ably has a work function of less than about 4.4 eV and is
matched to the conduction band of the substrate 915. Suit-
able materials to achieve the desired work function include
tantalum, titanium, hafnium, zirconium or mixtures thereof.
The conductive barrier layer 940 preferably comprises a
metal element that is different from the metal layer 935 and
includes anionic components such as nitrogen, carbon or
boron. As an example, when the metal layer 935 comprises
hafnium, the conductive barrier layer 940 is preferably a
tantalum nitride, titanium nitride, or zirconium nitride. How-
ever, the conductive barrier layer 940 could comprise any
combination of tantalum, titanium, hafnium, zirconium,
tungsten or molybdenum with a nitrogen, carbon or boron.

[0051] In such embodiments, the metal alloy layer 945
preferably has a work function of greater than about 4.8 eV
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and is matched to the valence band of the substrate 915.
Preferably, the metal alloy layer 945 comprises the same
metal element as in the metal layer 935 and the metal is
alloyed to aluminum. Continuing with the same example of
the metal layer 935 being composed of hafnium, the metal
alloy layer 945 is then preferably a hafnium-aluminum alloy.
In certain embodiments, the metal alloy layer 945 can
further include n-type or p-type dopants to further adjust its
work function. For example, including p-type dopants facili-
tates matching of the Fermi level of the metal alloy layer 945
to the semiconductor substrate’s 915 valence band.

[0052] In other embodiments, the first gate 925 is located
in a pMOS transistor 905 and the second gate 930 is an
nMOS transistor 910. In some cases the metal layer 935 has
a work function of greater than about 4.8 eV and is matched
to the valence band of the silicon substrate 915. Suitable
materials to achieve the desired work function include
molybdenum, tungsten or mixtures thereof. As noted above,
the conductive barrier layer 940 preferably has a metal
element that is different from the metal layer 935. For
instance, when the metal layer 935 is made of tungsten the
conductive barrier layer 940 is preferably a tantalum nitride,
titanium nitride, or zirconium nitride, although combina-
tions of tantalum, titanium, hafnium, zirconium, tungsten
and molybdenum with nitrogen, carbon or boron are also
within the scope of the present invention.

[0053] In these embodiments, the metal alloy layer 945
preferably has a work function of less than about 4.4 ¢V and
is matched to the conduction band of the silicon substrate
915. Preferably, the metal alloy layer 945 comprises the
same metal element as in the metal layer 935 and the metal
is alloyed to silicon. Continuing with the same example of
when the metal layer 935 is composed of tungsten, the metal
alloy layer 945 is then preferably tungsten silicide, and more
preferably has as Si:W ratio of at least about 2:1. As in the
previous example, the metal alloy layer 945 can include
n-type or p-type dopants to further adjust its work function.
For example, n-type dopants, such as arsenic, antimony or
phosphorus, help match the Fermi level of the metal alloy
layer 945 to the semiconductor substrate’s 915 conduction
band.

[0054] One skilled in the art would understand that various
other conventional components can be added to make the
device 900 operative, including source and drain structures
955, 960, source and drain extensions 965, 970, gate side-
walls 975, wells 980, 981 and isolation structures 985.

[0055] FIG. 10 presents a cross-sectional view of yet
another embodiment of the present invention, an integrated
circuit 1000. The integrated circuit 1000 depicted in FIG.
10, includes a dual work function metal gate semiconductor
device 1005. The device 1005 comprises a gate dielectric
layer 1110 and first and second gates 1015, 1020 located
over the gate dielectric. In certain preferred embodiments,
the first and second gates 1015, 1020 are in first and second
active devices, 1025, 1030, respectively. In some instances,
the first and second active devices 1025, 1030 correspond to
nMOS and pMOS transistors, respectively, that work in
cooperation to form a device 1005 that is a CMOS device.
The integrated circuit 1000 also includes interconnect metals
lines 1030, 1032, 1034 on one of more insulating layers
1035, 1037, 1040 located over the first and second gates
1015, 1020 and interconnecting the gates 1015, 1020 to form
an operative integrated circuit 1000.

[0056] The first and second gates 1015, 1020, and other
device components, can be formed according to any of the
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embodiments described above and shown FIGS. 1-9. The
work function of the first gate 1015 is matched to the
conduction band or valence band of the substrate 1050,
while the work function of the second gate 1020 is matched
to the other of the conduction band or valence band of the
substrate 1050.

[0057] Although the present invention has been described
in detail, one of ordinary skill in the art should understand
that they can make various changes, substitutions and alter-
ations herein without departing from the scope of the
invention.

What is claimed is:
1. A process for forming a dual work function metal gate
semiconductor device, comprising:

providing a semiconductor substrate having a gate dielec-
tric layer thereon and a metal layer on said gate
dielectric layer, a work function of said metal layer
matched to a conduction band or a valence band of said
semiconductor substrate;

forming a conductive barrier layer on a portion of said
metal layer and a material layer on said metal layer; and

annealing said metal layer and said material layer to form
a metal alloy layer to thereby match a work function of
said metal alloy layer to another of said conduction
band or said valence band.

2. The process recited in claim 1, wherein said metal alloy
layer has a same metal element as said metal layer.

3. The process recited in claim 1, wherein said conductive
barrier layer is a metal nitride, metal carbide or metal boride.

4. The process recited in claim 3, wherein a metal element
of said conductive barrier layer is different from said metal
layer.

5. The process recited in claim 1, wherein said material
layer comprises silicon or aluminum.

6. The process recited in claim 1, further including
implanting n-type or p-type dopants in said material layer.

7. The process recited in claim 1, wherein forming said
material layer includes co-depositing silicon or aluminum
and n-type or p-type dopants.

8. The process recited in claim 1, further including
implanting n-type or p-type dopants in said metal alloy layer.

9. The process recited in claim 1, wherein said material
layer and said metal layer have a thickness ratio of at least
about 2.5:1.

10. The process recited in claim 1, wherein said conduc-
tive barrier layer has a thickness of between about 0.5 and
about 10 nanometers.

11. The process recited in claim 1, further including
forming a conductive layer on said metal alloy layer and said
conductive barrier layer.

12. The process recited in claim 11, wherein said con-
ductive layer comprises silicon and forming said conductive
layer further includes implanting n-type or p-type dopants in
said silicon layer.

13. A dual work function metal gate semiconductor
device, comprising:
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a gate dielectric layer located over a semiconductor
substrate having a conduction band and a valence band;

a first gate located over said gate dielectric layer, said first
gate including a metal layer located over said first gate
dielectric layer and a conductive barrier layer located
over said metal layer, said metal layer having a work
function matched to said conduction band or said
valence band; and

a second gate located over said gate dielectric layer, said
second gate including a metal alloy layer having a same
metal element as said metal layer, said metal alloy layer
having a work function matched to another of said
conduction band or said valence band.

14. The device recited in claim 13, further including a
conductive layer over said metal alloy layer and said con-
ductive barrier layer.

15. The device recited in claim 14, wherein said conduc-
tive layer is a silicon layer.

16. The device recited in claim 13, wherein said metal
layer is substantially free of nitrogen, carbon and boron.

17. The device recited in claim 13, wherein said metal
layer work function is less than about 4.4 eV and said metal
alloy layer has a work function greater than about 4.8 eV.

18. The device recited in claim 13, wherein said metal
layer work function is greater than about 4.8 eV and said
metal alloy layer has a work function less than about 4.4 eV.

19. An integrated circuit, comprising:

a dual work function metal gate semiconductor device,
comprising:
a gate dielectric layer located over a semiconductor

substrate having a conduction band and a valence
band;

a first gate located over said gate dielectric layer, said
first gate including a metal layer located over said
first gate dielectric layer and a conductive barrier
layer located over said metal layer, said metal layer
having a work function matched to said conduction
band or said valence band; and

a second gate located over said gate dielectric layer,
said second gate including a metal alloy layer having
a same metal element as said metal layer, said metal
alloy layer having a work function matched to
another of said conduction band or said valence
band; and

interconnect metal lines on one or more insulating layers
located over said first and second gate and intercon-
necting said first and second gates to form an operative
integrated circuit.

20. The integrated circuit recited in claim 19, further
including a conductive layer over said metal alloy layer and
said conductive barrier layer.

21. The integrated circuit recited in claim 19, wherein said
dual gate semiconductor transistor device is a CMOS tran-
sistor device.
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